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1. Introduction

Air pollution has been shown to be responsible for the morbidity and mortality of
a variety of major diseases [1-3]. The World Health Organization (WHO) estimates that
almost all of the global population breathes air that exceeds the WHO's guidelines and
contains high levels of pollutants [4,5]. To date, however, the key constituents of air
pollution that impact health and the potential mechanisms remain largely unstudied [6].
In addition, comprehensive assessments of evidence from in vitro and in vivo studies,
high-quality cohort studies, and high-resolution model simulations of health impacts are
still substantially sparse [7].

This Special Issue, entitled “Toxicity and Human Health Assessment of Air Pollutants”,
aims to understand the mechanisms of the health effects caused by air pollution and ensure
accurate exposure assessments around ambient environments and inside human bodjies.
The collated articles employ a range of approaches—from epidemiological cohorts and
toxicological studies—to elucidate the linkage between air pollutant exposure and the
mechanisms related to health effects. The evidence presented in this Special Issue provides
valuable insights for controlling air pollution and reducing the burden on public health.

2. An Overview of Published Articles

The eleven articles published in this Special Issue collectively advance our understand-
ing of the health impacts of air pollution exposures, which can be categorized into four
main research directions: elucidating underlying toxicity mechanisms, identifying critical
exposure windows and vulnerable populations in epidemiological studies, exploring the
impact on postoperative populations, and estimating the association between air pollutant
exposure and health effects.

Firstly, several studies delve into the molecular mechanisms that may mediate the link
between air pollution exposures and adverse health outcomes. Wang et al. (Contribution
1) indicated that PM; 5 induced glomerular hyperfiltration in female mice by affecting
RAS/KKS imbalances and the regulation of TGF. They innovatively unveiled the associa-
tion between subchronic exposure to PM; 5 and early kidney injury, highlighting its gender
dependence. Gao et al. (Contribution 2) revealed that diesel exhaust caused disrupted lipid
metabolism, acute liver injury, and more severe inhibition of cell proliferation and oxidative
damage compared to gasoline exhaust particles. Fu et al. (Contribution 3) emphasized
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that cooking oil fumes (COFs), fine particulate matter (PM;5), and cigarette smoke (CS)
could decrease the viability of epidermal HaCaT cells and dermal fibroblast (FB) cells,
promote the secretion of pro-inflammatory cytokines IL-1& and TNF-« in HaCaT cells,
increase intracellular ROS levels, and downregulate the mRNA expression of collagen I, III,
IV, and VII in FB cells, thus leading to skin damage. Yan et al. (Contribution 4) summa-
rized the molecular mechanisms involved in the health effects of PM; 5 on adverse birth
outcomes regarding cardiopulmonary and neurological developments, primarily including
transcriptional and translational regulation, oxidative stress, inflammatory response, and
epigenetic modulation.

Secondly, three papers assess the health impact of air pollution exposure by human
epidemiology, highlighting critical susceptibility windows, vulnerable subpopulations,
and the interactions of mixed exposures. Chen et al. (Contribution 5) found that prenatal
exposure to incense-burning smoke (IBS) increased the risk of the presence of obesity in
preschoolers, prenatal exposure to IBS combined with a lower frequency of early outdoor
activity or a shorter duration of outdoor activity from the ages of 1 to 3 years increased
the risk of obesity in preschoolers, and there were additive interactions between prenatal
exposure to IBS and postnatal outdoor activity on obesity. Yang et al. (Contribution 6)
employed a two-sample Mendelian randomization (MR) analysis that provided genetic
evidence for a null causal relationship between air pollutants and NAFLD in the Euro-
pean population. The associations observed in epidemiological studies could be partly
attributed to confounders. Han et al. (Contribution 7) illustrated that O3 exposure was
negatively associated with vision disorder. In addition, subgroup analyses revealed that
PM, 5 exposure was significantly correlated with the risk of glaucoma and age-related
macular degeneration and that children and adolescents were more susceptible to NO, and
PMj; 5 than adults.

Thirdly, two papers evaluate the impact of air pollutant exposure in postoperative
populations. Urbanowicz et al. (Contribution 8) suggested that chronic exposure to ambient
air pollutants such as PM; 5 may be regarded as an additional risk factor in patients after
surgical revascularization with left ventricular dysfunction. Zhang et al. (Contribution 9)
found that the presence of the heavy metal of cadmium (Cd) in an atmospheric milieu acts
as a catalyst in the progression of tumorigenesis within murine models of colon cancer (CC).
The implementation of intestinal stents demonstrates a mitigating effect on tumor incidence
within these CC murine models. The effect of Cd on the invasive effect of intestinal stents
in the cancerous colon is not significant.

Finally, two papers assess the health effects of air pollutant exposure by modeling
approaches. Wang et al. (Contribution 10) used the VSL (value of statistical life) method to
find that the number of deaths attributed to PMj 5 in Beijing in 2021 fell by 33.74 percent
from 2016, while health economic losses will increase by USD 4.4 billion as per capita dis-
posable income increases annually. Wu et al. (Contribution 11) developed spatial models for
NO; and PM; 5 and conducted exposure assessment in Beijing, China. The results showed
that the partial least squares (PLS)-ordinary kriging (OK) models for NO, and PM; 5 had
the best performance compared to other spatial modeling algorithms. Hence, the exposure
misclassification made by choosing different modeling approaches should be carefully
considered, and the resulting bias needs to be evaluated in epidemiological studies.

3. Conclusions

The studies in this Special Issue provide a new understanding of the health impacts of
air pollution. They elucidate toxicity mechanisms, identify critical windows and vulnera-
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ble populations in epidemiological studies, assess effects on postoperative patients, and
estimate health impacts via modeling approaches.

The molecular mechanisms linking air pollution were related to kidney injury, liver
damage, and skin aging through oxidative stress, inflammation, and epigenetic changes.
Epidemiological research identified early life as a critical exposure window, with air pol-
lution associated with childhood obesity and vision disorders. Postoperative studies
indicate that chronic PM; 5 exposure worsened outcomes in patients with heart failure, and
heavy metals like cadmium may accelerate tumor progression. Epidemiological studies
show that despite reduced PMj s-attributable deaths in Beijing, economic costs have risen,
emphasizing the necessity for careful exposure assessment in future studies.

This Special Issue highlights the multifaceted health threats of air pollution while
underscoring methodological considerations in exposure assessment and the importance
of protecting vulnerable subgroups.

Data Availability Statement: The data presented in this manuscript will be made available by the
authors upon request.
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Abstract: The effects of air pollution on physical health are well recognized, with many studies
revealing air pollution’s effects on vision disorder, yet no relationship has been established. Therefore,
a meta-analysis was carried out in this study to investigate the connection between vision disorder
and ambient particles (diameter < 2.5 um (PM; 5), diameter < 10 pm (PM;g)) and gaseous pollutants
(nitrogen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide (CO), Ozone (O3)). Twelve relevant
studies published by 26 February 2024 were identified in three databases. A pooled odds ratios (ORs)
of 95% confidence intervals (Cls) were obtained using random-effects meta-analysis models. Meta-
analysis results revealed that for every 10 ug/ m? increase in PMj, 5 and NO, exposure, a substantially
higher incidence of vision disorder was observed (OR = 1.10; 95% CI: 1.01, 1.19; OR = 1.08, 95%
CI: 1.00, 1.16). No significant correlation existed between exposure to PM;y, SO, and CO and
vision disorder. However, O3 exposure was negatively associated with vision disorder. In addition,
subgroup analyses revealed that PM, 5 exposure was significantly correlated with the risk of glaucoma
and age-related macular degeneration and that children and adolescents were more susceptible to
NO; and PMj; 5 than adults. Overall, exposure to air pollutants, especially PM; 5 and NO,, may
increase the incidence of vision disorder.

Keywords: air pollution; PM; 5; NO,; vision disorder; meta-analysis; odds ratio

1. Introduction

Globally, vision disorder has become an issue with serious adverse effects on people’s
health and affects people’s opportunities in the workplace and school [1]. Vision disorder
refers to a limited ability to visually respond to light and structural stimuli due to lesions
in the eye or central visual pathways [2]. The most common clinical symptoms include
refractive errors (such as nearsightedness, farsightedness, or astigmatism), glaucoma,
cataracts, age-related macular degeneration (AMD), and retinal damage caused by diabetes
(diabetic retinopathy). According to the included articles, common and severe vision
disorders include glaucoma, cataract and AMD, which were taken as the outcome criteria
for vision disorder in this study. Age-related degenerative neuropathy glaucoma is a
significant contributor to vision disorder and blindness worldwide [3]. Besides increased
intraocular pressure, a sufficient but not necessary causing factor for glaucoma greater
exposure to PM; 5 has been revealed by studies to be associated with its adverse structural
features. Thus, air pollution could be a possible risk factor for glaucoma. Cataracts,
opacification of the ocular lens, are major reason of functional vision loss [4]. Air related
factors such as ultraviolet light, high temperatures, and lack of oxygen may contribute

Toxics 2024, 12, 209. https:/ /doi.org/10.3390/toxics12030209 5 https:/ /www.mdpi.com/journal/toxics
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to the formation of cataracts. AMD is a disorder with a late start that results in lipid-rich
extracellular deposits, localized inflammation, and eventually neurodegeneration in the
macula, the center of the retina [5]. Glaucoma, cataracts, and AMD share some common
pathophysiological mechanisms, including increased inflammation and oxidative stress.
Should there be a negative correlation between air pollution and vision disorder, then air
pollution may be a novel and potentially modifiable risk factor.

Today, air pollution ranks fifth in terms of risks to public health and is an environmen-
tal threat to well-being at the global scale, affecting all populations to some extent [6,7].
The World Health Organization (WHO) lists PM (Particulate Matter), O3 (Ozone), NO,
(nitrogen dioxide), and SO, (sulfur dioxide) as the four most significant air pollutants [8].
Air pollution has long been a serious environmental concern because it can cause a wide
range of health problems at different stages of life [9]. Our eyes are continuously taking in
the world around us, also various air pollutants [9,10]. Conjunctivitis and dry eye risks
are increased by air pollution, and oxidative stress from air pollutants also affect other eye
illnesses, according to previous research [5,11].

Recent epidemiological studies have assessed how air pollution exposure and vision
disorders are related [10,12,13]. However, our analysis of the pertinent literature revealed
that racial disparities, pollution levels, lifestyle choices, and recognized risk factors for
vision disorder, such as age, region (The research regions included in this study include
China, South Korea, the United Kingdom and Canada), and gender, may have an impact on
the findings [14,15]. According to one research exposure to SO, and CO (carbon monoxide)
was positively related to the prevalence of vision disorder in children [13]. Meanwhile,
in another study, PMjq (inhalable particles), NO,, and SO, levels were not associated
with cataracts [10]. It follows that these associations are heterogeneous. A summary of
the connection between ambient air pollution and vision disorder is thus necessary. To
evaluate the state of the art and point the way toward further exploration, a meta-analysis
was carried out.

2. Materials and Methods
2.1. Search Strategy

As of 26 February 2024, two reviewers independently conducted literature searches
on the risk of air pollution and vision disorder outcomes in electronic databases, including
PubMed, Embase, and Web of Science. The search strategy is based on a combination of
vision disorder (visual impairment, visual disorders, ‘disorder, visual’, visual disorder,
macropsia, visual impairment, micropsia, vision disability, hemeralopia, metamorphopsia)
and ambient air pollutants (air pollutants, atmospheric pollutants, sulfur dioxide, nitrogen
dioxide, carbon monoxide, ozone, particulate matter, PM, PM;o, PM; 5, VOCs) keywords.
Specific search strategies are provided in Supplementary Table S1.

2.2. Inclusion and Exclusion Criteria

All studies were independently reviewed by two investigators (ZH and MX), and a
third independent investigator (YY) was called upon to reach a consensus in case of any
disputes. The following are the inclusion requirements: (1) original research; (2) population-
based studies; (3) studies that observe something, such as a cohort, a case—control study,
or a cross-sectional study; (4) exposure to particle and gaseous contaminants in the air,
including PM;, PM; 5, PM;g, NOy, SO;, CO and Os; (5) studies providing ORs, relative risk
(RR), or hazard ratios (HRs) with 95% Cls for the visual impairment outcomes associated
with any air pollutants; and (6) articles in English.

The following were the exclusion requirements: (1) studies in which no data can be re-
trieved; (2) studies involving animal experiments; (3) studies of poor quality; (4) comments,
letters, responses to review articles, and meta-analyses.
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2.3. Quality Assessment

The following techniques were employed to assess the quality of the literature by
the study types of the included articles: (1) Cross-sectional study statistics assessment
and review instrument meta-analysis by the Joanna Briggs Institute (JBI) (Table S2) [16];
(2) 9-star Newcastle-Ottawa Scale (NOS) (Table S3) for cohort studies and case—control
studies [17]. In our study, the JBI scale contained 10 items on a scale of 0 to 20, each rated
on a scale of 2 (detailed, comprehensive, and correctly described); 1 (mentioned but not
described in detail); and 0 (not met). Studies are categorized as “high quality” if they
receive a JBI score of at least 16, as opposed to “low quality” otherwise [16]. The NOS
scale had a total score that ranged from 0 to 9, and the study’s quality was determined
by its selection (0—4 points), comparability (0-2 points), and outcome (0-3 points) quality
factors. The study quality was rated on a scale of 0-3 as low, 4-6 as medium, and 7-9 as
high [17]. Supplementary Tables S4 and S5 of the Supplementary Materials detailed the
grading system.

2.4. Data Extraction

Two investigators retrieved data from all included studies separately and in a defined
way, and third investigator resolved disagreements through discussion. For every eligible
study, we extracted the initial author’s name, publication year, study site, time frame,
study design, sample size, population characteristics, pollution characteristics, assessment
method, adjusted variables, outcome definition, time of assessment, type of outcome and
subgroup analysis results, effect size (OR, RR or HR, 95% CI) of the correlation between air
pollutants and vision disorder.

We transformed all air pollutant measurement units to pg/m? to standardize impact sizes:
(1) 1 ppm = 1000 ppb, 1 mg/m3 = 1000 pg/m?3; (2) NO,: 1 ppb = 46/22.4 pug/m3; (3) O3: 1 ppb
=48/22.4 ng/m3; (4) SO,: 1 ppb = 64/22.4 ug/m?3; (5) CO: 1 ppb = 28/22.4 ug/m?3 [15]. After
that, all effect estimates were combined for a 10 ug/m? rise in pollutant concentration. The
following formulas were used to transform the standard risks for each investigation [18]:

OR(standardized) — OR(Original)Increment(lO) /Increment(original)

2.5. Statistical Analysis

Statistical analysis was carried out using Stata 17.0. ORs and their 95% Cls, which were
mostly used in studies with various designs, populations, and follow-up times, were used
to present pooled data. Other effect sizes were converted into ORs. Forest plots and stan-
dard cut-offs for I? statistics were used to assess heterogeneity across studies. Heterogeneity
was ranked as low (I2 < 25%), medium (25% < I? < 75%), and high (2 > 75%) at those
percentages. Subgroup and sensitivity analyses were done to look into the causes of hetero-
geneity. When the values of I? were greater than 50%, the random-effects inverse-variance
model was used to compute the combined estimates. Moreover, statistical significance was
assumed when the p-value of a two-tailed test was less than 0.05 [19].

3. Result
3.1. Study Results

Using three electronic databases, we screened 2007 articles in total and eliminated
390 duplicates. The titles and abstracts of the remaining 1617 articles were preliminarily
screened, of which 1555 were excluded after the initial screening, and a total of 62 articles
were screened for full-text reading. Considering the inclusion and exclusion standards,
50 studies were excluded, of which four were reviews, one was an animal study, three
were non-English articles, and 42 did not meet the inclusion criteria (Figure 1). Twelve
studies [3,5,10,12,13,20-26] evaluating the relationship between air pollutant exposure and
the risk of vision disorder outcomes were included in this meta-analysis.
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Figure 1. Flow chart of the literature search and selection for meta-analysis.

3.2. Study Characteristics

The characteristics of the included studies are summarized in Table 1. Twelve studies
were published between 2018 and 2022, with the studies covering the period from 2000 to
2021. Seven were cross-sectional, three were cohort, and two were case-crossover studies.
The studies were carried out in four nations: China (n = 6), South Korea (n = 3), the United
Kingdom (n = 2), and Canada (n = 1), and they involved a large number of participants,
ranging from 3225 to 340,313. Our review included the following number of studies on
various pollutants: PM;g (n = 6), PMy5 (n = 10), PM; (n = 1), NO; (n =7), SOy (n = 4),
CO (n =5), and O3 (n = 3). Regarding quality assessment, twelve studies met the criteria
for good quality (Supplementary Tables S3 and S5). Most included studies estimated the
correlations between air pollution and vision disorder outcomes by multivariable multiple
logistic regression and multiple cox proportional hazards regression models, and evaluated

OR, RR or HR with 95% ClIs for each air pollutant selected.




98 urowr oy :(JS ‘wirl [ S 19)owrerp orureuAporae yiim apnred I [SUoneIAIqqy

S[epow € 1T . ~ 3 ©aIo3 [sz] zzoe
0c/91 anv uo1ssa1391 d1sIZ0[-A2AINg 0’00 "“ON +0v SITST Apm3s [euonos-ssoi) ¢102-800¢ jo orgqnday “Te3a nf
sasATeue uorssaigar ZON , wop3ury [z1] 220t
0c/L1 anv snsi8oy ardnmy UL S TN 69-0% Pe6'SIT  Apmis[euonoas-ssor)  010Z-900C pou A8 19 BN
[9POW UOISsa1301 0D ““ON (eeq1¥) . £ g _ [92]
6// ewoonern) R — OUNG ST 62°96 (IS ag8evl pnis I9A0SSOID-3se)) 1202-S102 eunyD 2202 “Te 1 I
uoIssa13al #9°7F) Apn3s }1040D 19}U-0M} [eT] 20T
usurrredwr [enst sprezey reuoniodod T d . — eur
6/8 3 ! I TensiA P :MOU hn:::E 0D “Os 0c'11 :aS cIeove ‘eurpnyiSuo 810C—500¢ e} “Te 30 uay
sasA[eue uorssaidal : [¥¢l 1202
: §C / _ .
02/9T ewoone[n) S — Nd +0¥ 102°¢¢ Kpmys Teuo1}das-ss01D) 9102-0002 euny) e 39 Bk
sasA[eue uorssaigar . Apnys [cz] 120t
. qT . _
6/9 BuIooners onsi8oy aidnmn Nd +99 scee [013U0D—ased PAISON £10¢800¢ HEMIELSEED “Te 32 ung
yuauredur
, : : sasA[eue uoIssaIdar ZON “C0OS , Apmys paseg-uoryerndod [0z] T20T
0c/61 E%MMM%MMW S — 0 ST 58-G¥ L60°0€ jouompes-ssory  SIOTTI0C PPRURD o e
DAYATAANS DOUd 0
0¢/91 younredurt fensip VS “DLISIDOTATANNS GON N 81-9 G669 Aprus[euondes-ssor)  €107-010C oy, 1€ g
D0Ud SVS WdINd 170 2HEA
uo1ssa13a1 €0 ‘20S
: L, , Apmys paseg-uonyerndod ©aI0
6/6 Pereien spxezey [euonzodord 0D ““ON +09 8CL'GTL pmsp ME .EWEOA S102-200¢ 01 sgow ’ Ww WWOM
x0D) ardnm OLA “S TN [eurpm Jo orq I ny:
uorssa13a1 sprezey 2 , Apnys paseq-uonemdod [s] 610¢
6/9 ANV onodord xon adnpy 0D “ON +0S 618'6€ upnyGuoy  OM0T000T  ueMwmpeumd s S
sasA[eue uorssardar . wop3ury [€] 610T
: st . . _ _ !
02/81 ewoone]H) A Wd 69-0% 048111 Apmis[euondas-ssord)  OT0Z-900T pou “E 15 N
sasA[eue uorssargdar OLALT €08 . ©II0Y [o1] 8TOT
0z/L1 Peree) snsiSop ardnmy TON €O +0v 981 Apms [euond9s-ss01) ¢102-900¢ jo orqnday “Te 39 10U
Anrend adAy swodmQ [PPOIA [e21ISTIelS Amrh”am”m”“ a8y azig ajdweg udisaq  poudq eje(q uored0] Apnmyg

‘SISA[eUe-BIoW PUE MITADI DIJEWIDISAS S} Ul PIPN[OUL SIIPNS JO SdnSLIvOeIe ) [ d[qeL

60T ‘T ‘FT0T so1xaf,



Toxics 2024, 12,209

3.3. The Association between Environmental Air Pollutants Exposure and Vision Disorder

Twelve studies looked into the connection between exposure to air pollution and
vision disorder; nine reported ORs with 95% Cls, two supplied HRs with 95% Cls, and one
reported RRs with 95% Cls. We estimated the pooled ORs for vision disorders (cataract,
glaucoma, AMD and visual impairment) associated with each air pollutant. Three, five,
four and two studies assessed the relationship between air pollutant exposure and cataract,
glaucoma, AMD and visual impairment, respectively. The correlations of vision disorder
with exposure to PMjg, PMy 5, PM;, SO;, NO,, O3 and CO were reported in studies

(Tables 2 and 3).

Table 2. Summary effects and 95% confidence intervals for vision disorder associated with PM.

Air Pollutant é‘;:}rl)o r Outcome Type Incremental Scale Original OR/HR Transformed OR
Choi et al. Cataract 5 g/ OR: 0.91 (95% CI, OR: 0.83 (95% CI,
(2018) [10] atarac Hg/m 0.78-1.07) 0.61-1.14)
Shin et al. _ 5 HR: 1.069 (95% CI, OR: 1.076 (95% CI,
(2020) [21] Cataract IQR: 9.1 ug/m 1.025-1.115) 1.028-1.127)
Yang et al. o . 3 OR: 1.142 (95% CI, OR: 1.086 (95% CI,
(2021) [23] Visual impairment  IQR: 16.11 ng/m 1.019-1.281) 1.012-1.166)

PMio Lietal. al I0R: 35 et/ OR: 1.03 (95% ClI, OR: 1.01 (95% CI,
(2022) [26] aucoma SO0 HE/m 1.01-1.05) 1.00-1.01)
Chua et al. _ 3 OR: 0.94 (95% CI, OR: 0.79 (95% CI,
(2022) [12] AMD IQR: 2.67 pg/m 0.86-1.02) 0.57-1.08)
Ju et al. . 5 OR: 1.13 (95% CI, OR: 1.17 (95% CI,
(2022) [25] AMD IQR: 8 ug/m 0.99-1.34) 0.99-1.44)
Chua et al. ] 3 OR: 1.06 (95% CI, OR: 1.68 (95% CI,
(2019) [3] Glaucoma TQR: 1.12 pg/m 1.01-1.12) 1.09-2.75)
Shin et al. . 5 HR: 0.905 (95% CI, OR: 0.905 (95% CI,
(2020) [21] Cataract IQR: 7.0 pg/m 0.772-1.062) 0.867-1.090)
Yang et al. L 3 OR: 1.267 (95% CI, OR: 1.174 (95% CI,
(2021) [23] Visual impairment  14.79 pg/m 1.082-1.484) 1.055-1.306)
Grant et al. . 5 OR: 1.24 (95% CI, OR: 2.10 (95% CI,
(2021) [20] Glaucoma IQR: 2.9 ug/m 1.05-1.46) 1.18-3.69)
Grant et al. AMD (with visual IOR: 2.9 11 /m? OR: 1.41 (95% (I, OR:3.27 (95% CI,
(2021) [20] impairment) o7 Hg/m 0.96-2.08) 0.87-12.49)

PMz25 Grantetal. . TOR: 2.9 pg/m? OR: 0.98 (95% CI, OR: 0.93 (95% CI,
(2021) [20] o7 He/m 0.90-1.07) 0.70-1.26
Sun et al. Clavcoma 10 g /m? OR: 1.19 (95% CI, OR: 1.19 (95% CI,
(2021) [22] Hg/m 1.05-1.36) 1.05-1.36)
Yang et al. 3 OR: 1.07 (95% (I, OR: 1.07 (95% (I,
(2021) [24] Glaucoma 10 g/m 1.00-1.15) 1.00-1.15)
Lietal. . 3 OR: 1.07 (95% CI, OR: 1.03(95% CI,
(2022) [26] Glaucoma TQR: 26 pg/m 1.03-1.11) 1.01-1.04)
Chua et al. _ 3 OR: 1.08 (95% CI, OR: 2.05(95% CI,
(2022) [12] AMD IQR: 1.07 pg/m 1.01-1.16) 1.10-4.00)
Yang et al. o 3 OR: 1.133 (95% CI, OR: 1.130 (95% CI,

PM (2021) [23] Visual impairment 1024 pg/m 1.035-1.240) 1.034-1.234)

10



Toxics 2024, 12,209

Table 3. Summary effects and 95% confidence intervals for vision disorder associated with SO,, NO,,

03, CO.

Air Pollutant é‘;:}rl)o ! Outcome Type Incremental Scale Original OR/HR Transformed OR
é}(;cl)g)e tla é] Cataract 0.003 ppm 8?2:_01'_9;)05950/0 <l 8?6:_01'?75950/0 h
(52}};;0?[;'] Cataract IQR: 0.7 ppb 532;2.2077(39)50/0 <l 0052()1_14473(99)5% b

>0 ((é}(;?zl)e[tél]. Visual impairment IQR: 16.16 ng/ m3 55;5269()95% b 854_11.267595% b
iy AW i SROROWA otiema
(C;(;i)glg)e tla é] Cataract 0.003 ppm 0055_019(?2595% cl 8513{2:91?()225950/0 h
((;}olig)g[; a AMD IQR: 9825.5 ppb o 2_12'?213,5950/° b 8(1)10:_11.90005950/0 <
(S;g;(st[;i'] Cataract IQR: 2.1 ppb {I é;ol_g) _8103235% <t ?(I){741j0355¢(19)5% b

NO, (YZ%Z%)QEZZI]. Visual impairment 9.78 ug/ m? 10 {{731_?3%;9)50/0 <l 10 571_?83392?5% b
goezt;)ﬂ['z 6] Glaucoma IQR: 27 pg/m3 ? 3{8_11 ‘1127595% cl 8(1;3:—11..0(;165950/0 b
Chua et al. Glaucoma 10 ug /md OR: 0.99 (95% CI, OR: 0.99 (95% CI,
(2022) [12] 0.91-1.08) 0.91-1.08)
T Qe QUEONC okiea
(ngi)g)e tla é] Cataract 0.003 ppm 002{9_008903595% cl 8?6:—0(5.78195950/0 l

O3 (Szhoi;(;t[;'] Cataract IQR: 5.4 ppb 55@%217(79)50/0 <t 005020—(9)49085)9)5% b
iy e
8}8211;1)55[; al. AMD IQR: 297.1 ppm ?;_128145 )(950/0 CI, 10.(1){(;_11.90005950/0 CI,
Shin et al. Cataract 11 ppm HR: 0.991 (95% CI, OR: 0.999 (95% CI,
(2020) [21] 0.949-1.035) 0.999-1.000)

CcO ((;(;grzl)e[tél]. Visual impairment 1.28 mg/ m3 55&3525()95% <t 5(151:_11.90115950/0 b
éioeztz?l['z 6] Glaucoma IQR: 0.5 mg/ m3 10 (151:_11'90475950/0 <l 10 (1)?(;_11.90005950/0 h
{‘21062;?1['25] AMD IQR: 100 ppb S (I){9:_11_2328§95% < 1? 5_11'90235950/0 <

The combined results suggested that air pollutants could boost the likelihood of having
a vision disorder, with the combined OR (95% CI) of 1.10 (1.01-1.19) and 1.08 (1.00-1.16)
per 10 ug/ m? increment in exposure to PM; 5 and NOy, respectively (Figure 2). But the
results showed that PM; (OR = 1.04, 95% CI: 0.99, 1.10; I% = 71.1%, p = 0.004) (Figure 2A),
SO, (OR =1.16,95% CI: 0.82, 1.64; I> = 97.1%, p = 0.000) (Figure 2C) and CO (OR = 1.01, 95%
CI: 0.99, 1.03; I? = 94.2%, p = 0.000) (Figure 2F) were not significantly associated with vision
disorder. The pooled OR from all studies between O3 exposure and vision disorder was
0.84 (95% CI: 0.72, 0.98) with significant heterogeneity (I* = 79.3%, p = 0.008) (Figure 2E).

11
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To further investigate the causes of this variation, we performed a meta-regression and a
subgroup analysis.

Study ID: (A)PM10

OR (85% Cl)

Weight % Study ID: (B)PM25s OR (95% CI) Weight %
i Chua (2019) —— 168(1.00,275) 273
—_— :
Choli{2018) T CEOeREL 20 Shin (2020) . 091(087,109) 1558
Shin (2020) —- 1.08(1.03,1.13) 28.80 YYang (2021) e 1.17(1.05,1.31) 1823
Grant (2021) — 210(1.18,369)  1.88
—_— .09(1.01,1. :
Yerw2081) 1087 12207 Grant (2021) > 527087, 1249) 037
Li (2022) * 1.01(1.00,1.01) 35.75 Grant (2021) —4—%— 0.93(0.70, 1.26) 574
| Sun (2021) |-o- 119(1.05,136)  14.36
Chua (2022) _— 079 (0.57,1.08) 279
: Yang (2021) + 1.07(1.00,1.15) 1929
Ju (2022) & 147 (0.99,1.44)  7.08 Li(2022) - 1.03(1.01,1.04) 2231
Overall (-squared = 71.1%, p = 0.004) <> 1.04 (0.99,1.10)  100.00 Chlai2022) i x ZOS(ZI0VA00) M9
Overall (l-squared = 73.7%, p = 0.000) 0 110(1.01,119)  100.00
NOTE: Weights are from random effects analysis I NOTE: Weights are from random effects analysis 3
T T T T
057 1 175 0.0801 1 125
Study ID: (C)SO2 OR(95%Cl)  Weight % Study ID: (DINO; OR (95% CI) Weight %
) Choi (2018) —_— 092(0.82,1.02) 14.59
Choi (2018) - 0.88(056,1.37) 19.59 ) H
| Shin (2020) —————  121(1.07,135) 1405
Shin (2020) — 115 (092, 1.44) 26.01 Yang (2021) ———— 1.28(1.18,140) 16.49
: Li (2022) - 1.04 (1.03,1.06) 2083
Chen (2022) ®  1.66(1.64,167) 2019 H
: Chua (2022) —_— 0.99(0.91,1.08) 16.53
Ju (2022) —_— 0.96(0.74,1.23) 2521 Ju (2022) —_— 1.09 (1.01,1.17)  17.51
Overall (l-squared = 91.7%, p = 0.000) <> 1.16(0.82,1.64) 100.00 Chang (2019) H (Excluded) 0.00
; Overall (l-squared = 86.2%, p = 0.000) <> 1.08 (1.00, 1.16)  100.00
NOTE: Weights are from random effects analysis MOTE: Weights are from random sffects analysis :
T T T T
0.56 1 1.79 0.715 1 14
Stduy ID: (E)0, OR(95% Cl)  Weight % Study ID:F)ICO OR(95%CI)  Weight%
' Shin (2020) * : 1.00 (100, 1.00) 52.88
Choi (2018) _— 0.71(0.56, 0.89) 22.32 '
H Ju (2022) l————— 1.02(1.01,1.03) 47.12
Shin (2020) - 0.94(0.90,0.98) 43.41 Chang (2019) : (Excluded) 0.00
Ju (2020) —_— 0.81(0.72,093) 34.27 Chen (2022) ' (Excluded) 0.00
- Li (2022) : (Excluded) 0.00
Overall (I-squared = 79.3%, p = 0.008) 0.84(0.72,0.98) 100.00 :
v Overall (I-squared = 94.2%, p = 0.000) <$— 1.01(0.99, 1.03) 100.00
NOTE: Weights are from random effects analysis NOTE: Weights are from random effects analysis :
T

T
0.56

(E)

T
0.971
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Figure 2. Associations of PMjj (A), PM;5 (B), SO, (C), NO, (D), O3 (E) and CO (F) with vision
disorder. (1. A solid line perpendicular to the X-axis and with a horizontal axis of 1 is an invalid line;
2. Multiple line segments parallel to the horizontal axis represent the 95% CI of each included study,
and black dots represent the OR value of each study; 3. Arrow: The 95% CI of the OR value in this
study exceeds the display range of the graph; 4. The diamond represents the summary results of
multiple studies, where the dashed line perpendicular to the X-axis and passing through the center
of the diamond represents the merged effect value, and the width of the diamond represents 95% CI
of the merged results; 5. The area of gray squares represents weight, and the larger the weight, the
larger the square area) [3,5,10,12,13,20-26].

3.4. Subgroup Analyses

We first performed a subgroup study based on how NO; affected different regions
(China, Korea and the United Kingdom) and age (6-18, 40+) (Figure 3). Secondly, we
conducted a subgroup analysis of age and different common diseases of vision disorder
according to PM; 5 (Figure 3). The findings demonstrated that there was no statistically
strong correlation between elevated NO, concentrations and the risk of vision disorder in
China, Korea, and the United Kingdom, with combined ORs of 1.15 (95% CI: 0.94, 1.41),
1.07 (95% CI: 0.93, 1.22) and 0.99 (95% CI: 0.91, 1.08). Additionally, the impact of PM; 5 on
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various glaucoma, cataract, and AMD diseases was revealed by subgroup analysis. We can
obtain the combined effect of studies with the risk of glaucoma (OR = 1.12, 95% CI: 1.02,
1.23), cataract (OR = 0.91, 95% CI: 0.82, 1.01), AMD (OR = 2.24, 95% CI: 1.25, 4.00). It can be
concluded that PMj; 5 is positively correlated with glaucoma and AMD, while there is no
significant correlation between cataract. Finally, subgroup analysis by age level showed
that PMy 5 (OR = 1.17, 95% CI: 1.06, 1.31) and NO; (OR = 1.28, 95% CI: 1.18, 1.40) were
positively correlated with vision disorder in children and adolescents, but not significantly
correlated with adults over 40 years of age.

Study ID: NO; and region

OR(95% Cl)  Weight %

%

Figure 3. The effect of NO, and PM; 5 on vision disorder, stratified by region, disease and age.
(1. A solid line perpendicular to the X-axis and with a horizontal axis of 1 is an invalid line; 2.
Multiple line segments parallel to the horizontal axis represent the 95% CI of each included study,
and black dots represent the OR value of each study; 3. Arrow: The 95% CI of the OR value in this
study exceeds the display range of the graph; 4. The diamond represents the summary results of
multiple studies, where the dashed line perpendicular to the X-axis and passing through the center
of the diamond represents the merged effect value, and the width of the diamond represents 95% CI
of the merged results; 5. The area of gray squares represents weight, and the larger the weight, the
larger the square area) [3,5,10,12,20-26].

3.5. Sensitivity Analysis and Publication Bias

The stability of the pooled data was evaluated using the one-study deletion sensitivity
analysis, which involved repeatedly combining estimations and removing one study at a
time. Supplementary Figures 51-56 of the results reveal that the majority of the pollutant
consolidation results are steady. We also evaluated the potential publication bias with
funnel plots (Supplementary Figures S7-512) when 10 or more studies were included [27].
The funnel plot can be used to evaluate publication bias visually. Additionally, we used
an Egger test to evaluate publication bias. Egger’s tests suggested that there occurred no
significant publication bias in PMjp, NO,, and O3 exposure on vision disorder (p-value
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of the Egger’s test > 0.05), while PM; 5 and SO, exposure had publication bias on vision
disorder (p < 0.05) (Supplementary Table S6).

4. Discussion

To our knowledge, this study is the first to thoroughly evaluate the link between
exposure to air pollution and vision disorder. Although a similar systematic review has
been conducted, it compares the age-related burden of eye disease in adults exposed to
ambient air pollutants [28]. Our study differs from previous studies in that we included
literature on children and adolescents in addition to adults, and estimated the combined
effect of ambient air pollution on their vision disorders. Twelve studies were included after
being retrieved from the system. After pooling the effect estimates from the 12 studies, it
is found that the increased concentration of PM; 5 and NO; may increase the incidence
of vision disorder, whereas no significant association between PM;p, SO,, CO and vision
disorder was observed. In addition, earlier research indicated that exposure to O3 was
positively correlated with the risk of vision disorder. However, this investigation found that
O3 was negatively associated with vision disorder. The explanation for the results of this
meta-analysis might be due to the inclusion of different studies and study designs in the
included articles. Therefore, further research is needed to understand this relationship fully.

Exposure to air pollutants raises the chance of vision disorder, and previous research
has shown that air pollution may directly irritate the eyes, especially in the cornea and
conjunctiva [9,29,30]. This study showed that exposure to PM; 5 and NO, was positively
correlated with vision disorder. Previous researchers used fluorescent PM, 5 tracers to
understand how PM; 5 enters the eye. They discovered that particles of a size between 10
and 500 nm entered the anterior chamber via the cornea and were mostly deposited in the
outflow tissue, with the majority of the particles staying in the ciliary body. This study
suggests that PM, 5 exposure may impact the cornea’s connective tissue biomechanical
capabilities [3,20]. The positive correlation between NO, and vision disorder may be
explained by the slow hydrolysis of NO, into nitrous and nitric acid after respiratory
inhalation, which causes lipid peroxidation and oxidative stress [5]. In addition, since the
retina is a component of the central nervous system, it makes biological sense that it may
be susceptible to NO; poisoning [5].

In a prior study, higher ozone concentrations were linked to dry eye disease [31],
and other research demonstrated that ozone exposure causes ocular surface degradation
and an inflammatory state [11]. Therefore, we expected that there might be a positive
association between ozone and vision disorder. Contrary to our expectations, this study
found a negative correlation between ozone and vision disorder. A possible explanation is
that ozone is a well-known polar molecule, that may not penetrate the cornea easily [10].
Therefore, the lens may be immune to the oxidative damage caused by ozone [10]. Another
possible explanation is that exposure to ultraviolet (UV) radiation is the major cause of
oxidative stress and the most significant risk factor for cataract development [32]. Less UV
radiation may reach the surface and enter the eye due to the stratospheric ozone layer’s
filtering of UV rays [10]. It also reduces the vision disorder caused by oxidative stress
caused by ultraviolet light.

Subgroup analyses were conducted to investigate possible causes of heterogeneity in
the meta-analysis. The findings showed that study region, disease and age are the primary
causes. Subgroup analysis showed no significant correlation between NO; exposure and
vision disorder in China, South Korea and the United Kingdom. Possible explanations
are the limited number of studies and potential sources of heterogeneity such as demo-
graphics, participant characteristics, sample size, and regional environmental air pollution
monitoring. In addition, subgroup analysis of diseases found that PM; 5 exposure was
significantly correlated with the risk of glaucoma and AMD. With glaucoma and AMD
being multifactorial neurodegenerative illnesses that may result in the death of retinal
ganglion cells and visual field abnormalities, there is growing evidence that air pollution
may have a role in the development of neurodegenerative disorders [33,34]. Therefore,
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this may be why PM; 5 in the subgroup analysis is positively correlates with glaucoma
and AMD. Cataracts develop from many factors: metabolic disorders, dietary deficiency,
or environmental stressors, including severe cold or heat, radiation, metal ions, and tox-
ins [10,12]. The subgroup analysis results show that the correlation between PM; 5 and the
incidence of cataracts is insignificant, possibly because PM; 5 in the air is not a crucial factor
affecting cataract occurrence among the above-mentioned factors. Finally, we found that air
pollution affects children and adolescents more than adults due to their exposure level and
physiological characteristics. Due to their increased ventilation rates and frequent outside
activity, children and adolescents may be exposed to air contaminants more often [35].
In addition, the bodies of children and adolescents are still growing and their immune
systems are still underdeveloped, which makes them less resistant to air pollution than
adults.

No gender-based subgroup analyses were carried out in this study due to data lim-
itations, although recent research has indicated gender variations. The gender-specific
effects can be attributable to socially derived air pollution exposures. In addition, there
are also gender differences in the human body’s gas-blood barrier permeability, particle
deposition, and gas absorption [36]. For example, Studies have shown that many human
organs may be affected by indoor air pollution, where the eyes are directly exposed to
emissions from the burning of solid fuels, including high levels of fine PM; 5 and CO [37].
The higher association between cataracts in women than men, considering the mixed effects
of women’s exposure to indoor cooking fuels and outdoor activities on cataracts [38]. On
the contrary, for children, boys spend more time outside and are more active than girls,
which exposes them to more air pollution and may make them more vulnerable to its
effects [23].

Several mechanisms have been suggested to explain these findings. Studies have
shown that for cataracts, oxidative stress of reactive oxygen species and reactive nitrogen
(ROS/RNS) is considered the main formation mechanism [39]. Oxidative stress caused
by air pollution is the stressor inducing cataracts, which may harm the membrane cavity
and secreted proteins [10]. The integrity of the cornea’s barrier may be altered by PM
and NOy, which may also encourage the creation of ROS and cause inflammation of the
retina and ocular surface [9,40]. As was previously discussed, atmospheric particulate
matter and NO; may produce ROS/RNS and trigger oxidative damage to a wide range
of biomolecules [40]. Therefore, oxidative stress and inflammation are mechanisms that
explain the effect of air pollutants on the occurrence of eye diseases. The corresponding
reduction of air pollutants may affect the pathogenesis of vision disorder and thus reduce
the incidence of vision disorder.

The results suggested that air pollution is correlated with vision disorder, in which
PM, 5 and NO, exposure may be positively correlated with vision disorder-related risk,
PMjg, SO, and CO exposure have no significant effect on vision disorder, and O3 exposure
is negatively associated with vision disorder. The association varied by region, disease
and age. PMj; 5 exposure was significantly correlated with the risk of glaucoma and AMD,
but with cataracts not significant. Children and adolescents are more vulnerable to the
impacts of air pollution than adults. In addition, the OR value can reflect the strength of
the association between air pollutants and vision disorder. In Figure 2, the middle vertical
line is the invalid line, OR = 1. When the combined OR value is on the right side of the
invalid line, it means that the study factor (air pollutant) and the outcome (vision disorder)
are in a positive relationship, and the farther away from the invalid line, the OR value is
greater than 1, and the greater the correlation strength. Therefore, PM, 5 is more strongly
associated with vision disorder than NO,.

This systematic review and meta-analysis have some limitations. First, the cross-
sectional nature does not determine causality between studies [23]. Second, the dearth of
research made it impossible to analyze the potential sources of heterogeneity thoroughly.
This suggests that variations in population factors, participant characteristics, sample size,
and geographical location may be at play. Third, considering heterogeneity and the small
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amount of studies for every air contaminant, care should be exercised when interpreting
the findings. Fourth, we classified the diseases associated with vision disorders. However,
in the included articles, only cataracts, glaucoma, age-related macular degeneration and
visual impairment were studied as outcomes, and no mention was made of hyperopia,
myopia, night blindness and deformities. Above all, misclassification of exposures was
unavoidable since data from monitoring stations was utilized in practically all research. In
addition, we did not analyze PM; based to the limitations of the available literature.

Based on previous studies, to better understand the relationship between air pollutants
and vision disorder, here are some ideas on where to take subsequent studies: (1) Additional
large-scale, long-term cohort studies are required for a more accurate and trustworthy
evaluation. (2) More careful monitoring of exposure levels. (3) More research is needed to
determine the effects of air pollution on vision disorders in terms of genetics, demographics,
social variables, and behaviors. (4) Multiple pollutant interactions and their consequences
on vision disorder have yet to be quantified.

5. Conclusions

In conclusion, ambient air pollution may contribute to vision disorder. PM; 5 and NO;
are air pollutants correlated with an increased risk of vision disorder. The correlation varied
by region, disease and age. The results indicate that policymakers might anticipate the
likelihood of vision disorder due to air pollution and adopt targeted preventative actions
in advance. In the future, more relevant research is necessary to provide a more accurate
and reliable assessment.
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Abstract: Particulate matter of size < 2.5 um (PMy5) is a critical environmental threat that con-
siderably contributes to the global disease burden. However, accompanied by the rapid research
progress in this field, the existing research on developmental toxicity is still constrained by limited
data sources, varying quality, and insufficient in-depth mechanistic analysis. This review includes
the currently available epidemiological and laboratory evidence and comprehensively characterizes
the adverse effects of PM; 5 on developing individuals in different regions and various pollution
sources. In addition, this review explores the effect of PM, 5 exposure to individuals of different
ethnicities, genders, and socioeconomic levels on adverse birth outcomes and cardiopulmonary and
neurological development. Furthermore, the molecular mechanisms involved in the adverse health
effects of PM, 5 primarily encompass transcriptional and translational regulation, oxidative stress,
inflammatory response, and epigenetic modulation. The primary findings and novel perspectives
regarding the association between public health and PM; 5 were examined, highlighting the need
for future studies to explore its sources, composition, and sex-specific effects. Additionally, further
research is required to delve deeper into the more intricate underlying mechanisms to effectively
prevent or mitigate the harmful effects of air pollution on human health.

Keywords: fine particulate matter; adverse birth outcomes; respiratory development; cardiovascular
development; neurological development; mechanism

1. Introduction

Particulate matter of size < 2.5 um (PM;5) is defined as a type of fine PM with a
diameter of <2.5 pm, which is distinguished by small particle dimensions, large relative
surface area, and a capacity to adsorb heavy metals and toxic organic pollutants. These
characteristics facilitate the infiltration of PM; 5 into the human body, leading to various
adverse reactions. Extensive research has consistently demonstrated the harmful health
effects of prolonged PM; 5 exposure, which predisposes individuals to an augmented
risk of cardiovascular and respiratory ailments as well as neurological disorders such as
Alzheimer’s disease [1-3]. Moreover, outdoor air pollution, specifically that caused by
ambient PM, has been officially classified as a Class I human carcinogen by the International
Agency for Research on Cancer [4].

During early life, which is a pivotal stage of individual development, the body’s
system exhibits heightened sensitivity to environmental pollutants and is more prone
to their toxic effects compared with adults. Therefore, there is a substantial interest in
exploring the potential causal link between PM; 5 exposure in early life and a wide array of
diseases. An increasing amount of epidemiological research has established a correlation
between developmental exposure to PM; 5 and the heightened risk of birth defects and
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various diseases [5-8]. PM; 5 exposure during pregnancy can lead to negative consequences
such as preterm labor (PTB), low birth weight (LBW), and multiple facial defects [9-11].
Furthermore, prenatal and postnatal exposures to PM,; 5 reportedly impact lung develop-
ment [12,13], heighten vulnerability to respiratory infections, and potentially contribute to
the occurrence of respiratory ailments during early childhood [12]. The high level of mater-
nal exposure to air pollution is also correlated with the increased chances of congenital heart
defects (CHDs) in the offspring and has a detrimental effect on their neurodevelopment
in early childhood [14-16]. Additionally, even minimal levels of air pollution exposure
during pregnancy (levels that might not significantly affect adults) reportedly disrupt fetal
development and result in long-term dysfunction [17].

Considering the escalating public concern regarding the health hazards associated
with PM; 5 during early life, the effects of prenatal exposure to PM; 5 on fetal health remain
uncertain. This review systematically investigates the detrimental biological effects of these
pollutants on the developmental outcomes of humans by incorporating approximately
20 years of epidemiological and laboratory evidence, encompassing the latest research
findings and advancements (epidemiological evidence is presented in Table 1). This
review emphasizes the differences in the developmental toxicity of PM; 5 from different
regions and pollution sources as well as variations among different ethnicities, sexes, and
socioeconomic levels, through the comprehensive analysis and comparison of various
research outcomes.

Integrating and summarizing the commonalities found in these data reveal the com-
plexity and diversity of PM, 5 developmental toxicity, which can provide readers with a
comprehensive background and foundation for better understanding the current status
and trends in this field. Concurrently, this study comprehensively elucidates the possible
molecular mechanisms underlying the health impairments triggered by PMj, 5 in various
systems, mainly involving transcriptional and translational regulation, oxidative stress
and inflammatory responses, and epigenetic regulation [18], providing deeper theoretical
support and guidance for research in related fields. The primary conclusions and novel
perspectives regarding the relation between public health and PM; 5 are summarized in
this review, which might offer insights into the prevention and treatment of environment-
related illnesses, assist with the development of clinically applicable drugs, and serve as
specific instructions for future research directions.

Table 1. Epidemiological studies on the adverse developmental outcomes of prenatal or postnatal
PMj; 5 exposure.

Country Contaminant Exposure Period Outcome Supporting Statistics References

A substantial link between
acute PM; 5 exposure (per
interquartile range increase)

. During the entire and the likelihood of PROM Wang et al.,
China PMzs pregnancy PROM (OR = 1.11; 95% CI: 1.03, 1.19 for 2022 [19]
PM, 5 on delivery day;
OR = 1.10; 95% CI: 1.02, 1.18 for
PM; 5 1 day before delivery)
. . High levels of PM; 5 exposure
USA PM; 5 Durlﬁeg ’ﬁ:;intlre PTB were correlated with a 19% Defzroa 1116C ([)Zf)t] al.,
preg y increase in PTB risk
Exposure to PM; 5 or PMy
throughout pregnancy
. During the entire PTB and increased the likelihood of PTB Lietal,
China PM; 5 and PMyp pregnancy near-term birth and near-term birth (HR: 1.09 2018 [21]

[95% CTI: 1.08, 1.10] for a
10 pg/ m? increase in PM, 5)
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Table 1. Cont.

Exposure Period

Outcome

Supporting Statistics

References

Country Contaminant
USA PM2‘5 and N02
USA PM; 5

Republic of
Chile PM2'5 and PMw
USA PM; 5, PMqy, CO
USA PM2_5 and 03
China PMZ 5
Poland PM, 5
China PM2 5
USA PM, 5
USA PM; 5

During the entire
pregnancy

During the entire
pregnancy

Gestational
exposure

During 3 months
prior to conception
and gestational
weeks 3-8

During early
gestation (weeks
5-10 of gestation)

Elementary school
students aged 5-12

During the entire
pregnancy

During pregnancy
and infancy

During the entire
pregnancy

During established
morphogenic
phases of prenatal
lung development

Declined birth
weights

LBW

LBW

Orofacial defects,
cr

CP

Impaired
respiratory health,
increased airway
inflammation,
reduced lung
function

Increased
susceptibility to
respiratory
infections in early
childhood

Asthma

Asthma

Asthma

For each 10 pg/m?3 increase in
PM, 5 exposure, birth weights
underwent a decline of 18.4,
10.5,29.7, and 48.4 g during the
first, second, and third
trimesters, or throughout the
entire pregnancy, respectively
A mean concentration increase
in PM, 5 exposure was linked to
a3.2% (95% CI = —1.0%, 6.3%)
increase in the probability of
LBW among term births
PM,; 5 exposure during the
second trimester was associated
with a higher likelihood of LBW
(OR: 1.031; 95% CI: 1.004-1.059)
The positive associations of
PM, 5 with CP were most
eminent from gestational
weeks 3-5
Each 10 ng/ m? increase in
PMj; 5 concentration was
accompanied by a 43% increase
in the risk of developing CP
Among all constituents of
PM; 5, organic carbon,
elemental carbon, NO3; ~, and
NH," had the consistent and
strongest associations with
airway inflammation
biomarkers and lung function
parameters, followed by
metallic elements
The aOR for the occurrence of
recurrent bronchopulmonary
infections during the follow-up
period significantly increased in
a dose-response relationship
with the prenatal PM; 5 level
(OR = 2.44,95% CI: 1.12-5.36)
The susceptible periods of
developing asthma included
gestational weeks 6-22 and
9-46 weeks following delivery
Boys with higher prenatal
exposure during midgestation
(16-25-week gestation)
exhibited an increased
incidence of developing asthma
by the age of 6 years
An increase in PM; 5 by
2 ug/ m?3 was found to have a
connection with a 1.29-fold
higher risk of
developing asthma

Savitz et al.,
2014 [22]

Kirwa et al.,
2019 [23]

Rodriguez-
Fernandez
etal., 2022 [24]

Zhu et al.,
2015 [5]

Zhou et al.,
2017 [25]

Wu et al,,
2021 [26]

Jedrychowski
etal., 2013 [12]

Jung et al,,
2019 [27]

Hsu et al.,
2015 [28]

Hazlehurst
etal., 2021 [29]
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Table 1. Cont.

Country

Contaminant

Exposure Period

Outcome

Supporting Statistics

References

USA

Israeli

China

USA

USA

USA

Spain

USA

PM; 5

CO, NO,, O3,
SO,, PMyg, PMy 5

PMyo, PMy 5,
NO,, CO, SO,

Benzene and
PM; 5

PM; 5

PMZ. 5 and BC

PMQ_ 5 and N02

PM2'5

Potential

During weeks 3-8
of pregnancy

During the entire
pregnancy

During gestation

During pregnancy

Each trimester of
pregnancy and
within 2-90 days
before birth

Throughout the
whole period of
the pregnancies

Entire pregnancy

Repeated
wheezing

Multiple CHDs

CHDs

Selected heart
defects

Increased BP in
children aged 3-9
years old

Elevated BP
among newborns

Adverse impacts
on memory and
verbal abilities in
boys

ID

Heightened prenatal exposure
to PM; 5 during the later stages
of pregnancy correlated with
recurrent wheezing in
early childhood
Higher maternal exposure to
PM; was linked to an elevated
likelihood of multiple CHDs
(aOR 1.05, 95% CI: 1.01-1.10 for
a10 ug/ m?3 increment)
Markedly increasing the
association of PM; 5 exposure
during the second and third
trimesters with the occurrence
of CHDs, with aORs of 1.228
and 1.236 (95% CI: 1.141-1.322,
1.154-1.324 individually) for
each 10 ug/m? increase in
PM, 5 level
Exposure to elevated
concentrations of PM, 5 was
linked to a higher risk of
developing specific heart
defects, including truncus
arteriosus, the coarctation of the
aorta, and interrupted
aortic arch
Ab5ug/ m? rise in PM, 5 during
the third trimester was
associated with a 3.49 percentile
(95% CI: 0.71-6.26) elevation in
child SBP or a 1.47 times (95%
CI: 1.17-1.85) higher hazard of
elevated BP
Exposure to PM; 5 and BC
during the late pregnancy stage
was associated with elevated BP
among newborns (e.g.,

1.0 mmHg; 95% CI: 0.1, 1.8 for a
0.32 pg/m3 increase in mean
90-day residential BC)
Boys being more susceptible
between the ages of 4 and
6 years, particularly in areas
associated with memory, verbal
aptitude, and overall
cognitive abilities
The risks of ID associated with
having daily average PM; 5
concentrations over the current

US NAAQS threshold (i.e.,
>12.0 ug/m?) during the
preconception and first
trimester windows were
substantial; the odds ratios were
1.8 and 2.4, respectively

Chiu et al,,
2022 [30]

Agay-Shay
etal., 2013 [31]

Sun et al.,
2022 [16]

Tanner et al.,
2015 [32]

Zhang et al.,
2018 [9]

Van Rossem
etal., 2015 [33]

Lertxundi et al.,
2019 [34]

Grineski et al.,
2023 [35]
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Table 1. Cont.

Country Contaminant

Exposure Period

Outcome

Supporting Statistics

References

USA PM, 5

China PM2‘5 and PM10

China PMZ 5

China P le 5

China P le 5

USA PM, 5

USA PM2_5 and PM10

Prenatal

Prenatal and early
postnatal
exposures

Prenatal

Prenatal and
postnatal

During the
prenatal and
postnatal periods

From 3 months
before pregnancy
until the child’s
second birthday

From 9 months
before pregnancy
to 9 months after

delivery

Slightly lower IQ
in late childhood

Decreased MDI
and PDI scores

SDDs

Decreased LDCDQ
scores and
increased risk of
DCD

Postponement in
gross motor, fine
motor, and
personal-social
development

ASD

Greater odds of
ASD

A substantial correlation was
observed between PM, 5
exposure in the later stages of
pregnancy (months 5-7) and the
1Q of children
Exposure to PM; 5 and PMyg in
either of the two periods was
linked to reduced scores of the
MDI and PDI in the offspring
PM, 5 exposure may elevate the
risk of SDDs in both sexes (RR:
1.52, 95% CI: 1.19, 2.03, per
10 pg/ m?3 increase in PM; 5
exposure), particularly in
problem-solving skills among
girls (RR: 2.23, 95% CI:
1.22, 4.35)

Exposure to PM; 5 was linked to
diminished motor performance
and a greater risk of DCD, with
an aOR of 1.06 (95% CI: 1.01,
1.10) and 1.06 (95% CI: 1.01,
1.13) for every interquartile
range elevation in PM; 5
exposure during the first 3
months and the initial 3 years,
separately
Exposure during the second
trimester of pregnancy was
linked to an elevated
probability of delayed
neurodevelopment related to
gross motor skills (aOR: 1.09 per
10 pg/ m? increase). The
delayed development of fine
motor skills was revealed to be
involved with PM, 5 exposure
in the second and third
trimesters (aOR: 1.06)

A 50% rise in the risk of ASD
when exposed to an average
cumulative level of PM, 5 from
3 months before conception
through the child’s second year
(p = 0.046)

The relation between ASD and
PM,; 5 exposure was more
pronounced in the final
trimester (OR = 1.42 per IQR
raise in PMj 5; 95% CI:

1.09, 1.86)

Holm et al.,
2023 [36]

Wang et al.,
2022 [14]

Wang et al.,
2021 [37]

Caietal.,
2023 [38]

Shih et al., 2023
[39]

Talbott et al.,
2015 [40]

Raz et al., 2015
[41]
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Table 1. Cont.

Country

Contaminant Exposure Period Outcome Supporting Statistics

References

USA

USA

The sensitive periods of PM; 5
exposure linked to ASD
occurred early in pregnancy,
demonstrating statistical
significance over 1-27 weeks of
gestation (cumulative HR = 1.14
[95% CI: 1.06, 1.23] per IQR
[74 pg/ m3] increase)

A significant association was
identified between the
increased risk of ASD and

Aircraft ultrafine Durine preenanc ASD maternal exposure to aircraft

particles & Pres y PMy; throughout pregnancy
(HR: 1.02, [95% CI: 1.01-1.03]
per interquartile range
[IQR] =0.02 ug/ m? rise)

PM; 5, NO,, O3 During pregnancy ASD

Rahman et al.,
2022 [42]

Carter et al.,
2023 [43]

Abbreviations: ASD, autism spectrum disorders; BC, black carbon; BP, blood pressure; CHDs, congenital heart
diseases; CP, cleft palate alone; DCD, developmental coordination disorder; ID, intellectual disability; IQ, Intel-
ligence Quotient; LDCDQ, Little DCD Questionnaire; MDI, Mental Developmental Index; PDI, Psychomotor
Developmental Index; PROM, premature rupture of membranes; and SDD, suspected developmental delay.

2. Materials and Methods
2.1. Search Strategy

We performed a literature review using the PubMed database to identify articles
published in the last 20 years (2003-2023) regarding the developmental toxicity of PM; 5
exposure. We utilized various combinations of the following keywords: “air pollution” or
“particulate matter” or “PM” and “pregnancy” or “child” or “offspring” or “developmental
toxicity”. Additionally, the studies identified through the aforementioned search strategy
were examined.

2.2. Inclusion Criteria

Studies were included if they involved (1) epidemiological or clinical investigations
evaluating the effect of maternal exposure to PM; 5 on offspring development, exploring the
association between PM; 5 and various adverse outcomes such as neurological disorders
and cardiopulmonary diseases in offspring; (2) research delving into the developmental
toxicity and underlying mechanisms of PMj, 5 utilizing in vivo and in vitro models with
commonly utilized laboratory materials (e.g., mice, rats, and zebrafish); or (3) compre-
hensive analysis of the mechanisms underlying developmental toxicity induced by PM; 5,
encompassing aspects such as transcriptional and translational regulation, oxidative stress,
inflammatory responses, epigenetic modifications, and other pertinent factors.

2.3. Exclusion Criteria
The studies were excluded if they were (1) not written in English, (2) published before

2003, (3) if their full text was not available from PubMed, or (4) if they addressed irrelevant
populations or exposures not during the developmental period.

3. Adverse Birth Outcomes Induced by PM; 5
3.1. Epidemiological Studies
3.1.1. Preterm Birth

The present findings confirmed that maternal exposure to PM;, 5 was correlated with
an increased probability of preterm labor. A nationwide survey in China revealed that
maternal PM; 5 exposure, whether acute or chronic, considerably heightened the likelihood
of PROM, resulting in a heightened risk of negative outcomes for mothers and newborns,
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including preterm birth, intrauterine infection, and abruptio placentae [19]. A substantial
link has been reported between acute PM; 5 exposure (per interquartile range increase) and
the likelihood of PROM (odds ratio [OR] = 1.11; 95% confidence interval [CI]: 1.03, 1.19 for
PMj; 5 on delivery day; OR = 1.10; 95% CI: 1.02, 1.18 for PM; 5 one day before delivery).

Women with lower levels of education or obesity or who gave birth during colder
seasons appeared to be more sensitive to the effects of ambient PM, 5 [19]. In a cohort study
conducted in Ohio, high levels of PM, 5 exposure during pregnancy were correlated with a
19% increase in PTB risk, with the highest risk occurring during late pregnancy [20]. This
study also employed a logistic regression model to identify other factors linked to preterm
birth, notably maternal race. After accounting for other variables, non-Hispanic black
mothers demonstrated a heightened risk of preterm birth (aOR 1.46) compared to non-
Hispanic white mothers (aOR 1.00), with a statistically significant association. Moreover, a
cohort comprising >1.28 million births in China demonstrated that exposure to PM; 5 or
PM; throughout pregnancy increased the likelihood of PTB and near-term birth (hazard
ratio [HR]: 1.09 [95% CI: 1.08, 1.10] for a 10 ug/ m?3 increase in PM, 5). Women with poor
socioeconomic backgrounds, obesity, and smoking habits were more susceptible to PM
exposure [21]. Taken together, these findings highlight the significance of considering the
actual background of pregnant women, such as income levels and racial differences, in
analyzing the toxic effects of PMj 5.

3.1.2. Low Birth Weight and Reduced Fetal Growth

Birth weight is a well-known predictor of overall neonatal health. There is a well-
established link between LBW and elevated neonatal mortality and morbidity rates [7]. In
recent years, researchers have accumulated evidence indicating a direct association between
increased prenatal exposure to PM; 5 and higher probability of LBW. A study including
252,967 births conducted from 2008 to 2010 reported that for each 10 pg/m3 increase in
PM; 5 exposure, birth weights underwent a decline of 18.4, 10.5, 29.7, and 48.4 g during the
first, second, and third trimesters, or throughout the entire pregnancy, respectively [22].
An extensive analysis involving >330,000 births to Hispanic and Black mothers spanning
14 years in Puerto Rico noted that a mean concentration increase in PM, 5 exposure was
linked to a 3.2% (95% CI = —1.0%, 6.3%) increase in the probability of LBW among term
births [23].

A cross-sectional analytical project comprising 595,369 Chilean newborns investigated
the connection between LBW and gestational exposure to PM; 5 and PMjy. The investi-
gation concluded that PM; 5 exposure during the second trimester was associated with a
higher likelihood of LBW (OR: 1.031; 95% CI: 1.004-1.059), whereas PM;( had an impact
on the entire duration of pregnancy [24]. These findings strongly support the correlation
between urban air pollution exposure and LBW as well as diminished fetal growth.

3.1.3. Facial Defects

While there is supporting evidence demonstrating a correlation between maternal
ambient air pollution exposure and the occurrence of congenital orofacial clefts in children,
epidemiologic research has produced inconclusive findings. A large retrospective cohort
in the US investigated substantial and positive relevance between ambient air pollution
and the risk of orofacial defects in the offspring of mothers who were exposed to PM; 5
during the 3 months before conception [5]. Specifically, the positive associations of PM; 5
with cleft palate were most eminent from gestational weeks 3-5 when analyzed in terms of
individual week [5]. According to a comparable study, each 10 ng/ m?3 increase in PM, 5
concentration was accompanied by a 43% increase in the risk of developing cleft palate [25].
Conversely, no substantial correlation was detected between the concentration of PMj, 5 and
the incidence of cleft lip [25], which also indicates potential uncertainty regarding facial
defects in relation to PM; 5 exposure. In addition to facial defects, it is crucial to further
explore other types of birth defects associated with PM, 5 exposure to address existing gaps
in knowledge.
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3.2. Experimental Research

Experimental studies demonstrated that PM; 5 exposure inhibited embryonic devel-
opment, which aligned with the aforementioned epidemiological observations. Offspring
birth weight was substantially reduced owing to maternal exposure to concentrated ambi-
ent PM; 5 (CAP), while the body weight of adult male descendants showed an increase [44].
Similarly, a substantial decrease in body weight and crown-rump length on GD13 (ges-
tation day) and GD18 was revealed in another study that evaluated fetal and placenta
development exposure in utero in mice, which was concomitant with abnormal placental
structure and aberrant placental functional gene expression [45]. The detrimental effects
of PM, 5 on birth outcomes have also been extensively investigated through numerous
zebrafish experiments. PM; 5 exposure caused developmental toxicity that varied with
dose and duration [46], leading to increased mortality and malformations as well as de-
creased hatchability rate and body length [47]. These findings underscore the potential
association between PM, 5 exposure during pregnancy and embryo growth restriction.
However, as experimental model organisms, mice exhibit differences from humans or other
animals in aspects such as physiological structure, metabolic pathways, and behavioral
patterns, making it inappropriate to directly extrapolate findings to other species or natural
ecosystems. Subsequent epidemiological and toxicological investigations are required to
examine the consequences of PM; 5 on other species.

4. Adverse Effects of PM; 5 on Respiratory Development
4.1. Epidemiological Studies

The development of lungs is a complex process that spans from conception to the post-
natal period [27]; particulate air pollution impacts lung development during the prenatal
and postnatal period [12,13], increases the likelihood of contracting respiratory infections,
and could cause respiratory health issues during early childhood [12]. An increasing
number of studies have associated PM; 5 exposure with children’s respiratory health, with
findings revealing that developmental exposure can disrupt alveolarization, compromise
lung function, and alter pulmonary immune differentiation, potentially impacting short-
and long-term health conditions [48,49]. According to a longitudinal panel investigation
with repeated health assessments conducted in Shanghai involving 62 children, short-
term PM; 5 exposure can compromise children’s respiratory health, increasing airway
inflammation, reducing lung function, and altering the microbial colonization of the buccal
mucosa [26]. In a separate study involving 214 children monitored over 7 years, the ad-
justed OR (aOR) for the occurrence of recurrent bronchopulmonary infections during the
follow-up period significantly increased in a dose-response relationship with the prenatal
PM; 5 level (OR = 2.44, 95% CI: 1.12-5.36) [12]. This study also reported that setting the 24
h average PM; 5 concentration at 20 ug/ m®asa target value can offer superior protection
for unborn babies compared with the previously established EPA guidelines.

In addition, clinical respiratory symptoms of particulate pollution aggravate asthma [50].
According to a large birth cohort study conducted in Taichung City, there is a notable
association between augmented prenatal and postnatal exposure to PM; 5 and an elevated
risk of developing asthma. The susceptible periods included gestational weeks 6-22 and
9-46 weeks following delivery [27]. Boys with higher prenatal exposure during midgesta-
tion (16-25-week gestation) exhibited an increased incidence of developing asthma by the
age of 6 years [28]. In a combined analysis of two pregnancy cohorts, children living with
higher PM, 5 concentrations during the saccular stage of fetal lung development were more
likely to develop asthma. An increase in PM; 5 by 2 pg/ m?3 was found to have a connection
with a 1.29-fold higher risk of developing asthma [29]. The potential impact of PM; 5 on
offspring may exhibit sex-specific and time-dependent consequences, which appear to
differ based on ethnicity and level of maternal antioxidant intake. Research on a multiethnic
inner-city population revealed that heightened prenatal exposure to PM; 5 during the later
stages of pregnancy correlated with recurrent wheezing in early childhood, specifically
among male infants born to Black mothers with low levels of antioxidant consumption [30].
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Existing research has provided valuable insights into the association between PM; 5 expo-
sure and respiratory health by considering gender and racial differences.

4.2. Experimental Research

Animal studies revealed that maternal exposure to PM; 5 during the sensitive win-
dows resulted in fetal pulmonary dysfunction and increased the risk of lung diseases. In a
rat model, prolonged exposure during pregnancy substantially modified the structure and
function of the lungs in the offspring [51], characterized by heightened lung consolidation,
airway inflammation, and diminished lung volume and compliance [52]. Another study
reported various changes, such as interstitial proliferation in the lungs, notable oxidative
stress, and enhancement of epithelial-mesenchymal transition (EMT) [53]. Moreover, pre-
vious findings revealed that male descendants experienced a dysplasia-like syndrome,
encompassing hypoalveolarization, diminished secretory function, delayed microvascular
development, and inflammation within the lungs. Nonetheless, female offspring exhib-
ited only slight changes in alveolarization and lung inflammation, indicating that male
offspring were more vulnerable to maternal PM; 5 exposure. Interestingly, these negative
effects were nearly reversed during postnatal development [54]. There are physiological,
immunological, and metabolic differences between genders that may result in divergent
responses to PMj 5 exposure. However, current research predominantly focuses on the gen-
eral population, without fully considering the impact of gender differences on susceptibility
to PM; 5. There is a lack of comprehensive understanding regarding the gender-specific
respiratory diseases of PMj 5.

5. Cardiovascular Diseases Induced by PM; 5
5.1. Epidemiological Studies
5.1.1. Heart Defects

There is considerable evidence suggesting that maternal exposure to air pollution is
positively correlated with the risk of CHD in offspring [55,56]. A cohort study based on
registries employed a spatiotemporal approach using Geographic Information System data
and weekly inverse distance weighting modeling to examine the potential connections
between exposure to ambient air pollution during week 3-8 of pregnancy and the risk
of CHD. The results indicated that higher maternal exposure to PM;g was linked to an
elevated likelihood of multiple CHD (aOR 1.05, 95% CI: 1.01-1.10 for a 10 pg/ mS> increment),
while higher exposure to PM; 5 was linked to a reduced risk for patent ductus arteriosus
(aOR 0.78, 95% CI: 0.68-0.91 for a 5-ug/m? increment), and sensitivity analyses confirmed
the consistency of these results [31].

The markedly increasing association of PM; 5 exposure during the second and third
trimesters with the occurrence of CHDs was detected in a study in Suzhou, with aORs of
1.228 and 1.236 (95% CI: 1.141-1.322, 1.154-1.324 individually) for each 10 pg/ m? increase
in PMy 5 level [16]. In a retrospective cohort study in Florida [32], exposure to elevated
concentrations of PM; 5 was linked to a higher risk of developing specific heart defects,
including truncus arteriosus, coarctation of the aorta, and interrupted aortic arch. However,
it is currently uncertain whether these connections have meaningful clinical relevance
or can be directly attributed to exposure to air pollution. The latter findings need to be
supplemented by other studies for definitive conclusions.

5.1.2. High Blood Pressure

Relevant evidence showed that air pollution exposure during pregnancy may also
render offspring increasingly susceptible to high BP. A cohort study involving 1131 mother-
infant pairs in Boston examined the potential correlation between systolic blood pressure
(SBP) and air pollutant exposures using mixed-effects models, reporting that exposure to
PM, 5 and BC during the late pregnancy stage was associated with elevated BP among
newborns (e.g., 1.0 mmHg; 95% CI: 0.1, 1.8 for a 0.32 ug/ m?® increase in mean 90 day
residential BC) [33].
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In another study, connections between maternal exposure to ambient PM; 5 and
elevated child BP at 3-9 years old were detected in a cohort from the USA, suggesting that
reducing maternal exposure could prevent pediatric hypertension at the primary level [9].
A5 g/ m? rise in PM, 5 during the third trimester was associated with a 3.49 percent
(95% CI: 0.71-6.26) elevation in child SBP or a 1.47 times (95% CI:1.17-1.85) higher hazard
of elevated BP, and the connection was partially explained by the impact of PM; 5 on fetal
growth and weight during childhood, revealing novel perspectives of the mechanisms
through which prenatal PM; 5 exposure influences SBP in children.

5.2. Experimental Research

Epidemiological evidence has shown that PMj; 5 pollution during pregnancy may have
a negative impact on cardiovascular system development. In fact, experimental research
has corroborated the findings observed in humans.

Studies in mice revealed that PM; 5 exposure during the in utero period may af-
fect the development of the descendant’s cardiovascular system and elevate the risk of
altered BP [57-59] as well as contribute to heart failure and additional cardiovascular
incidents [9,33,58]. Prominent histological changes were observed in the hearts of mature
progeny mice exposed to PM; 5 pollution during gestation [60], primarily comprising
disordered cardiac cell organization, inflammation, and enlarged myocardial septum. Fur-
thermore, male mice exhibited more severe heart damage compared with female mice in
mature progeny mice. A study presented compelling evidence that exposing gravida to
PM; 5 at a concentration of 73.61 ug/ m3 substantially increased cardiac dysfunction among
male descendants during their adult years [57,58], which was evidenced by changes such
as remodeling and dysfunction of the left ventricle in living organisms as well as dysfunc-
tion of cardiomyocytes in a laboratory setting. Pregnant mice exposed to diesel exhaust
demonstrated an enhanced vulnerability to heart failure induced by pressure overload
in the offspring as they matured into adulthood [61,62]. Cardiomyocytes extracted from
mice exposed to PM; 5 during perinatal development also displayed changes in sarcomere
function that were apparent at the cellular level [63].

Although these experiments were conducted solely in mice, similar observations of
remarkable cardiovascular impairment caused by PM; 5 exposure are also present in other
animal species. Specifically, several studies have documented detrimental impacts on the
embryonic cardiac development of zebrafish [64]. TSP and PM; 5 exposure have been
demonstrated to impair heart rate and blood flow velocity as well as affect cardiac mor-
phology and angiogenesis [47]. Additional research substantiated that extractable organic
matter (EOM) of PM, 5 was the primary cause underlying increased cardiac malformations,
such as globular chambers and pericardial edema as well as decreased heart rate [64].
Moreover, it induced DNA damage and apoptosis, inhibited cardiac differentiation, and
ultimately led to heart defects in zebrafish embryos and mouse P19 embryonic cancer
cells [65-67]. Current research on the impact of PM, 5 on cardiovascular function is subject
to certain limitations. Existing studies primarily focus on overall impacts while paying
less attention to the specific components of PM; 5 responsible for the related biological
processes. Additionally, there are limitations in research methods and techniques, such as
a lack of high-resolution molecular analysis technology and research tools at the cellular
level. Therefore, it is necessary for subsequent research to employ more advanced tech-
nological approaches to enhance the understanding of the precise constituents of PM 5
that contribute to cardiovascular dysfunction and the related biological processes at the
molecular level.

6. Neurodevelopmental Toxicity Caused by PM; 5
6.1. Epidemiological Studies

Exposure to PM; 5 and PMj in the prenatal and early postnatal stages was found to
have a detrimental impact on early childhood neurodevelopment [14,15].
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6.1.1. Developmental Delay and Developmental Coordination Disorder

According to relevant studies, preschoolers exposed to higher levels of PM, 5 exhibited
higher levels of compromised neurobehavioral development, including developmental
delay and DCD. Research involving the Shanghai Maternal-Child Pairs Cohort, which
used the Ages and Stages Questionnaire (ASQ) to evaluate the neurological development
of children at 2, 6, 12, and 24 months old, proposed that exposure to PM; 5 during weeks
18-34 of pregnancy showed a significant correlation with ASQ scores and SDDs. PM; 5
exposure may elevate the risk of SDDs in both sexes (RR: 1.52, 95% CI: 1.19, 2.03, per
10 pg/m? increase in PM, 5 exposure), particularly in problem-solving skills among girls
(RR: 2.23, 95% CI: 1.22, 4.35) [37]. Information gathered from a cohort study including
109,731 children between the ages of 3 and 5 years in China suggested that exposure to
PMj; 5 during prenatal and postnatal stages was linked to diminished motor performance
and greater risk of DCD [38]. The aOR was 1.06 (95% CI: 1.01, 1.10) and 1.06 (95% CI: 1.01,
1.13) for every interquartile range elevation in PM, 5 exposure during the first 3 months
and the initial 3 years, separately. The present investigation also suggested that infants
who breastfed for <6 months exhibit a greater susceptibility to the effects of postnatal
PM, 5 exposure.

In a cohort study conducted within the population of Taiwan, a notable correlation was
observed between gestational exposure to PM; 5 and postponement in the development
of gross motor skills, fine motor skills, and personal-social abilities [39]. Specifically,
exposure during the second trimester of pregnancy was linked to an elevated probability of
delayed neurodevelopment related to gross motor skills (aOR 1.09 per 10 pg/m3 increase).
The delayed development of fine motor skills was revealed to be associated with PM; 5
exposure in the second and third trimesters (aOR 1.06), and personal-social skills were
affected similarly. Nevertheless, the neurodevelopmental indicators mentioned above
showed no correlation with postnatal PM; 5 exposure. Additional research examining the
consequences of PM, 5 during pregnancy for neurodevelopment in children is essential.

6.1.2. Cognitive Impairment

Cognition is the process by which organisms perceive and acquire knowledge, while
cognitive impairment refers to the presence of difficulties in higher cortical functions such
as perception, attention, language, memory, and thinking [68]. There is increasing evidence
stating that prenatal or postnatal PM; 5 pollution affects the cognition of offspring. A
case—control study in Utah (n = 1032) and a cohort study in California’s agricultural Salinas
Valley (n = 568) concluded that encountering slightly elevated outdoor PM; 5 concentrations
before delivery was indicative of greater odds of ID and small decrements in IQ in late
childhood, which remained consistent across various sensitivity analyses [35,36].

According to a three-district birth cohort study carried out in Spain, the effects of
PM, 5 exposure during pregnancy on neuropsychological development were observed
to be dependent on the sex of the child, with boys being more susceptible between the
ages of 4 and 6 years, particularly in areas associated with memory, verbal aptitude, and
overall cognitive abilities [34]. Despite the potential cognitive benefits associated with
breastfeeding, this study has revealed that exposure to environmental pollutants during
intrauterine development may not be mitigated by breastfeeding. A substantial correlation
was observed between PM; 5 exposure in the later stages of pregnancy (months 5-7) and
the IQ of children, indicating that this specific time frame was particularly influential [36].

An interesting finding was the potential influence of the fetal sex on the PM; 5-1Q
association. Boys exhibited low verbal comprehension and working memory with average
PM,; 5 exposure in utero, whereas girls exhibited a low processing speed. The connections
between PM exposure during pregnancy or the early postnatal period and the neurodevel-
opment of offspring at 2 years of age were evaluated and compared by a study including
1331 mother—child pairs; the results indicated that exposure to PM; 5 and PMj in either
of the two periods was linked to reduced scores in the mental and psychomotor devel-
opmental indices in the offspring [14]. Additionally, compared with prenatal exposure,
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exposure during the early infancy phase more strongly affects neurodevelopment [14],
indicating that the early postnatal phase may serve as a critical period for the impact of
ambient PM on offspring development. Additional investigation is warranted to pinpoint
the precise developmental timeframe when exposure to PM; 5 pollution has the most
pronounced impact.

6.1.3. Autism Spectrum Disorders

Susceptibility to ASD is determined by an interplay of genetic and environmental in-
fluences. Researchers discovered that contact with PM, 5 during the prenatal and postnatal
periods increases susceptibility of a child toward ASD [40,69].

A case—control study in Southwestern Pennsylvania revealed ~50% rise in the risk of
ASD when exposed to an average cumulative level of PM; 5 from 3 months before concep-
tion through the child’s second year (p = 0.046) [40]. In addition, a significant association
was identified between the increased risk of ASD and maternal exposure to aircraft ultrafine
emission (PMy 1) throughout pregnancy in a cohort study involving 370,723 singleton preg-
nancies (HR: 1.02, [95% CI: 1.01-1.03] per interquartile range [IQR] = 0.02 ng/ m? rise) [43].
In a nested case—control study, it was observed that the relation between ASD and PM; 5
exposure was more pronounced in the final trimester (OR = 1.42 per IQR raise in PM;5;
95% CI: 1.09, 1.86) when adjusting for mutual factors [41]. Yet another population-based
cohort study identified that the sensitive periods of PM; 5 exposure linked to ASD occurred
early in pregnancy, demonstrating statistical significance over 1-27 weeks of gestation
(cumulative HR = 1.14 [95% CI: 1.06, 1.23] per IQR [7.4 pg/ m?] increase). Furthermore,
sex-stratified analysis revealed that the connections between early gestational exposure
and ASD were more pronounced in boys than girls (boys HR = 1.16 [95% CI: 1.08, 1.26];
girls HR = 1.06 [95% CI: 0.89, 1.26]) [42]. While these findings contribute crucial evidence
regarding the potential negative impacts of PM; 5 exposure on the nervous system during
pregnancy, the studies lack longitudinal tracking research on children’s long-term neurode-
velopmental outcomes. They also fail to adequately identify the critical developmental
stages of PM; 5 exposure and they overlook the moderating role of gender in its effects.

6.2. Experimental Research
6.2.1. Neural Damage and Brain Injury

PMj, 5 exposure induces neural damage and brain injury [70]. A study found gesta-
tional CAP exposure can produce neuropathological changes [71], including microglial
activation and ventricular enlargement, enlarged corpus callosum, decreased hippocampal
volume, aberrant white matter development, and hypomyelination [72]. Additionally, most
of these effects were either exclusive to boys or more pronounced in them. Exposure to
elevated levels of TSP and PM; 5 led to the shortened length of DA neurons within the
clusters of the raphe nuclei, decreased dopamine levels, and dyskinesia emergence [47].
Furthermore, exposure to PM; 5 solely triggered intracerebral hemorrhage and disrupted
the maturation of neurovascular networks. Additionally, gestational PM; 5 exposure re-
sulted in tau pathology in the cortical region of male descendants, which is essential for
modulating neuronal maturation [73]. Previous studies have also reported that PM; 5
triggered seasonally influenced neuronal apoptosis and synaptic impairments [74].

6.2.2. Impaired Learning and Memory

Following exposure to PM; 5, both sexes exhibited compromised learning and short-
term memory abilities accompanied by the sustained activation of glial cells within the
prefrontal cortex and corpus callosum [75]. A study provided evidence that early develop-
mental exposure to low levels of ultrafine particles can result in enduring effects on the
central nervous system (CNS) functions. These consequences include enduring deficits
in cognitive abilities such as learning and short-term memory, alterations in impulsive
conduct and motor skills, and some persistent changes in the neurochemical processes of
the brain, especially in the prefrontal cortex, the area crucial for cognitive functions [75].
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Moreover, there was proof suggesting that gestational PM; 5 exposure disrupted Hoxa5-
mediated neuronal morphogenesis in male mice, resulting in impaired spatial learning and
memory. Organic constituents such as PAHs exerted a more detrimental effect compared
with the inorganic components [76].

6.2.3. ASD

Data from several studies have suggested that exposure to PM from traffic during
pregnancy and breastfeeding contributes to the incidence of ASD and cognitive deficits [77].
Early exposure to PM was found to engender persistent behavioral impairments, which
vary based on sex and may be a potential contributing factor to neurodevelopmental disor-
ders such as ASD [78]. A study noted that mice subjected to fine PM throughout the stages
of their gestational and early neonatal periods decreased social engagement in both sexes,
while male descendants demonstrated more extensive repetitive impairments [78]. Mice
exposed to PM; 5 during pregnancy and the postnatal stages exhibited a more pronounced
impact on the neuroinflammatory response; postnatal exposure of mice to ambient ultra-
fine particles reproduced numerous features consistent with ASD, such as repetitive and
impulsive behaviors [79].

6.2.4. Anxiety, Depression, and Fear

Prenatal exposure plays a pivotal role in engendering anxiety-like behavior observed
in adulthood [80]. A study revealed that exposing mice to PMy; before mating and
during gestation resulted in an increase in depressive-like reactions in male offspring [81].
Increased exposure to PM, 5 was strongly linked with heightened fearful behaviors in
boys and girls at 6 months of age, and increased prenatal exposure to PM exhibited time-
dependent implications that varied across sex [82]. Overall, these studies highlighted
the importance of sex differences in related toxicology studies. Additional exploration is
warranted to gain a comprehensive understanding of the specific mechanisms responsible
for inducing aberrant development or inflicting damage upon the neurological system
during the developmental period.

7. Mechanistic Considerations of PM; s-Induced Developmental Toxicity

Air pollution, especially that caused by PM; 5, has attracted considerable attention as
a prominent worldwide issue over the past several years, resulting in a substantial societal
burden and loss of life. Extensive evidence from human and experimental research has
revealed the deleterious impacts of PM, prompting a thorough investigation into the fun-
damental molecular processes (Figure 1). The negative health effects observed in offspring
who were exposed to fine or ultrafine PM during their formative years are believed to
be influenced by three primary mechanisms: transcriptional and translational regulation,
oxidative stress and inflammation responses, and epigenetic regulation (developmental
toxicity responses and mechanisms of PM; 5 are presented in Table 2). These mechanisms
have offered insightful information regarding the connections between exposure to PM; 5
and health consequences, potentially aiding in the identification of targeted interventions
that may be advantageous for pregnant women who are exposed to air pollutants.
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Figure 1. Schematic of biological mechanisms underlying PM; 5-induced adverse birth outcomes and
internal organ developmental injury. Image created with BioRender.com accessed on 28 March 2024.

[Adverse Birth OutcomesJ [ Toxicity Mechanisms } [Internal Organs Damage]
Preterm labor Asthma
P rupture of b Respiratory infections

with permission.

Table 2. Summary of developmental toxicity responses and mechanisms of PM, 5 in vivo and in vitro.

Experimental
Animals/Cells

Study Design

Biological Response

Molecular Mechanism

References

Mice fetal

SD rat offspring
embryos

Zebrafish
embryos/larvae

Male mice offspring

Primary cortical
neuron

Murine offspring

Neonatal mice
(14 days old)

Pregnant mice were
randomized into concentrated
PM,; 5 group and FA group

PM, 5 was added at
6.25-200 pg/mL

Exposed to 25, 50, 100, 200,
and 400 pg/mL of PM; 5 and
TSP from 24 to 120 hpf

Pregnant mice were orally
given PM; 5 suspension
(3 mg/kg/2 days) until the
birth of decedents

Treated with the PM, 5
samples at different
concentration

Pregnant ICR mice were
exposed daily to PM; 5
(0.4 mg/m?) or FA, separately
(for 14 consecutive days)
Pregnant FVB female mice
were exposed either to FA or
PM; 5 at an average
concentration of 91.78 ug/ m?
for 6 h/day, 5 days/week
throughout the gestation
period (20 days)

Reduced fetal weight,
crown—rump length,
placental disorder
and IUGR
Impaired embryonic
growth, decreased yolk sac
size, crown-rump length,
head length, and
somite count
Elevated mortality rate,
malformations, reduced
development of
cardiovasculature and
neurovasculature

Impaired myelin
ultrastructure on PNDs
14 and 21

Neuronal apoptosis and
synaptic injuries

Locomotor hyperactivities

Functional cardiac changes
that were evident during
the very early (14 days)
stages of adolescence

AMPK/mTOR pathway

ROS-MAPKs-
apoptosis/cell cycle
arrest pathways

ERS and Wnt signaling

IncRN As—Ctcf signaling
pathway

Suppression of
phosphorylated ERK1/2
and CREB, activated
caspase-3
The excessive activity of
the dopamine pathway
inhibited the
glycine pathway

Altered Ca?* handling
protein expression

Lietal,
2022 [45]

Yuan et al.,
2016 [83]

Jiaetal,,
2022 [47]

Hou et al,,
2023 [72]

Chen et al.,
2017 [74]

Cui et al.,
2019 [84]

Tanwar et al.,
2017 [59]
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Table 2. Cont.

Experimental . . . .
Animals/Cells Study Design Biological Response Molecular Mechanism References
Significant decreases in
Timed pregnant SD rats were lung volume parameters,
Pups mice PNDI treated with PM, 5 (0.1, 0.5, 2.5, comp.hance, gnd' airflow Tang et al.,
and 28 or 7.5 mg/kg) once every during expiration on TGF-f3/Smad3 pathway 2017 [52]
3 days from day 0 to 18 PND28, interstitial
of pregnancy proliferation in
lung histology
Gestational an'd early-life Decreased social behavior,
exposure to traffic-related PM . o . Decreased levels of
. 3 increased anxiety, impaired . Nephew et al.,
Juvenile male rats (PM; 5 was 200 pg/m?) for .. . inflammatory and
cognition, disrupted 2020 [77]
5h/day, 5 days/week for : . growth factors
6 weeks neural integrity
Timed pregnant SD rats were
. . treated with PMy5 (0.1, 0.5, 2.5, Fetal lung injury, lung Promoted IL-1, IL-6, and Tang et al.,
Mice offspring or 7.5 mg/kg) once every 3 . . .
inflammation TNF-« secretion 2018 [51]
days from day 0 to 18
of pregnancy
. Exposed to EOM concentration Mitochondrial dysfunction, CYP1A1 overexpression Chen et al.,
Zebrafish embryo at 5 mg/L abstracted apobtosis and heart defects and accumulation 2023 [85]
from PM; 5 pop of mtROS
Male and female FVB mice Altered Ca?* regulatory
were exposed to either FA or o
. proteins, increased
Adult mice PM; 5 at an average . . S Tanwar et al.,
. . 3 Cardiac dysfunction oxidative stress markers,
offspring concentration of 38.58 ug/m . 2018 [57]
inflammatory and
for 6 h/day, 5 days/week for . . .
fibrogenic mediators
3 months
Exposed to EOM abstracted
from PM, 5 at different Activation of AHR, Zhane et al
Zebrafish embryos  concentrations at 3 hpf in the Heart defects repressed Wnt/ 3-catenin 201§ o] ”
absence or presence of CH signaling
(0.5 uM) or CHIR (1 uM)
Exposed to EOM (5 mg/L) in DNA damage and
Zebrafish embryos the absence or presence of CH apoptosis, cardiac Oxidative stress Ren et al,
(0.05 uM) or NAC (0.25 uM) develo men’tal toxici 2020 [66]
from 3 hpf until 72 hpf p ty
Treated with EOM (5 mg/L) in
the absence or presence of
Zebrafish embryos  4-PBA (5 mM), CH (0.05 mM) Apoptosis, heart defects s]iER Sa,clliissiiicilb‘i/lligl Zgg;;g [86,[7?1"
or NAC (0.25 mM) from 2 to gnaing
72 hpf
Long-term impairment in
Exposed in the postnatal learning/short-term Persistent glial activation,
Mice period from PNDs 4-7 and memory, more inflammatory Allen et al.,
10-13, with adult re-exposure impulsivity-linked cytokines including IL-6, 2014 [75]
at PNDs 57-59 behavior and motor TNF-o
function
Inflammation /microglial
Repetitive and impulsive activation, elevated
Exposed to concentrated behaviors, reductions in glutamate and Allen et al
Mice ambient UFP from PND 4-7 the size of the CC and excitatory /inhibitory i
. . . 2017 [79]
and 10-13 associated imbalance, increased
hypomyelination amygdala astrocytic

activation
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Table 2. Cont.

Experimental . . . .
Animals/Cells Study Design Biological Response Molecular Mechanism References
Neuroinflammatory
. Exposed to ultrafine CAPs or . o response, alterations in Allen et al.,
Mice FA on PNDs 47 and 10-13  -ateral ventricle dilation cytokines and 2014 [86]
neurotransmitters
Exposed to EOM extracted Decreased SAM/SAH
. from PM; 5 (5 mg/L) in the ratio, altered expression Jiang et al.,
Zebrafish embryos absence or presence of FA Heart defects of genes related to DNA 2019 [87]
(0.05 pM) from 3 hpf methylation
Treated with EOM from PM, 5 Abnormal embryonic Interference with DNA Wane et al
hESCs line H1 concentrations exceeding development, decrease in methylation and mRNA & v
1 . 2023 [88]
100 pg/mL vitality expression
Zebrafish embrvos Treated with EOM Apoptosis and cardiac Decreased global m®A Jietal,
Y concentrations of 5 mg/L malformations RNA methylation levels 2023 [89]

Abbreviations: AHR, aryl-hydrocarbon receptor; CC, corpus callosum; CH, CH223191; CHIR, CHIR99021; ERS,
endoplasmic reticulum stress; FA, filtered air; FVB, friend leukemia virus b; hESCs, human embryonic stem cells;
hpf, hours post-fertilization; IUGR, intrauterine growth restriction; PNDs, postnatal days; UFP, ultrafine particle
(<100 nm).

7.1. Transcriptional and Translational Regulation

As external pollutants can affect gene expression and alter the synthesis, activity, and
function of proteins in organisms, either through direct or indirect means, transcriptional
and translation regulation are considered the primary regulatory mechanisms for the neg-
ative impacts of PMy 5. For instance, PM; 5 interferes with embryonic development by
impacting processes such as autophagy and apoptosis, leading to cellular dysfunction
often associated with alterations in the relevant genetic expression. Additionally, various
receptor proteins, including components of the MAPK and caspases, have been involved in
mediating these developmental toxic effects. A study provided evidence that encountering
PMj, 5 during gestation reduced the levels of autophagy-related proteins and suppressed
autophagy flux primarily on GD15. Similarly, the activation of the AMPK/mTOR signaling
pathway, which plays a crucial role in regulating autophagy, was also observed in the
placenta on GD15. These findings revealed that the AMPK/mTOR pathway could be
implicated in the inhibition of placental autophagy caused by PM; 5, leading to placen-
tal dysfunction and IUGR in mice [45]. Researchers attempted to address the potential
involvement of ROS-MAPK-apoptosis/cell cycle arrest pathways in the embryotoxicity
triggered by PM; 5, using whole rat embryos cultured in vitro. The results revealed that
PM, 5 treatment delayed embryonic development along with cellular apoptosis and G0/G1
phase arrest.

Additionally, ROS production and the consequent activation of JNK and ERK sig-
naling pathways may participate in these detrimental consequences by decreasing the
Bcl-2/Bax protein ratio and increasing transcription levels of p15MNK48, p16INK4A "ang
p21WAF1/ CIP1183,90]. Another study explored the correlation between PM; 5 exposure and
neurodegenerative effects such as neuronal apoptosis and synaptic damage. The findings
demonstrated that exposure to PM; 5 induced modifications in the expression of proteins
associated with apoptosis, primarily bax and bcl-2, leading to the activation of caspase-3
and subsequent neuronal apoptosis. Moreover, PM; 5 exposure resulted in a reduction in
the expression extent of synaptic structural postsynaptic density protein 95 (PSD-95) and
synaptic functional protein N-Methyl-D-Aspartate (NMDA) receptor subunit (NR2B), both
crucial for synaptic integrity and function. The suppression of phosphorylated ERK1/2 and
CREB accompanied these effects. One additional key finding derived from this study was
that these outcomes showed a seasonal correlation, with the most pronounced alterations
observed in the PM; 5 samples obtained over the winter period [74].

The nervous system of zebrafish larvae experienced developmental toxicity due to
exposure to PM; 5, which disrupted neuronal differentiation and neurovasculogenesis
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processes. Exposure to elevated concentrations of PM; 5 resulted in decreased expression
levels of genes associated with dopamine regulation as well as essential neurodevelop-
mental genes linked to CNS development in zebrafish. This exposure also caused the
loss and degeneration of dopaminergic neurons as well as decreasing the length of DA
neurons in the raphe nuclei clusters [47]. This study presented empirical support for the
adverse effects on cardiovascular health and neurodevelopment caused by acute exposure
to TSP and PMj; 5, which were linked to abnormal gene expression. Another study also
concluded from a murine model that the prenatal inhalation of PM; 5 could potentially
have detrimental consequences on the neurobehavior of offspring. This impact was linked
to the overactivation of the dopamine pathway and inhibition of the glycine pathway
within the brain [84].

A study examined the genetic expression profile of the cortical regions of male de-
scendants following PM; 5 exposure during pregnancy. This experiment revealed that
prenatal PM; 5 exposure disrupted myelin development via the IncRNAs-Ctcf signaling
pathway, inducing abnormal myelin development in male offspring. The observation of
reduced myelin sheath thickness in the optic nerves and a slight decline in myelin content
in the corpus callosum serve as compelling evidence for this phenomenon. This study pre-
sented genomic evidence linking prenatal encounters with PM, 5 with neurodevelopmental
disorders in male descendants [72].

In addition, researchers observed that the TGF-3 /Smad3 pathway served as a me-
diator for the increased expression of EMT, which contributed to postnatal pulmonary
impairment linked to maternal contact with PM; 5 in a rat model [52]. Additional research
has demonstrated that exposure to PM, 5 during the gestational period contributes to
cardiac impairment in newborns, primarily by modifying the protein expression associated
with the regulation of Ca2* [59].

To summarize, the studies mentioned above have delved deeply into the mechanisms
through which PM; 5 regulates gene expression, elucidating that PM; 5 exerts direct effects
on gene expression and protein function through multiple pathways such as interfering
with the binding of transcription factors to DNA, regulating RNA stability, and influencing
post-translational modifications. This impact not only induces changes at the cellular level
but may also trigger cascading effects in crucial biological processes such as neurodevel-
opment and immune regulation. These findings broadened the comprehension of a range
of transcriptional and translational regulation prompted by exposure to PM; 5, providing
new insights for interventions and treatments of environmentally related diseases.

7.2. Oxidative Stress and Inflammation Response

It is widely accepted that oxidative stress and inflammation exert a crucial influence
on the negative impacts of PM; 5 on the development process of respiratory, cardiovascular,
and nervous systems. There are abundant published studies describing the contribution of
oxidative stress and inflammation on various body systems.

Intrauterine exposure to PM, 5 raises susceptibility to acute infections of the bron-
chopulmonary system during the early developmental stage. Exposure to PM; 5 during
pregnancy leads to the onset of lung inflammation in descendants through pathways in-
volving elevated HMGB1 expression, which in turn facilitates the secretion of IL-1, IL-6, and
TNF-« [51]. Upon inhalation, on the one hand, PM directly damages cells by generating free
radicals; on the other hand, it can be detected by receptors present on macrophages in the
respiratory system, both of which stimulate the release of inflammatory cytokines [91,92],
induce inflammatory responses, and result in newborns and young infants being more
vulnerable to pulmonary infections [12]. PM ; also penetrates the pulmonary endothelium
and enters the bloodstream, reaching other organs [91,92]. This leads to an increase in
systemic superoxide radical production due to subsequent neutrophil activation, which
disrupts the integrity of endothelial cells [93]. Furthermore, a study found that higher expo-
sure to PM, 5 was associated with increasing concentrations of MCP-1 and IL-6 chemokines
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in the body as well as an increased influx of macrophages and neutrophils into multiple
organs, including adipose tissue, the lungs, spleen, and thymus [94].

While the precise mechanisms remain elusive, oxidative stress and inflammation are
considered to have significant implications in heart development. One study provided evi-
dence that PM; 5 caused abnormal heart development through oxidative stress, evidenced
by altered Ca?* regulatory proteins and increased levels of oxidative stress markers. Apart
from oxidative stress, inflammatory response is also involved in this damage, supported
by the observation that CRP expression increased nearly eightfold in offspring who were
prenatally exposed to PM, 5 [57]. Another study indicated that EOM from PM, 5 increased
mtROS production through the overexpression of CYP1A1 mediated by AHR, which ag-
gravated the opening of the mPTD, resulting in mitochondrial dysfunction. The opening of
the mPTP further caused the buildup of mtROS, ultimately leading to inherent apoptosis
and heart defects. These findings indicate that mitochondria have the potential to be an
attractive candidate for therapeutic targeting to prevent and treat CHDs caused by air
pollution [85].

Similarly, EOM exposure triggered AHR/ROS-mediated ER stress, which subse-
quently intensified ROS production. Sustained ER stress upregulated CHOP, promoting
DNA apoptosis and inhibiting Wnt signaling, consequently contributing to cardiac abnor-
malities in the embryos of the zebrafish species. This study revealed the participation of
ER stress in the development of adverse cardiac defects caused by PM; 5, indicating that
targeting ER stress and inhibiting CHOP upregulation could potentially treat and prevent
CHD:s caused by air pollution [64,66,67].

Air pollution poses a significant threat to the brain, and PM, 5 exposure during preg-
nancy might adversely impact the neurobehavior of descendants through an inflammatory
response [79]. Possible mechanisms by which PM, 5 induces neurological damage include
direct neurotoxicity caused by the permeation of PM into CNS tissues, triggering a cascade
of secondary neurotoxic events that include reactive microglia proliferation triggered by
inflammatory signaling molecules entering the brain from the circulation. Reportedly, ultra-
fine PM present in the bloodstream can traverse the blood-brain barrier and the cribriform
plate in the olfactory mucosa, thereby entering the cerebrum [95]. Once within the cere-
brum, PM may activate reactive microgliosis and interfere with the growth of neurons even
at minimal levels while inducing the death of neurons at greater doses [75,79,95,96]. An-
other study reported that when pregnant individuals were exposed to UFP, their offspring
exhibited the enduring activation of glial cells in the corpus callosum and frontal cortex [75].
This glial activation increased the generation of inflammatory cytokines such as IL-6 and
TNEF-o, which perpetuated the cycle of neuroinflammation and oxidative damage [97,98].
Exaggerated microglial activation and accompanying inflammation have the potential to
cause hypomyelination and ventriculomegaly by exerting toxicity on oligodendrocytes,
which are responsible for myelination in the cerebrum, ultimately resulting in impaired
learning and short-term memory outcomes in both sexes [79,86,99-103]. Although there
is much research on the inflammation and oxidative stress caused by PM; 5, mysteries
still surround the detailed signaling pathways and interactions among various cellular
factors. The relationship between the inflammatory and oxidative stress effects of different
components of PM; 5 remains unclear.

7.3. Epigenetic Regulation

Epigenetic regulation, encompassing DNA methylation, histone modification, and
RNA-mediated processes, is critical in the developmental process. Epigenetic changes
are responsive to external stressors and have been proposed to serve as a connection
between environmental influences and genetic factors [104]. Early-life exposure to air pol-
lutants might contribute to epigenetic dysregulation, causing developmental abnormalities,
childhood and adult illnesses, and even the development of cancer later in life. To date,
the molecular pathways underlying the mechanism by which PM; 5 induces epigenetic
modifications have been inadequately explored.
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DNA methylation is a constituent of the extensively researched epigenetic alterations
and is essential in the development of the heart. Disruptions in DNA methylation have
been implicated in the occurrence of CHD [105]. Extensive research has provided insights
into the aberrant DNA methylation alterations triggered by PM; 5 exposure, which can
result in disruptions of DNA methylation and mRNA expression, leading to abnormal
embryonic development. Elevated prenatal exposure was correlated with an increased
overall mutation rate in the placenta, which coincided with epigenetic modifications in
crucial DNA repair and tumor suppressor genes, ultimately resulting in modifications in
the capacity of fetal and neonatal DNA repair [106]. The transcriptome and DNA methyl
group of hESCs were significantly influenced by the presence of EOM extracted from PM; 5.
The integrated examination of alterations in DNA methylation and mRNA expression
revealed an increased abundance of terms associated with the VEGFR signaling pathway
and extracellular matrix. These findings offered a new understanding of the molecular
processes that are implicated in the detrimental impact on development triggered by
PM, 5 [88].

In addition, EOM exposure can engender significant modifications in DNA methyla-
tion either through modifying the activity of genes associated with DNA methylation or
through reducing the SAM/SAH ratio. These disrupted DNA methylation patterns affect
the transcription of genes implicated in cardiac development, leading to the manifestation
of cardiac abnormalities in zebrafish embryos. A crucial discovery of this study is that the
administration of folic acid supplements can counteract this sequence of adverse alterations
induced by EOM, and the reduction in DNA methylation changes might be involved in
the protective effect of folic acid against cardiac developmental toxicity [87]. m®A RNA
methylation, which is the most prevalent type of RNA modification, has been identified as
a critical factor in cardiac developmental toxicity.

One study indicated that exposure to EOM derived from PMj 5 leads to significant
alterations in m®A RNA methylation. This is achieved through the downregulation of
mettl14, facilitated by the AHR. Consequently, there is an upregulation of traf4a and
bbc3 genes, triggering oxidative stress and apoptosis and eventually causing irregularities
in cardiac development. Fortunately, this effect can be mitigated by the use of AHR
antagonists and dietary methyl donors [89]. The collected data strongly support the fact
that PM; 5 exposure leads to substantial epigenetic modifications, which may affect the
activation of pivotal genes implicated in early developmental processes. These discoveries
greatly enhanced the comprehension of how PM; 5 exerts its harmful effects at the molecular
level and underscore the importance of studying the components of PM; 5.

8. Conclusions

Although there is a growing body of information regarding the effects of exposure
to PM during pregnancy, the complex composition and diverse sources of PM, 5, as well
as the influence of environmental factors such as atmospheric stability and topographical
features and the existence of differences in exposure levels and individual sensitivity, make
it difficult to ascertain its potential health risks to humans and wildlife. Additionally, epi-
demiological studies may be affected by factors such as sample selection bias, information
bias, or confounding, which could impact the accuracy and reliability of research results. In
laboratory experiments, important factors such as species differences, exposure methods,
duration, dosage, and particle composition may not be adequately discussed and consid-
ered, which could affect the scientific validity and credibility of the research conclusions.
Therefore, the following aspects should be emphasized: (1) given the high adsorption capac-
ity of PM; 5 for various pollutants, different origins of PM, 5 may lead to diverse negative
impacts. Subsequent research should prioritize examining adducts generated by a range
of contaminants, encompassing heavy metals and organic compounds while considering
their combined effects and identifying the specific roles of various air toxins through the
multipollutant modeling or an effect-directed analysis strategy; (2) long-term assessment,
identification of critical exposure windows, and multiple influences such as mother’s age,
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economic level, and educational attainment should be considered; (3) the role of sexes on
repercussions of atmospheric contamination deserves more research. Several studies have
reported that there are differences in susceptibility to PM, 5 between sexes, and there may
be a reciprocal relationship between genetic and external elements; and (4) the mechanism
of PMs precrossing and postcrossing the placental barrier also needs further in-depth study,
which can provide theoretical support for the treatment of PM-induced diseases.

In conclusion, there remain significant knowledge deficiencies in the comprehension
of the complex signaling pathways that mediate cellular reactions to PM; 5. Advancing
our comprehension regarding the mechanisms by which PMj 5 affects health will be instru-
mental in the creation of clinically relevant drugs and novel strategies to protect the public,
especially children, from air pollution.
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Abstract: The skin is constantly exposed to a variety of environmental threats. Therefore, the influence
of environmental factors on skin damage has always been a matter of concern. This study aimed
to investigate the cytotoxic effects of different environmental factors, including cooking oil fumes
(COFs), haze (PM;5), and cigarette smoke (CS), on epidermal HaCaT cells and dermal fibroblast (FB)
cells. Cell viability, intracellular reactive oxygen species (ROS) generation, inflammatory cytokine
levels, and collagen mRNA expression were used as toxicity endpoints. Additionally, the effects
of ozone (O3) on cell viability and release of inflammatory cytokines in 3D epidermal cells were
also examined. The results showed that the organic extracts of CS, COFs, and PM; 5 significantly
inhibited the viability of HaCaT and FB cells at higher exposure concentrations. These extracts
also increased intracellular ROS levels in FB cells. Furthermore, they significantly promoted the
release of inflammatory cytokines, such as IL-1oc and TNF-«, in HaCaT cells and down-regulated
the mRNA expression of collagen I, III, IV, and VII in FB cells. Comparatively, SC organic extracts
exhibited stronger cytotoxicity to skin cells compared to PM; 5 and COFs. Additionally, O3 at all test
concentrations significantly inhibited the viability of 3D epidermal cells in a concentration-dependent
manner and markedly increased the levels of TNF-« and IL-1cc in 3D epidermal cells. These findings
emphasize the potential cytotoxicity of COFs, PM; 5, CS, and Oj3 to skin cells, which may lead to
skin damage; therefore, we should pay attention to these environmental factors and take appropriate
measures to protect the skin from their harmful effects.

Keywords: FB cells; HaCaT cells; 3D epidermal cells; environmental factors; cytotoxicity

1. Introduction

The skin, consisting of the epidermis and dermis, is the outermost organ of the body.
The outer epidermis contains keratinocytes, while the inner dermis is primarily composed
of fibroblasts and connective tissues [1]. Serving as a barrier against physical and environ-
mental factors, the skin is constantly exposed to harmful environmental stressors, which
can lead to accelerated premature intrinsic skin aging and even skin carcinogenesis [2—4].

Among environmental factors, fine particulate matter (PM;5) in haze is a mixture
of many harmful ingredients. Some of these harmful ingredients can act as catalysts for
the production of reactive oxygen species (ROS) and promote skin inflammation [4,5].
Cigarette smoke (CS) aerosol is formed during smoking due to incomplete combustion [6].
The complex CS aerosol contains over 7000 harmful substances and is classified as a Group
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A carcinogen by the USEPA [7]. The oxidative compounds in CS can disrupt cellular
redox homeostasis, further affect the cutaneous tissue, and have a clear relationship with
premature skin aging [8,9]. Oil fumes from high-temperature cooking can form aerosols
through the vapor-to-particle process in a temperature gradient region [10]. Exposure
to cooking oil fumes (COFs) may have carcinogenic effects on the respiratory system in
humans. Epidemiological studies suggest that carcinogens produced during cooking may
be one of the factors causing lung cancer in Chinese women [11,12]. Ozone (O3) is one of the
most reactive environmental oxidants that can come into contact with skin [13]. Previous
studies have shown that exposure to O3 can result in the depletion of antioxidants and the
oxidation of lipids and proteins in the outermost layer of skin, the stratum corneum [14,15].

More than 90% of the urban population is exposed to contaminant concentrations
above the standard limits established by the World Health Organization (WHO) [16]. In
recent years, the adverse effects of environmental factors such as PM; 5, CS, COFs, and
O3 on the respiratory system in animals and humans have attracted the attention of many
researchers [17-20]. Particularly, the impact of environmental factors on the spread of
COVID-19 has become a hot topic in the past two years [21-23]. Additionally, several
studies have been conducted on the biological effects of some environmental factors such as
PM, CS, and O3 on skin cells. However, there is a lack of research on the effects of COFs on
the epidermis and dermis of the skin. Furthermore, there is a lack of comparative studies
on the cytotoxicity of different environmental factors on skin cells.

The epidermal HaCaT cells and dermal fibroblasts (FB cells) are ideal cell models for
studying epidermal and dermal skin damage caused by pollutants. Fibroblasts, as one of
the most important types of cells in the skin, not only synthesize and secrete collagen to
provide physical support for the skin but also participate in tissue repair when the skin
is damaged [24]. Increased ROS generation and decreased activity and collagen secretion
of fibroblasts have been identified as important factors in wrinkle formation [24]. HaCaT
cells play a role in maintaining skin barrier homeostasis [25]. Under the stimulation of
environmental factors, HaCaT cells can produce a large number of cytokines, including
TNF-«, IL-1«, and IL-6, which can damage the skin tissue [26]. Therefore, in this study,
dermal fibroblasts (FB cells) were used to evaluate the effects of PM, 5, COFs, and CS
on ROS generation and mRNA levels of collagen genes, while HaCaT cells were used
to evaluate the effects of PM; 5, COFs, and CS on the secretion of cytokines (TNF-oc and
IL-1x). Additionally, 3D epidermal cells were employed to investigate the influence of O3
on skin tissue damage. The findings of this study will highlight the hazards of different
environmental factors on human skin.

2. Methods and Materials
2.1. Reagents

2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), ter-butyl hydroperoxide (t-
BHP), tert-butyl hydroperoxide (t-BHP), and 3-(4,5)-dimethylthiazol (-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from Sigma (Saint Louis, MO, USA).
The SYBR green dye and reverse-transcription kit were purchased from TOYOBO (Osaka,
Japan). The ELISA kits for IL-1a and TNF-o were purchased from Mibio Co. (Shanghai,
China). All the other reagents used in this study were of analytical grade, unless other-
wise specified. The 3D epidermal model used in this study was obtained from Shanghai
Jahwa United Co., Ltd. and is a three-dimensional cellular system of human epidermal
keratinocytes (HEK).

2.2. Sample Collection and Preparation

Fine particulate matter (PM; 5) samples were collected using a Th-150c III medium-
flow atmospheric sampler with a quartz filter membrane for 24 h. The PM,; 5 samples were
collected on 14 December 2019, in Shanghai, China, with an air concentration of 57 pg/ m3.
For cigarette smoke (CS) collection, smoke smog was generated in a closed room by
recruited volunteers who smoke and the smog was collected using an atmospheric sampler
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with a quartz filter membrane. Cooking oil fumes (COFs) were also collected during
cooking with an atmospheric sampler with a quartz filter membrane. After collection,
the samples were immediately transferred to the laboratory and stored at —20 °C until
further preparation.

The PM; 5, CS, and COFs adsorbed on the quartz filter membrane were freeze-dried.
The quartz filter membranes containing these samples were then cut into pieces and ex-
tracted for 24 h using n-hexane/dichloromethane (1/1, v/v) by the microwave ultrasound
method. The organic extracts were reduced to approximately 1 mL using a rotary evapo-
rator (R-200 rotary evaporator, Biichi Labortechnik AG, Flawil, Switzerland) and further
concentrated to approximately 10 pL using a gentle nitrogen flow. The solvent in the
extracts was then exchanged with 200 uL. dimethyl sulfoxide (DMSO). The organic extracts
were stored at —20 °C until the toxicity test. Four concentration sequences were prepared
by two-fold dilution from stock solutions for the toxicity test. Therefore, the concentration
sequences for the PM, 5 were 6.375, 12.75, 25.5, and 51 pg/mL, for the CS were 3, 6, 12,
and 24 ug/mL, and for the COFs were 101.25, 205.5, 405, and 810 pg/mL. The final DMSO
concentration used in the toxicity test was 0.1%, which was non-toxic to FB cells and
HaCaT cells.

2.3. Maintenance of Skin Cells and MTT Assay

MTT is a commonly used method to detect the cell proliferation and cytotoxicity
of chemicals due to its high sensitivity and ease of use. In this study, FB and HaCaT
skin cells were obtained from Shanghai Jahwa United Co., Ltd. (Shanghai, China). FB
and HaCaT cells were maintained in high glucose Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS) (Gibco, Grand
Island, NY, USA) and 100 units/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA). The cells were incubated in a 5% CO, incubator at 37 °C and the culture medium of
the cells was refreshed every 2-3 days. The cells in their exponential growth phase were
employed for the toxicity test of organic extracts. A total of 0.1% DMSO was used as the
control group.

To perform the MTT assay, HaCaT and FB cells were seeded in 96-well plates with
200 pL culture medium at a density of 3 x 10° cells per well and allowed to adhere for
18-24 h. Subsequently, the cells were treated with different concentrations of organic
extracts obtained from the PM; 5, CS, and COFs for 24 h. The experiment included a control
group treated with 0.1% DMSO and exposure groups with the environmental factors. Each
group had six parallel samples. After exposure, the MTT assay was conducted according
to the specific experimental process and the calculation method described in our previous
study [27].

2.4. Reactive Oxygen Species (ROS) Detection

DCFH-DA is a fluorescent probe that has the ability to penetrate cell membrane and
enter the cells. Once inside the cells, it is enzymatically hydrolyzed into DCFH (2/,7'-
dichlorodihydrofluorescein). In the presence of reactive oxygen species (ROS), DCFH is
oxidized and converted into highly fluorescent 2’,7’-dichlorofluorescein (DCF). Therefore,
the average fluorescence intensity of cells can be used as an indicator of the instantaneous
content of ROS within the cells.

To detect intracellular ROS levels, FB cells in the logarithmic growth stage were seeded
in 6-well plates with a volume of 1 mL at a density of 1.5 x 10° cells per well. The cells were
cultured overnight in a 5% CO, incubator at 37 °C to allow them to adhere. After adherence,
the culture medium was discarded and fresh medium containing different concentrations
of organic extracts obtained from the PM,; 5, CS, and COFs was added to treat the cells
for 24 h. The specific experimental method of intracellular ROS detection can be found
in our previous study [28]. Briefly, the treated cells were incubated with DCFH-DA and
average fluorescence intensity was calculated using Image-pro Plus 6 software based on the
fluorescence images obtained using a fluorescence microscope (Olympus BX-51; Olympus,
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Tokyo, Japan). Each treatment, DMSO negative control, or t-BHP positive control, consisted
of three parallel samples.

2.5. Determination of TNF-« and IL-1a Content by Sandwich ELISA

ELISA kits were employed to detect the IL-1x and TNF-« levels in the supernatant of
the HaCaT cells. The HaCaT cells were seeded in 96-well plates at a density of 1 x 10° cells
per well overnight. After adhesion, the cells were treated with different concentrations
of the organic extracts obtained from the PM, 5, CS, and COFs for 24 h. After treatment,
conditioned media from the cell cultures were collected by centrifugation. The ELISA kits
were prepared by allowing them to equilibrate for 30 min at room temperature. Then,
100 uL of standard solution and supernatant from each exposure group of environmental
factors were added into the standard well and sample well, respectively, which were
coated with the primary antibody. The plates were incubated for 2 h at 37 °C. After
incubation, the cells were washed with D-Hanks solution and 100 pL of biotin-labeled
antibody working solution was added to each well. The plates were then incubated for 1 h
at 37 °C. Subsequently, the liquid in each well was discarded and 100 puL of horseradish
peroxidase labeled avidin working solution was added to each well and incubated for 1 h at
37 °C. After incubation, 90 uL of substrate solution was added to each well and incubated
for 10-30 min at 37 °C in the dark. Finally, 50 pL of termination solution was added to stop
the reaction. The optical density (OD) values at a wavelength of 450 nm were measured
and the TNF-« and IL-1a levels were calculated based on the OD values of the exposure
group and the control group.

2.6. RT-gPCR

FB cells in the logarithmic growth stage were seeded at the density of 1 x 10° cells/well
and exposed to different concentrations of the organic extracts obtained from the PM; 5, CS,
and COFs for 12 h. After exposure, RNA samples were collected according to the method
described in our previous study [27]. The Ayg/Angg ratios for all samples ranged from
1.78 to 2.25, indicating that the extracted RNA is suitable for further reverse-transcriptase
polymerase chain reaction (RT-PCR).

The isolated RNA was used to perform RT-qPCR to obtain cDNA according to the
instructions provided in the reverse-transcription kit manual. The cDNA was then used for
second-strand synthesis and subsequent amplifications.

The PCR amplification was performed using the ABI 7500 fast system. The housekeep-
ing gene 3-actin was used as the internal reference gene for subsequent gene expression
analyses. The relative expression of the target genes was calculated according to the equa-
tion: R = 27A8Ct [29]. Specific primers for target genes, including collagen I (forward:
GGACACAGAGGTTTCAGTGG; reverse: CCAGTAGCACCATCATTTCC), III (forward:
TTGAAGGAGGATGTTCCCATCT; reverse: ACAGACACATATTTGGCATGGTT), IV (for-
ward: GGGATGCTGTTGAAAGGTGAA,; reverse: GGTGGTCCGGTAAATCCTGG), and
VII (forward: CAGCGACGTTCTACGGATCA; reverse: TGGGAGTATCTGGTGCCTCA)
were obtained from Wcgene Biotechnology Co., Ltd. (Shanghai, China).

2.7. Cell Viability and IL-1x and TNF-« Levels in 3D Epidermal Cells

The 3D epidermal cells were exposed to O3 in a closed glove box. The O3 was
generated using O, through an ozone generator. The O, and O3 mixtures, consisting of
approximately 95% O, and 5% Oz, were continuously supplied to a Teflon-lined glove
box at a flow rate of 70 L/min. The concentrations of O3 in the glove box were adjusted
to 500, 5000, and 50,000 mg/ m?, respectively. At the same time, 5% SDS medium and 5%
PBS medium were added to separate 6-well plates as positive control and negative control,
respectively. Each group, including the control groups and the O3-exosed groups, consisted
of three parallel samples.
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Before O3 exposure, the 3D epidermal cell model was washed with PBS and the
residual PBS was wiped off inside and outside the model. Then, the 3D epidermal cell
model was transferred to a new 6-well plate and 0.9 mL of culture solution was added to
each well. The 6-well plate, containing the 3D epidermal cell model, was then exposed to
different concentrations of O3 (500, 5000, and 50,000 mg/ m3 ) for 1 h.

After exposure, the 3D epidermal cell model was transferred to another new 6-well
plate. Then, 0.9 mL of culture solution was added to each well, and the plate was placed
in an incubator for 24 h. After incubation, the supernatant was collected for the detection
of IL-1x and TNF-« levels using ELISA kits. The method for detecting IL-1x and TNF-«
levels is described in the previous Section (TNF-o and IL-1c levels).

The 3D epidermal cell model was transferred to a new 24-well plate to further detect
cell viability. A total of 300 pL of MTT (1 mg/mL) was added and incubated for 3 h. After
incubation, the MTT solution was removed from the 24-well plate, and the 3D epidermal
cell model was washed three times with PBS. The surface of the model was carefully
dried and the cell model was then transferred to another new 24-well plate. Next, 2 mL
of isopropanol was added to each well containing the 3D epidermal cell model and the
plate was covered with a sealing film to prevent evaporation. The plate was shaken at
room temperature for 2 h at a speed of 120 rpm. Then, the cell model was pierced and
blown three times. Subsequently, 200 uL of the purple formazan derivative was sucked
out from the 24-well plate and transferred to a 96-well plate. The absorbance at 570 nm
was measured.

2.8. Data Analysis

The experimental data were characterized as the mean =+ standard deviation (SD).
To determine the significance between the treatment group and the control group, a one-
way analysis of variance (ANOVA) was performed using SPSS 19.0 (Chicago, IL, USA). A
p-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Effect of Different Environmental Factors on Cell Viability

We evaluated the effect of various environmental factors on cell viability. After
incubation for 24 h with different concentrations of PM, 5, we found that PM; 5 at 6.375,
12.75, and 25.5 ug/mL had no significant cytotoxicity on HaCaT and FB cells, with cell
viability maintained above 90%. However, at a concentration of 51 pg/mL, the PM; 5
significantly inhibited the viability of HaCaT and FB cells (Figure 1A). When exposed to
CS for 24 h at concentrations of 3, 6, and 12 pg/mL, there was no significant cytotoxicity
on FB cells. However, at a concentration of 24 ug/mL, the CS significantly inhibited
the viability of FB cells. For HaCaT cells, exposure to CS at concentrations of 6 and 24
ug/mL significantly inhibited the HaCaT cell viability (Figure 1B). At a concentration
of 101.25 ug/mL, COFs had no significant effect on the viability of FB cells and HaCaT
cells. However, at concentrations of 405 and 810 ng/mL, COFs significantly decreased
the proliferation of FB cells, and at concentrations of 205.5-810 ng/mL, COFs significantly
inhibited the viability of HaCaT cells (Figure 1C). When exposed to 810 pug/mL COFs, FB
cell viability decreased by 15% and HaCaT cell viability decreased by 20%. Our results
showed that lower concentrations of organic extracts from different environmental factors
had no effect on the viability of FB cells and HaCaT cells, while higher concentrations
attenuate their survival rates. Among the three environmental factors, CS had the strongest
toxicity effects on skin cells compared to PM; 5 and COFs, while COFs had the lowest
cytotoxicity.

The highest concentrations of CS, PM; 5, and COFs in this study significantly inhibited
the viability of two skin cells. Therefore, in subsequent intracellular ROS detection in FB
cells, the highest concentrations of CS, PM, 5, and COFs were set as exposure concentra-
tions.
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Figure 1. Effect of PM, 5 on the viability of FB and HaCaT cells. (a): the organic extracts of fine
particulate matter (PM;5); (b): the organic extracts of cigarette smoke (CS); and (c): the organic
extracts of cooking oil fumes (COFs). Data are shown as the mean =+ standard deviation (SD) of six
parallel samples. * p < 0.05, ** p < 0.01, compared with the negative control (0.1% DMSO).
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3.2. Effects of Environmental Factors on ROS Levels and the mRNA Expression of Collagen Genes
in FB Cells

Based on the cell viability results, 51 ug/mL PM; 5, 24 ug/mL CS, and 810 pg/mL
COFs were selected as exposure concentrations to further investigate the effect of these
three environmental factors on intracellular ROS generation in FB cells. In Figure 2a,b, we
observed that t-BHP (100 uM), used as a positive control, significantly elevated intracellular
ROS levels. In addition, the PM, 5, COFs, and CS at test concentrations were found to
significantly induce ROS generation in FB cells. The fluorescence images also clearly
showed that various organic extracts promoted intracellular ROS generation. The levels
of ROS induced by 24 ng/mL CS were similar to those induced by 54 ng/mL PM; 5 and
810 ng/mL COFs, indicating that CS had stronger toxicity compared to the other two
environmental factors.
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Figure 2. Effect of the PM, 5, COFs, and CS on the levels of intracellular ROS in FB cells. (a): some
fluorescent images of FB cells; and (b): ROS levels in FB cells. The scale bar is 20 pm. Data are
shown as the mean + S.D. of three parallel samples. ** p < 0.01, compared with negative control
(0.1% DMSO).

To examine the effects of environmental factors on collagen in FB cells, collagen I, I1I, IV,
and VII were chosen as target genes, as they are associated with skin damage and aging. The
mRNA levels of these collagen genes were detected by RT-qPCR technology (Figure 3). Our
results showed that exposure to PM; 5, CS, and COFs at all test concentrations significantly
decreased the mRNA levels of collagen I, III, IV, and VIIL. The only exception was that
COFs at 202.5 pg/mL had no effect on the expression of collagen IIl mRNA. These findings
suggest that exposure to these environmental factors can have a negative impact on the
expression of collagen genes in FB cells, which may contribute to skin damage and aging.

3.3. Effects of Environmental Factors on the Levels of TNF-a and IL-1x in HaCaT Cells

To evaluate the impact of different environmental factors on the release of pro-
inflammatory cytokines, ELISA kits were employed to measure the levels of TNF-« and
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IL-1x in HaCaT cells. As shown in Figure 4, PM; 5 at 51 pg/mL significantly elevated the
levels of IL-1ox and TNF-«. CS at concentrations of 12 and 24 pg/mL significantly increased
the IL-1x levels, while at 24 pug/mL it also increased TNF-« levels. COFs at concentrations
of 405 and 810 ng/mL induced significant release of TNF-«, but had no effect on the levels
of IL-1cc. Furthermore, the levels of IL-1ac and TNF-« induced by CS were higher than those
induced by PM; 5 and COFs. These results indicate that all three environmental factors can
significantly promote the release of TNF-« or IL-1a in HaCaT cells, particularly at higher
exposure concentrations.
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Figure 3. Effect of PM; 5, COFs, and CS on the mRNA levels of collagen genes in FB cells. Data
are characterized as the mean + SD of four parallel samples. * p < 0.05, ** p < 0.01, compared with
negative control (0.1% DMSO).

35 -
OIL-1a

;| EINFa . l

25

*

Relative levels of inflamnatory cytokines
[y
T

0 1 1 1 1 1 1 1 1 1
DMSO 12.75 255 51 6 12 24 2025 405 810

PM2.5 (png/mL) Cigarette smoke (pg/mL) Oil fumes (pg/mL)

Figure 4. Effect of PM; 5, COFs, and CS on the release of IL-1& and TNF-« in HaCaT cells. Data
are characterized as the mean =+ SD of three parallel samples. * p < 0.05, ** p < 0.01, compared with
negative control (0.1% DMSO).

3.4. Effect of O3 on Cell Viability and IL-1ax and TNF-a Release in 3D Epidermal Cells

Exposure to ozone for 1 h at the test concentrations significantly inhibited the viability
of 3D epidermal cells in a concentration-dependent manner (Figure 5a). In addition, ELISA
analysis revealed that O3 exposure also significantly increased the secretion of IL-1a and
TNF-« by 3D epidermal cells in a concentration-dependent manner under the current
environmental exposure conditions (Figure 5b).
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Figure 5. Effect of O3 on the cell viability (a) and the IL-1x and TNF-« release (b) in 3D epidermal
cells. Data are characterized as the mean + SD of three parallel samples. * p < 0.05, ** p < 0.01,
compared with negative control PBS.

4. Discussion

The skin serves as a crucial barrier that efficiently shields the body from the harmful
effects of environmental stressors like air pollutants and ultraviolet rays [30,31]. However,
excessive levels of environment stressors can result in skin damage [26,32,33]. Acute
exposure to these environmental stressors can trigger the activation of various signaling
pathways that coordinate adaptive stress response to maintain the homeostasis of skin cells
and tissues [34].

In this study, we found that environmental stressors such as PM; 5, COFs, and CS had
a dual effect on the viability of FB and HaCaT cells. At low concentrations, these stressors
promoted cell viability, while at higher concentrations, they inhibited cell viability. This
may be attributed to the toxicity of pollutants present in PM; 5, CS, and COFs. PM; 5 is a
complex mixture of harmful components, including organic pollutants, transition metals,
and free radicals. CS is composed of thousands of toxic compounds such as polycyclic
aromatic hydrocarbons (PAHs), tobacco-specific nitrosamines, aldehydes (formaldehyde,
acrolein, and 4-hydroxynonenal), and various active free radicals [35-37]. COFs, which are
commonly found in kitchen and indoor air, are considered to be the main contaminants
that pose a threat to human health [38]. Therefore, it is reasonable to assume that these
environmental factors can inhibit cell growth and induce cytotoxicity.

Environmental pollutants have been shown to induce the excessive production of
ROS, leading to various forms of skin damage associated with oxidative stress [39,40]. ROS
is directly involved in DNA oxidative damage and lipid peroxidation [41]. In the presence
of hydrogen peroxide and light, redox-active metal ions, such as copper and iron, can act
as catalysts for the generation of hydroxyl radicals and other ROS. These ROS can disrupt
the redox balance of cells and contribute to different skin diseases [42]. In this study, we
observed that PM; 5, CS, and COFs increased the levels of intracellular ROS in FB cells.
This suggests that these environmental factors can disrupt the cellular redox homeostasis,
further supporting their potential to induce oxidative stress and contribute to skin damage.

In addition to disrupting the balance of cellular redox, some environmental factors can
also evoke inflammation in the skin. For example, Soeur et al. [42] found that components
of cigarette smoke can induce the production of pro-inflammatory mediators. They found
that numerous chemicals, such as PAHs, can readily penetrate the outer layer of the skin
and enter the bloodstream through the capillaries in the dermis. Once in the blood stream,
they can stimulate the production of pro-inflammatory mediators, leading to adverse
effects on the skin tissue. Chronic inflammatory reactions are then associated with skin
disorders like atopic dermatitis and psoriasis [43]. In these conditions, the immune system
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is activated and releases cytokines that affect the growth and differentiation of skin cells.
Several studies have shown that prolonged exposure to O3 can increase oxidative damage
and promote release of pro-inflammatory cytokines, such as interleukin-1 (IL-13) and
IL-18, leading to various inflammatory skin diseases [44,45]. Our study also observed that
PMj; 5, CS, and COFs inhibited the viability of FB cells and HaCaT cells and increased the
release of pro-inflammatory cytokines like TNF-a and IL-1cx. In addition, O3 inhibited the
viability of 3D epidermal cells and elevated the levels of TNF-« and IL-1 in 3D epidermal
cells. The findings suggest that PM; 5, CS, COFs, and O3 may contribute to the development
of skin inflammation-related diseases.

The inflammatory changes of HaCaT cells are likely related to the levels of intracellular
ROS. In the human skin, numerous contaminants can induce the excessive generation of
ROS, which, in turn, causes skin inflammation and various cases of skin damage [46—-48].
O3 is known to produce active free radicals and induce inflammatory responses [49,50].
Ansary et al. [51] found that ultraviolet radiation (UVR) has also been found to cause
skin inflammation through ROS. Abais et al. [41] found that exposure to air pollution
exacerbates inflammatory skin diseases and ROS seems to play a key role in regulating
the inflammasome activity. Environmental factors, such as PM; 5, CS, and COFs, include a
variety of pollutants. Therefore, it is reasonable to assume that environmental factors can
induce inflammatory through increased ROS generation. Mokrzynski et al. [4] found that
PMj, 5 can elevate ROS levels, leading to oxidative stress, inflammation, skin aging, and
even skin cancer development. In addition, some studies found that ROS has been shown
to induce the release of pro-inflammatory cytokines [10,16], which are important factors in
skin inflammation. Therefore, excessive ROS production is considered an important initial
step in cell damage, photo-aging, immune system change, and skin carcinogenesis [32].

The main indicator of skin damage is the depletion of collagen. The generation of ROS
can affect the synthesis and secretion of collagen. Treatment of human dermal fibroblasts
with hydrogen peroxide solution (H,O,) increases intracellular ROS levels, leading to the
expression of matrix metalloproteinase-1 (MMP-1) and a decrease in collagen secretion [52].
Similarly, in this study, PM; 5, CS, and COFs were found to down-regulate the mRNA
expression of collagen genes and increase intracellular ROS levels in FB cells. This suggests
that PM; 5, CS, and COFs can decrease collagen secretion by increasing intracellular ROS
generation, potentially leading to further skin damage. Kruk and Duchnik [53] found that
oxidative stress has been shown to induce chronic inflammatory reaction, which, in turn,
can lead to the collagen rupture and dysfunction of collagen fibers and skin cells. Exposure
to COFs has been found to significantly increase oxidative stress biomarkers (ROS and
MDA), pro-inflammatory markers (TNF-o and IL-1£5), and markers of apoptosis (NF-kappa
B and Caspase-3) in rat lungs. The toxicity of COFs on the lungs can be reduced by vitamin
E, suggesting that oxidative stress may be primarily responsible for the observed toxicity
induced by COFs [20].

These results suggest that ROS may play an important role in the cell viability, release
of pro-inflammatory cytokines, and mRNA expression of collagen I, I1I, IV, and VII induced
by PM, 5 and COFs. However, in comparison, CS had lower effect on ROS production,
but exhibited a major effect on cytokines expression. This indicates that for CS, it is
unclear whether ROS play a key role, at least in cytokines expression. Therefore, further
investigation is needed to elucidate the mechanism behind these findings. For example,
the use of ROS scavengers can help determine the role of ROS in these biological effects
by investigating the relationship between cell viability, levels of IL-1x and TNF-«, or the
mRNA expression of collagen and ROS generation.

5. Conclusions

The main biological effects of acute stressors on skin include alterations in the skin
barrier, subclinical microinflammation, inflammation, immunosuppression, DNA damage,
melanogenesis, and changes in sebum and sweat production. Environmental factors such
as PMy 5, CS, and COFs at the test concentrations were found to decrease the viability of FB
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cells and HaCaT cells. They also promoted the secretion of pro-inflammatory cytokines
IL-1x and TNF-« in HaCaT cells, increased intracellular ROS levels, and down-regulated
the mRNA expression of collagen I, III, IV, and VII in FB cells. In comparison, among PM; 5,
CS, and COFs, the organic extract of CS exhibited the strongest cytotoxicity, followed by
PMj, 5. In addition, O3 exposure also reduced the viability of 3D skin cells and elevated
the levels of IL-1ac and TNF-«. These findings are of value as they suggest that these
common environmental factors can potentially damage our skin. Therefore, it is important
to minimize exposure to these environmental factors to reduce skin damage. These results
also offer a new perspective for the development of cosmetics. For instance, cosmetics could
be designed to repair skin damage caused by these environmental factors or to provide a
protective barrier against exposure to these factors.
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Abstract: Various geostatistical models have been used in epidemiological research to evaluate
ambient air pollutant exposures at a fine spatial scale. Few studies have investigated the per-
formance of different exposure models on population-weighted exposure estimates and the re-
sulting potential misclassification across various modeling approaches. This study developed
spatial models for NO; and PM; 5 and conducted exposure assessment in Beijing, China. It ex-
plored three spatial modeling approaches: variable dimension reduction, machine learning, and
conventional linear regression. It compared their model performance by cross-validation (CV)
and population-weighted exposure estimates. Specifically, partial least square (PLS) regression,
random forests (RF), and supervised linear regression (SLR) models were developed based on
an ordinary kriging (OK) framework for NO, and PM; 5 in Beijing, China. The mean squared
error-based R? (R%ge) and root mean squared error (RMSE) in leave-one site-out cross-validation
(LOOCV) were used to evaluate model performance. These models were used to predict the ambi-
ent exposure levels in the urban area and to estimate the misclassification of population-weighted
exposure estimates in quartiles between them. The results showed that the PLS-OK models for
NO, and PMj, 5, with the LOOCV RZ,sc of 0.82 and 0.81, respectively, outperformed the other models.
The population-weighted exposure to NO; estimated by the PLS-OK and RF-OK models exhibited
the lowest misclassification in quartiles. For PMj 5, the estimates of potential misclassification were
comparable across the three models. It indicated that the exposure misclassification made by choosing
different modeling approaches should be carefully considered, and the resulting bias needs to be
evaluated in epidemiological studies.

Keywords: PM; 5; NO,; geostatistical modeling approach; exposure estimates; misclassification

1. Introduction

Long-term exposure to air pollutants has been proven to be associated with adverse
health outcomes [1-3]. Current research has focused on a medium- and long-term period
exposure assessment at an individual level [4], which needs accurate exposure assessment
at a fine spatial scale to eliminate exposure errors [5,6]. It is a big challenge because
of the sparse monitoring stations and missing coverage of specific predictors, such as
satellite-based models [7].

Geostatistical models developed by the land-use regression (LUR) approach have been
widely used to assess medium- and long-term exposure to air pollution in epidemiological
studies [8,9]. The geostatistical models were created based on the inputs of observational
and geographic data sets, in which the former was involved as outcome variables and
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the latter were predictor variables. The choice of model development approaches, the
method for dealing with predictor variables, and the model structures can all affect model
performances [10-13]. The golden standard method for model evaluation includes out-of-
sample validation and hold-out cross-validation (CV) [10,14]. However, some studies laced
sufficient observational data for out-of-sample model validation or hold-out CV. Also, some
results for evaluating some two-step models were not easy to interpret, e.g., the predictor
selection and dimension reduction methods [15,16]. In brief, evaluating the performance
of exposure models developed based on limited monitoring sites was challenging, but
they are still helpful for environmental health studies. In previous studies on modeling
approach comparison [10,17], the model performance was evaluated by cross-validation or
out-of-sample validation. Nevertheless, to further compare these models” performances,
they need to be evaluated by exposure assessment in the real world, and potential exposure
bias caused by different modeling algorithms needs to be assessed.

In this study, we used three modeling approaches, variable dimensionality reduction,
machine learning, and variable screening, to build geostatistical models for NO, and
PM, 5 and to compare their model performance by estimating the misclassification of
population-weighted exposure estimates in quartiles.

2. Methods
2.1. Study Area and Observations at Monitoring Sites

Beijing, China’s capital city, is a mega-city with a population of 21.5 million during the
research period (2015-2020) [18]. Ambient concentrations of PM; 5 have decreased since
stringent national and local environmental regulations were implemented in 2014 [19].
However, the ambient exposure level of such air pollutants is still higher than the World
Health Organization (WHO) Global Air Quality Guidelines, 10 pg/ m?> for NO, and
5 ug/ m?> for PM, 5 [20]. This study obtained NO, and PMj, 5 observational data from
the Beijing air quality monitoring network (Beijing Municipal Environmental Monitoring
Center). The NO, was measured using the ultraviolet fluorescence method, and the PM; 5
was measured using the micro oscillating balance method at these monitoring sites [21]. A
total of 35 monitoring sites were divided into 4 types, including 1 background site, 7 traffic
sites, 14 urban sites, and 13 suburban sites, as shown in Figure 1. The background site is
located near a reservoir in the Miyun district. The lowest NO, and PM; 5 concentrations
were observed at this background site. The traffic sites are close to the (A) type roads
(highways and arterial roads) with a distance of less than 250 m. The other 27 monitoring
sites were divided into urban and suburban sites, in which the urban sites were located
inside and around the 6th-ring road, and the suburban sites were the rest of them.
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Figure 1. Map of the 35 monitoring sites in Beijing.
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Annual average concentrations were obtained from the raw hourly concentrations.
First, the daily averages were calculated by hourly concentration, following a criterion that
50% of the data (12 h) were available at each monitoring site. Second, these daily averages
were used for calculating weekly averages, following the same criterion that 3-day data
were available. Third, these weekly averages were applied for calculating annual averages,
following another criterion of 25%. It allows the yearly averages to be calculated based on
daily, weekly, and seasonal bases and be temporally representative. A similar temporal
average strategy was used in Araki et al.’s NO, exposure modeling study [22]. Figure 2
depicts the calculated weekly average concentrations of NO, and PM, 5, where blank
spaces represent missing concentrations. The above criteria screened some of the missing
data, and the rest were due to the raw data loss. Table 1 shows the statistical summary
of annual average NO, and PMj; 5 concentrations. In 2016 and 2017, the available yearly
averages were less than 35 because of the data screening criteria. After 2018, one of the
35 monitoring sites, the Beijing Botanical Garden site, was excluded from the monitoring
network, as shown in Figure 1.
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Figure 2. Weekly average concentrations of NO, and PM, 5 at the 35 monitoring sites in Beijing from
2015 to 2020.

Table 1. The annual average concentrations of NO, and PMj 5 from 2015 to 2020.

. - Annual Averages SD
Pollutant Year No. of Sites Missing (ug/m®) (ug/m®)

2015 35 8.79% 49.27 15.92

2016 34 8.79% 48.16 14.93

NO 2017 32 10.22% 44.09 12.57
2 2018 34 3.08% 42.12 12.96
2019 34 2.86% 37.19 10.73

2020 34 3.62% 30.30 8.72

2015 35 4.40% 82.56 13.39

2016 35 8.79% 74.01 11.58

PM 2017 32 10.33% 58.60 6.59
25 2018 34 3.08% 52.58 6.32
2019 34 2.97% 43.04 5.86

2020 34 3.85% 38.55 5.40

2.2. Geographic Variables

In this study, we collected a wide array of geographic variables, including population
density, traffic network, features (e.g., airport, rail yard, railways, etc.), points of interest (POI),
land-use types, Normalized Difference Vegetation Index (NDVI), topography and coordinate
variables. Some of these geographic variables were related to the emission sources, such as
road network, features, and POI, while others were derived from the natural characteristics
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in the study area, e.g., population density and elevation. The details of these geographic
variables are described in Table S1 in the Supplementary Information (SI).

2.3. Algorithms for Model Development

In this study, three types of modeling approaches were applied for model development.
First, we chose the partial least squares (PLS) to represent the dimension reduction model-
ing approach. Second, random forest (RF), an advanced and relatively simple modeling
approach with relatively fewer steps, was selected as a machine learning algorithm. Third,
the supervised linear regression (SLR) algorithm was chosen as a traditional modeling
approach. The PLS and SLR algorithms are based on a linear regression framework [10,16].
The RF algorithm is a complex algorithm dealing with non-linear relationships between re-
sponse and predictor variables and also between predictor variables [10]. The PLS and SLR
models have clear and interpretable frameworks, while the RF model is less interpretable
because of its hidden black box [23].

Specifically, the PLS regression algorithm reduces predictor variables to a smaller set of
uncorrelated components and performs least squares regression on these components. The
PLS decomposes the large geographic variable matrix into a sequence of orthogonal PLS
scores computed to maximize the covariance between concentrations and their prediction.
According to the experience in our previous study in Beijing [11,24], the number of PLS
scores was set to be 3.

As a machine learning algorithm, RF is an ensemble learning method that combines
multiple decision trees to improve the accuracy and robustness of the developed mod-
els [23]. In RF model development, potential predictor variables are forced to be partitioned
into subsets, which include separate decision trees for training. The output is the average
of the decision tree simulation results. The RF model provides an importance evaluation
index of the variables (IncMSE) that can be used to determine the influence of predictor
variables on the response variables [25]. In this study, the setting of the RF models was
based on our previous experience [11]. The coefficients of the random sampling times
(mtry), number of decision trees in a random forest (ntree), and a minimum number of
decision tree nodes (node size) were set to be 50, 500, and 5, respectively.

The SLR model is a traditional and widely used stepwise linear regression method
developed using selected geographic variables as predictors [26,27]. First, univariate linear
regression is conducted to find a starting point for an SLR model, as the highest R? is
obtained. Second, the additional predictor is added in each round to obtain the most
significant increase in R? until the rise of the R? is less than 0.1. The selected variable in each
round is available when its direction is plausible with the outcome pollutant. Third, the
variance inflation factor (VIF) is applied to prevent multicollinearity. The selected variables
with a value of VIF more than 3 were removed [28].

All the models were developed by R software (R 4.2.0, https:/ /www.r-project.org/,

/s

accessed on 1 April 2022), using the R packages of “pls”, “randomForest” and so on.

2.4. Model Structure and Validation

For LUR models, their residuals are always spatially correlated [12]. Thus, we applied
a two-step model structure, a LUR model with ordinary kriging (OK), to develop a LUR-
OK model. First, a LUR model was developed; second, the residuals of the LUR model
were further explained by OK. The same or similar model structures were widely used in
previous studies [29-31].

The developed models were evaluated by using leave-one-site-out cross-validation
(LOOCYV). The observed data were split into groups equal to the number of monitoring
sites, in which each group included the observations from one monitoring site. One data
group was used for testing (testing group), and the other remaining data groups (training
group) were used to fit the model. Then, the fitted model was used to predict the testing
group and repeated until predictions for all groups were generated. We used mean square
error based-R-Squared (R?mse), regression-based R? (Rzreg), and root-mean-square error
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(RMSE) to assess the accuracy and prediction ability of the model, which was computed on
observations (y;) and predictions (f;) according to the equations below:

RNBE—-VEEZ;Qﬁ—QJ @

RMSE?
R?hse = max (0,1— L) )

2
Yiayi—y)/n
In both equations, # is the number of observations, and ¥ is the mean of observations.
R2, e is a measure of fit to the 1:1 line and is typically lower than Rzreg, which is a measure
of fit to the regression line. The model performance was mainly evaluated by R?nse and
RMSE, and the R?eg was also reported for comparisons with other studies.

3. Results and Discussion
3.1. Model Development
3.1.1. PLS Models

The geographic variables were downscaled using the PLS approach. The first three
PLS scores were obtained as inputs for the PLS models. The first PLS score explains most
variations across the geographic data set. Thus, we evaluated correlation coefficients between
the first PLS score and geographic variables to represent the influence of the geographic
variables on PLS models. Figure 3 depicts these correlation coefficients for the annual NO,
and PM; 5 models. For NO, models, the correlation coefficients between the first PLS score
and the geographic variables were relatively stable across the annual models. The variables
of all the annual NO, models that were highly correlated with the first PLS score were
population density, POI variables (the count of temples, restaurants, gas stations and bus
stops), NDVI variables (NDVI in summer and the 75th percentile of NDVI), land-use type
variables (shrubland, impervious, grassland, and forest), and the proximity variables (the
distance to the type (C) road, railway, the intersection between type (A) and type (B) roads,
and the intersection between type (A) roads.
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Figure 3. Correlation coefficients between the first PLS score and the geographic variables. Each box
denotes the mean value of the correlation coefficient with corresponding geographic variables across
the buffers, and the upper and lower bars represent the standard deviation across the buffers. The
abbreviations of each geographic variable are shown in Table S1 in Supplementary Information.
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Compared with the annual NO, models, the correlation coefficients between the first
PLS score and the geographic variables varied among the annual PM; 5 models, especially
for the annual PM; 5 models after 2017. The variables of all the annual PM, 5 models
with an absolute value of these correlation coefficients greater than 0.5 included the NDVI
variables (NDVI in summer and the 75th, 50th, and 25th percentiles of NDVI), land-use
type of forest, longitude (Lambert y), elevation, and distance to the railyard. The contrast
of the correlation coefficients between these models presented different emission sources
of NO, and PMj5. As a traffic-related primary air pollutant, the spatial distribution of
NO, was correlated with the geographic variables of road networks. In contrast, PM; 5 was
correlated with the longitude variable because of its partially secondary species formation
that originated from long-distance transportation [32].

3.1.2. RF Models

According to the IncMSE of the variables given by the RF models, the top ten variables
were summarized in Figure 4. The traffic-related variables significantly influence the
NO; models. The variables of distance to the railyard, the count of gas stations, the
distance to the type (A) road, and the sum of the type (A) road length had relatively high
IncMSE values in all NO, models. For PM; 5, the most important variables were longitude,
shrubland, and NDVI. Similar variable sensitivities were observed in the PLS models for
PM; 5, in which the longitude variable was also highlighted.
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Figure 4. The geographic variables with the top ten IncMSE values in the RF model results.

3.1.3. SLR Models

Figure 5 shows the selected geographic variables by the SLR model and their regres-
sion coefficients. For NO, models, the traffic-related variables were involved in model
development. It is consistent with the RF models. Specifically, the coefficients of the
variables of the distance to the airport, railway, and railyard had relatively high values.
In addition, the NDVI and land-use type of water variables were also selected. Regard-
ing PM; 5, the annual PM; 5 models selected fewer variables than the NO, models. The
variables of the distance to the airport and the distance to the type (B) road influenced the
annual PM; 5 models a lot.
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Figure 5. The coefficients of the variables selected by the SLR model.
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3.1.4. Models Developed in the Urban Area

In order to compare model performance between the geostatistical models developed
in the whole Beijing area and inside the 6th-ring road area that covered the total urban
area. The LUR-urban (LURU) models were developed based on the monitoring sites
inside and around the 6th-ring road. The coefficients of these LURU models are shown in
Figures S1-53.

For the urban model developed by the PLS approach (PLSU), some variables’ correla-
tion coefficients had significant changes, such as the variables of the count of industries
(POI), water land-use type, latitude, and distance to airports for the NO, models and the
variables of the count of industry (POI), NDVI in winter, latitude, and distance to the
airports for PM, 5 models. The predictors in the PLS and PLSU models were different. It
indicated that the PLS approach could be affected when the range of the observational data
was expanded as the suburban areas were included. Different model coefficients were also
found when comparing RF and RFU models, SLR and SLRU models.

3.2. Model Performance

The LOOCYV results of NO, and PM; 5 models are shown in Tables 2 and 3, respec-
tively. The performances of the LUR and LUR-OK models were summarized in each table.
Generally, the annual PLS models performed better than others, with a higher range of
R?nse for NO, (0.72~0.82) and PM; 5 (0.80~0.89), which were higher than the previous
studies in Beijing [33,34]. Regarding the LTM of NO,, the PLS models had comparable good
performance with the SLR models, which performed better than the RF models. Compared
with the NO; models without an OK in the model structure, the LUR-OK models improved
the model performance for PLS and SLR LTM models with a slightly higher R?yse. For
annual NO; models, some performed worse when adding OK to the model structure.
However, adding OK into the model structure worked well for RF models of PM; 5. For
annual and LTM PMj; 5, the RF-OK models improved their performance with an increase
of 0.06~0.21 in R2ee compared with the RF models. In comparison, these increases in
R?mse of PLS and SLR models because of adding OK were —0.17~0.01 and —0.09~0.08,
respectively. For the LTM of PM; 5, the PLS-OK model performed best among the PLS,
RE and SLR models with or without OK. A spatiotemporal covariate model was built in
a previous study with an R% of 0.93, and its RMSE was 1.72 ug/m? [35]. Improved
performance by adding OK in the model structure was also found in a previous study [36].
The good performance of the PLS approach on spatial modeling was concluded in the
previous study [11,30]. In terms of the comparisons between the traditional SLR model and
machine learning models, the SLR model underperformed in this study, which is different
from the previous comparisons [10]. The controversy over machine learning approaches
has existed for a long time. It may depend on the target air pollutants and the collecting
method of monitoring data [13].

Different model performances were found for PLSU, RFU, and SLRU models devel-
oped in urban areas with less observational data involved in model development, as shown
in Tables S2 and S3 in Supplementary Information. Compared with the models developed
in the whole city area, the PLSU models had better performance for both NO, (LOOCV
R?se: 0.83~0.96) and PM, 5 (LOOCV R ¢e: 0.74~0.82), while RFU and SLRU models had
opposite performances. The increased performance of these PLSU models might be due
to overfitting. The RFU and SLRU models were sensitive to the number of observational
monitoring sites. We also found worse model performances from 2018 to 2020 than those
from 2015 to 2017, when observational data were missing from 2018 at the monitoring
site in the western mountain area. It indicated that the monitoring sites with various
observational levels were necessary for model development in the urban area [28].

Figure 6 shows the scatter plots of the long-term mean observations and LOOCV
predictions of the PLS, RF, and SLR mdels for NO, and PM, 5. For NO,, the PLS (LOOCV
R?mse: 0.78) and SLR (LOOCYV R?s0: 0.76) models performed better than the RF models
(LOOCV RZ i 0.57). The RF model was overestimated at the background site. Similar
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results were found for PM, 5 models, in which the LOOCV R?,s. of PLS, RF, and SLR
models were 0.80, 0.51, and 0.54, respectively. The PM; 5 RF model performed worse at the
background site than those at other types of monitoring sites.

Table 2. LOOCYV results of the NO, models.

Year PLS RF SLR

RMSE R%mse R?eq RMSE R?mse R?peq RMSE R%mse R?eq
2015 6.59 0.82 0.85 9.93 0.60 0.62 7.56 0.77 0.78
2016 7.64 0.73 0.78 9.90 0.55 057 11.46 0.39 0.44
2017 6.19 0.75 0.78 9.09 0.46 046 7.00 0.68 0.71
2018 6.34 0.75 0.78 8.60 0.55 0.57 7.23 0.68 0.69
2019 5.06 0.77 0.80 7.80 0.46 047 5.72 071 0.71
2020 455 0.72 0.77 6.79 0.37 0.38 481 0.69 0.70
LTM 5.66 0.78 0.81 7.93 0.57 0.59 5.97 076 0.76

PLS-OK RF-OK SLR-OK

Year

RMSE RZpse R?ieq RMSE R%pse RZ%peq RMSE RZpse R?ieq
2015 6.18 0.84 0.87 9.75 0.61 0.62 7.43 078 0.78
2016 7.74 0.72 0.78 10.23 0.52 0.55 11.42 0.40 0.46
2017 5.97 0.77 0.80 9.41 042 045 6.80 0.70 0.73
2018 5.77 0.80 0.82 8.22 0.59 0.59 7.06 0.69 0.72
2019 461 0.81 0.83 7.76 0.46 047 6.11 0.67 0.67
2020 453 0.72 0.77 7.67 0.20 0.29 5.38 0.61 0.64
LTM 5.16 0.82 0.84 7.92 057 0.58 5.73 0.78 0.78

Table 3. LOOCYV results of the PM, 5 models.
PLS RF SLR

Year

RMSE R’ R?peg RMSE  R%me R?reg RMSE R’ R?peg
2015 4.39 0.89 0.89 7.88 0.64 0.73 7.64 0.66 0.68
2016 4.07 0.87 0.87 6.90 0.64 0.73 7.02 0.62 0.63
2017 2.73 0.82 0.82 4.24 0.57 0.62 5.30 0.33 0.42
2018 2.33 0.86 0.86 4.80 0.41 0.47 4.17 0.55 0.56
2019 2.13 0.86 0.86 4.02 0.51 0.57 3.75 0.58 0.60
2020 221 0.83 0.83 421 0.37 0.40 3.43 0.58 0.59
LTM 3.51 0.80 0.80 5.51 0.51 0.59 5.33 0.54 0.54

PLS-OK RF-OK SLR-OK

Year

RMSE R’ R?peg RMSE R’ R?peg RMSE R’ R?peg
2015 4.26 0.90 0.90 5.87 0.80 0.80 7.64 0.66 0.70
2016 4.25 0.86 0.87 5.51 0.77 0.77 7.05 0.62 0.67
2017 2.64 0.83 0.84 3.03 0.78 0.78 5.64 0.24 0.43
2018 3.45 0.69 0.72 3.99 0.59 0.59 3.90 0.61 0.62
2019 2.10 0.87 0.87 3.37 0.66 0.67 3.38 0.66 0.69
2020 2.31 0.81 0.82 4.00 0.43 0.45 3.29 0.62 0.63
LTM 3.38 0.81 0.82 4.42 0.68 0.69 5.11 0.58 0.60

3.3. Prediction in the Urban Area

A square covering the 6th ring road in Beijing was picked to show the predictions
around urban areas. It was divided into 3301 grids at a 1 km spatial scale. These grids
are categorized according to the quartile distributions of model predictions, as shown
in Figure 7. For NO,, the grids with high predictions were clustered in the central ur-
ban area. In addition, the hotspots of the PLS and SLR model predictions were high-
lighted across the road network, while the grids with high RF predictions were aggregated
(Figure 7). Regarding PM, 5, noticeable spatial differences were found across the three
model predictions. The hotspots of the PLS model predictions were sparsely distributed,
while the RF predictions were highlighted in the southern part of Beijing. In comparison,
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the SLR model predictions were shown with clear spatial clusters. The contrast among the
three PM; 5 model predictions arises from the difference in the selection of geographical
variables as primary predictors and the variations in the significance of predictors during
model development. Figures 54 and S5 in Supplementary Information show the correlation
coefficient between the three models. For LTM, the correlation coefficients of NO, models
among the three approaches were 0.72~0.83, and it was 0.81~0.85 in PM, 5 models. The
correlation coefficient between PLS and SLR was the lowest regardless of whether in either
NO, models or PM, 5 models. The lower correlation coefficients of SLR with the other two
models may be related to the fact that the variables were screened in SLR while the other
two modeling methods were not.

Since the LUR-OK model performed better than the LUR models in LTM predictions,
we focused on using the LUR-OK model to make predictions for population-weighted
exposure estimates. Figure 8 depicts the box plots of the spatial predictions at a 1 km spatial
scale (shown as grids in Figure 7) for NO, and PM; 5 in the urban area. Regarding the
annual predictions, a noticeable decline was found for PM; 5 year by year. It is expected
that the air quality level in Beijing has become better in recent years [37]. Meanwhile,
regarding NO,, the decline in annual mean concentrations was almost flat from 2015 to
2017, especially for PLS-OK and RF-OK predictions. Comparing the predictions among
different models, the PLS-OK and RF-OK models had comparable median predictions.
In contrast, SLR had relatively low median predictions, especially for annual mean NO,
prediction in 2017 (34.98 ug/m?) and NO, and PM, 5 LTM predictions (NO,: 37.58 pg/m?;
PM;5: 7143 pg/ m?). The NO, predictions obtained a more considerable divergence across
the three models with the coefficient of variation (COV) of 11.85~19.41 for three NO,
models, compared with the PMj; 5 predictions among the three models with the COV of
7.57 ~11.88. It indicated that the NO, models were more sensitive to the predictors derived
from the geographic variables than the PM; 5 models.
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Figure 6. The average observations and LOOCYV predictions of the three models for NO, and PM, 5
from 2015 to 2020. Dashed lines denote the 1:1 line, and solid lines represent linear regression lines.
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Figure 7. Maps of the long-term mean NO, and PM; 5 predictions from 2015 to 2020.
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Figure 8. Distributions of annual averages and long-term means (LTM) from 2015 to 2020 of NO,
and PM, 5 predicted by three models. Each box’s upper, middle, and lower lines denote 75%, 50%,
and 25% of the concentration. The dots represent the predictions that are higher or lower than 1.5
times the IQR from the median. The point in the box represents the means of the predictions.

3.4. Population-Weighted Exposure Estimates

The population-weighted exposure estimates (PEE) in urban areas from 2015 to 2020
were predicted using the PLS-OK, RF-OK, and SLR-OK models. The long-term mean
values of PEE in the urban area from 2015 to 2020 were calculated based on the model
predictions and population density across the 1 km grids [38]. The total population in the
prediction area was 15.94 million, accounting for about 76% of the entire population in
Beijing, ranging from 211 to 32,097 persons/km? across the grids in the urban area. The
misclassification of PEE in quartiles between the three models was estimated personally.

Figure 9 depicts the misclassification of PEE in quartiles between the PLS-OK, RF-
OK, and SLR-OK models. Tables S4 and S5 in Supplementary Information summarizes
the percentage of misclassification in quartiles for NO, and PM;5. For NO,, the total
misclassification of particular PEE between the PLS-OK and RF-OK models was 37.87%,
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models. The contrast between PLS-OK and RF-OK models was smaller than the other two
pairs. Compared with the PEE predicted by the PLS-OK model, 19.16% of them indicated by
the RF-OK model were overestimated, and 18.72% were underestimated. Overestimation
and underestimation between the PEE predicted using the PLS-OK and SLR-OK models
were 23.25% and 26.03%, respectively. Most of the misclassifications happened across the
adjacent quartiles. For comparison between the PLS-OK and RF-OK models, only 4.74% of
the PEE was misclassified into the upper or lower quartiles that were not adjacent. This
number was about 10% for other pairs of comparisons. It indicated that the PEE of NO,
predicted by PLS-OK and RF-OK models obtained similar results, which resulted in the
least misclassifications of the PEE in quartiles across the three models. Regarding the PEE
of PMj, 5, the misclassification in quartiles was comparable between the three models.
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Figure 9. The misclassification of the PEE in quartiles between the PLS-OK, RF-OK, and SLR-OK models
for NO, and PM; 5. The four classifications from top to bottom denote the ranges of 0~25%, 25~50%,
50~75%, and 75~100% of PEE. The numbers indicate the non-misclassified percentage in quartiles.

3.5. Strengths and Limitations

This study compared three geostatistical model performances in an air pollutant expo-
sure assessment study in a metropolitan city in China. The findings have a broad implica-
tion for environmental studies. First, the three approaches chosen for model development
represent a variety of advanced and traditional, complicated, and simple geostatistical
modeling methods. The usage of each modeling approach is distinctive. The SLR models
outperformed the RF models. However, compared with the PLS model predictions, the RF
model predictions had fewer misclassifications than the SLR predictions. Second, this study
focused on spatial model comparisons, which may provide a reference for spatiotemporal
modeling studies. For primary pollutants, like NO,, the spatial distribution of air pollu-
tants highly relies on local features related to emission sources. A comprehensive array of
geographic variables could influence the model performance at a fine spatial scale. The PLS
approach has such potential for exposure assessment on directly emitted air pollutants [39].
Third, the interpretability of machine learning models is challenging. Although its usage is
potentially limited because of its black box instinct, it possesses the capability for utilization
in an urban area abundant with spatially dense observational data on the basis of RF model
performance in this study.

There were also some limitations in this study. First, there is a lack of additional data
for model development and out-of-sample validation. In this study, the observational
data used for model development was derived from the national and regional monitoring
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network. Increasing the abundance of spatial data would enhance the accuracy and stability
of the model [40]. Second, the spatial models might be overestimated as less spatially rich
observational data were involved in model development. To make use of the limited spatial
information from these relatively sparse monitoring sites, an out-of-sample CV was not
used in this study. To address these limitations, we plan to conduct mobile monitoring in
the next step of our study. In addition, the inclusion of health outcomes for analyzing the
impact of exposure bias caused by choosing different exposure models will be considered.

4. Conclusions

Using three geostatistical modeling approaches, we developed spatial models for
NO; and PM;5 in Beijing. After evaluating the model performances with LOOCYV, we
found that the PLS model exhibited the best performance among the three models. A hybrid
model framework, which used OK to further explain the residuals, could improve the model
performance. We compared the model performance by making predictions at a 1 km spatial
scale in the urban area. The misclassification of population-weighted exposure estimates in
quartiles caused by using a different modeling approach was also conducted. For NO,, both
the PLS-OK and RF-OK models showed the least misclassification in the comparisons. The
PM, 5 models obtained more misclassification than the NO, models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics12030197 /s1, Figure S1: Correlation coefficients between
the first PLS score and the corresponding geographic variables in PLSU; Figure S2: The geographic
variables with the top ten IncMSE values in RFU results; Figure S3: The coefficients of the variables
selected by the SLRU; Figure S4: The correlation coefficients of NO, models among the three
approaches; Figure S5: The correlation coefficients of PM; 5 models among the three approaches;
Table S1: Details of the geographic variables; Table S2: LOOCYV results of the NO, LURU models;
Table S3: LOOCYV results of the PM; 5 LURU models; Table S4: The NO, misclassification between
LUR models; Table S5: Quartile distribution of the PM; 5 misclassification between LUR models.
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Abstract: Background: Inhalation exposure to carcinogenic metals such as cadmium (Cd) is a
significant global health concern linked to various cancers. However, the precise carcinogenic
mechanism underlying inhalation exposure remains elusive. Methods: In this study, CT26 mouse
colon cancer (CC) cells were implanted into BALB/c mice to establish CC mouse models. Some of
the CC mice were implanted with intestinal stents. The mice were exposed to atomized oxygen and
nitrogen (O, /N3) gas containing Cd. Results: Atmospheric Cd intensified inflammation in CC cells
and heightened Nicotinamide Adenine Dinucleotide Phosphate (NADPH) Oxidase 1 (NOX1) activity,
which is an indirect measurement of increased reactive oxygen species (ROS) production. This
escalated ROS production triggered abnormal Wnt protein secretion, activated the Wnt/3-catenin
signaling pathway, and stimulated CC cell proliferation. No discernible body weight effect was seen
in the CC mice, possibly due to the later-stage tumor weight gain, which masked the changes in
body weight. Cd facilitated colon tumor restructuring and cell migration at the later stage. The
implantation of intestinal stents inhibited the expression of Superoxide Dismutase 1 (SOD1) in the
colon tumors of the CC mice, with no evident effects on the expression levels of NOX1, SOD2,
and Catalase (CAT) enzymes. Elevated ROS levels, indirectly reflected by enzyme activity, did not
substantially impact the Wnt/-catenin signaling pathway and even contributed to slowing its
imbalance. Stent implantation eased the inflammation occurring in colon tumors by reducing CC
cell proliferation but it induced discomfort in the mice, leading to a reduction in food intake and
weight. Conclusions: Cd partially fosters CC tumorigenesis via the ROS-mediated Wnt/ 3-catenin
signaling pathway. The effect of Cd on the invasive effect of intestinal stents in the cancerous colon is
not significant.

Keywords: cadmium; tumor; colon cancer; reactive oxygen species; Wnt/ 3-catenin pathway

1. Introduction

In recent years, attention has increasingly turned towards the issue of air pollution,
which is paralleled by a growing body of research into the impact of air pollution on colon
cancer (CC). CC stands as the second leading cause of cancer-related deaths globally [1].
The risk factors linked to CC are primarily categorized into modifiable elements (such as
smoking, obesity, and diet) and non-modifiable factors (like family history, age, and sex).
Recent studies have illustrated that exposure to environmental pollutants, notably heavy
metals, could elevate the risk of CC. Among some common heavy metal pollutants are
cadmium, arsenic, lead, mercury, and chromium [2—4].

Cadmium (Cd), a hazardous metal that is prevalent in the environment and com-
monly used in industrial processes, is classified as a human carcinogen by the International
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Agency for Research on Cancer (IARC) [5,6]. Mounting evidence indicates that the presence
of Cd in aquatic environments can induce various adverse health outcomes in humans,
including cancers [7,8], cardiovascular diseases [9,10], and inflammatory conditions [11,12].
Nevertheless, the impact of Cd in the atmosphere on human health, particularly concerning
CC, remains elusive. Recent investigations have revealed a notable increase in plasma Cd
levels among CC patients compared to healthy individuals [13]. Additionally, studies have
demonstrated that Cd can prompt cellular transformation and carcinogenesis in human
colon cell line CRL-1807 models [14]. There are speculations that these cellular responses
are correlated with specific molecular mechanisms triggered by Cd exposure, such as the
induction of oxidative stress, -catenin mutation, the upregulation of cyclooxygenase-2
(COX-2), and the initiation of proinflammatory responses. However, further research is
needed to comprehensively elucidate the intricate connections between Cd exposure and
the molecular pathways involved in CC development. While the molecular mechanisms
behind Cd-induced carcinogenesis necessitate further investigation, there is a consensus
that Reactive Oxygen Species (ROS) play a pivotal role in cellular damage triggered by
Cd, which subsequently culminates in cancer development. The Nicotinamide Adenine
Dinucleotide Phosphate (NADPH) Oxidase (NOX) complex stands as a critical physio-
logical system for ROS generation. Studies have revealed that Cd has the capability to
activate NOX to produce ROS, which disrupts the integrity of the outer mitochondrial
membrane, thereby engendering the production of superoxide radicals, hydroxyl radicals,
and hydrogen peroxide, and thus causing cell damage [15]. In the context of CC cells,
the Wnt/3-catenin pathway, which is controlled by ROS generated via NOX, regulates
the proliferation of CC cells [16]. Wnt ligands constitute a diverse and highly conserved
group of secreted proteins [17]. Their influence extends across various cellular processes,
encompassing cell proliferation, stem cell self-renewal, the determination of cell fate, the es-
tablishment of cell polarity, and the orchestration of convergent extension behavior during
cell migration [18-20]. Each of these orchestrated consequences, steered by Wnt signaling,
is crucial for maintaining normal intestinal development. This pathway often exhibits
differential regulation between normal and cancerous tissues, particularly in cancers such
as hepatocellular carcinoma, prostate cancer, and CC [21]. Within healthy cells (Figure
S1), in the absence of Wnt signaling, 3-catenin is bound and regulated by a multi-subunit
complex consisting of recombinant axis inhibition protein (Axin), Adenomatous Polyposis
Coli (APC), Casein Kinase 1a (CK1«x), and Glycogen Synthase Kinase 33 (GSK33). This
complex promotes (3-catenin phosphorylation, facilitating its interaction with 3-Transducin
Repeat-Containing Proteins (3-TRCPs) and leading to subsequent ubiquitination and
degradation, thus maintaining low {3-catenin expression levels. Conversely, in cancer
cells where Wnt signaling is active (Figure S2), Wnt signaling engages specific receptors
like frizzled proteins, leading to low-density Lipoprotein Receptor-related Protein (LRP)
phosphorylation. This culminates in the formation of the Wnt-Frizzled-LRP complex,
triggering disheveled (DVL) activation and conglomerate aggregation toward the receptor.
DVL activation intensifies GSK3[ phosphorylation, thereby impeding (3-catenin degrada-
tion [22]. Consequently, 3-catenin accumulates in the nucleus, interacts with coactivators
like T-Cell Factor and Lymphoid Enhancer Factor (TCEF/LEF), and stimulates downstream
Wnt target gene transcription, thus fostering cancer cell proliferation. Additionally, height-
ened ROS production incites an inflammatory cascade. The COX-2 pathway emerges as
a pivotal inflammatory pathway implicated in CC [23]. Substantial data highlight the
significantly elevated COX-2 gene expression in cancerous colon mucosa compared to
healthy tissues [24-26]. The primary contributor to the carcinogenic effect of COX-2 is
believed to be its chief metabolite, prostaglandin E2 (PGE2), which exerts its biological
function by binding to its target receptor, prostaglandin receptor 4 (EP4) [27]. In addition,
Ibal is a macrophage/microglia-specific calcium-binding protein whose level can also
reflect the degree of cellular inflammatory response [28]. However, the precise molecular
mechanism by which Cd in the atmospheric milieu induces CC remains an area to be fully
elucidated.
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Advancements in medical devices and technologies have led to the gradual adoption
of intestinal stents as the primary treatment for colon tract decompression. Evidence-
based medicine has validated the short-term safety and efficacy of this approach [29-31].
Nevertheless, significant concerns persist regarding long-term tumor prognosis in CC
patients who have undergone bowel stenting as a form of conversion therapy. Studies have
indicated that the preoperative placement of bowel stents in CC patients disrupts tumor
prognosis and potentially triggers tumor cell dissemination during the stent insertion
process [32]. Further studies are, therefore, needed to verify the effect of intestinal stents
on colon tumors. By studying the impact of intestinal stents on the CC pathology and Ma-
trix Metalloproteinase-2 (MMP-2), MMP-9, and 8-hydroxy-2'-deoxyguanosine (8-OHdG)
expression levels, the impact of intestinal stents on long-term tumor prognosis will be
explained from a molecular perspective. Among these enzymes, MMP-2 primarily partic-
ipates in tissue remodeling, cellular migration, and angiogenesis [33]. MMP-9 primarily
participates in the activation and migration of inflammatory cells [34]. 8-OHdG serves as a
commonly utilized biomarker to detect oxidative DNA damage resulting from oxidative
stress [35]. However, the impact of atmospheric Cd on the invasiveness of stents in the
cancerous colon remains largely unexplored.

Hence, this study employed CT26WT CC mouse models with implanted stents. These
mouse models were subjected to atomized air containing Cd via inhalation to mimic
atmospheric exposure, aiming to investigate the influence of Cd in the environment on
CC patients with implanted intestinal stents. The hypothesis posited here is that Cd in the
atmosphere fosters the proliferation and dissemination of CC cells through a mechanism
reliant on the NOX-ROS-COX-2-Wnt/ 3-catenin pathways. A preliminary verification of
this hypothesis is illustrated in Figure 1.
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Figure 1. Hypotheses for the mechanism of Cd-induced proliferation of CC cells in atmospheric
environments.
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2. Materials and Methods
2.1. Animal and Experimental Design

CT26 mouse CC cells, along with the culture medium, were procured from Wuhan
Pricella Life Technology Co., Ltd. (Wuhan, Hubei Province, China) These CC cells were
nurtured in 1640 complete medium containing 10% Fetal Bovine Serum (FBS) and 1% bis-
antibodies in a 5% carbon dioxide (CO;) incubator at 37 °C. Forty-five 6-week-old female
BALB/c mice were acquired from Beijing Sipeifu Biotechnology Co., Ltd. (Beijing, China)
and were housed in accordance with the institutional animal care guidelines. To facilitate
acclimation, the mice were allowed a week in the new environment before utilization. The
mice were housed in plastic cages (5 mice/cage) under the following conditions: a relative
humidity of 50 £ 10%, a 12/12 h light/dark cycle, and a temperature of 23 + 2 °C.

For the implantation of CC cells, 1 X 107 /mL of cells (200 uL/ piece) was cultured on
the mucosa of the posterior colon wall in the mice, and tumor formation was observed over
a 2-week period utilizing a small-animal live imaging device (InVivo Smart-LF, VISQUE,
Seoul, Republic of Korea). The BALB/c mice were then randomly divided into 9 groups
based on body weight; the healthy groups included a blank group (H-Blank), a control
group (H-Control), and a Cd group (H-Cd). The groups with CC cells but without an
intestinal stent included a blank group (C-Blank), a control group (C-Control), and a Cd
group (C-Cd). The groups with CC cells and an intestinal stent included a blank group
(C-S-Blank), a control group (C-S-Control), and a Cd group (C-5-Cd). The mice in the
intestinal stent groups were implanted with metal spring coils (length of 5 mm, inner
diameter of 2 mm, outer diameter of 3 mm, and wire diameter of 0.2 mm) through the anus
and cultured for 2 weeks. The Cd groups were exposed to a simulated environment of
oxygen and nitrogen (O, /N;) mixed with atomized gas containing Cd for the subsequent 4
weeks. The blank groups were exposed to the actual environment without gas introduction,
while the control groups were exposed to a simulated environment with the introduction
of Oy /Nj mixed with atomized gas. Throughout the experiment, the mice were weighed
twice weekly, and any signs of weight loss were closely monitored. At 27 weeks of age, all
mice were euthanized using CO, asphyxiation, and whole-colon intestinal tissues were
collected. The tissue samples were promptly fixed in 10% formalin or frozen in liquid
nitrogen for further analysis.

A corresponding preliminary experiment was conducted before the formal experiment
in this study. The experimental design was tested for validity and efficacy. Groups of 5 mice
were verified to have >80% power on the primary endpoint, and it was confirmed that the
number of rats in each group was the minimum necessary to ensure that the experiment
was able to detect the intended effect. All experiments were conducted in accordance
with the biomedical research guidelines stipulated by the Experimental Biology Society
of Tianjin People’s Hospital and were approved by the Animal Use Experimental Ethics
Committee of Tianjin Union Medical Center.

2.2. Establishment of the Simulation Environment

The reference was drawn from the average concentration of Cd in the atmospheric
environment spanning from January 2016 to February 2017, specifically under heavy
pollution weather conditions (AQI > 200), in Heping District, Tianjin. During this period,
the average concentration was recorded at 4.33 ng/m?. As demonstrated in Formula (1),
the estimated quantity of Cd inhaled by humans in such an atmospheric environment
amounted to 46.76 ng per day, whereas the estimated intake for BALB/c mice in this
atmospheric environment was 0.13 ng per day. The formula is as follows:

E=CxBxt (1)

where E is the respiratory exposure to Cd in the atmospheric environment, in ng; C is
the average concentration of Cd in the atmospheric environment, in ng/m3; and B is the
respiratory rate, in m3/d. The respiratory rate of BALB/c mice is 19.16 mL/min [36], which

74



Toxics 2024, 12,215

is 0.03 m?/d, and the respiratory rate of humans is 10.8 m3/d [37]; ¢ is the exposure time, in
d. The Cd solution used in the experiment to simulate a polluted atmospheric environment
was a solution derived from the Cd inductively coupled plasma (ICP) standard solution
obtained from O2si, USA. To align with the inhalation volume for both humans and BALB/c
mice, the Cd ICP standard solution was prepared at a concentration of 0.23 ug/mL. The
compressed air inlet of the medical nebulizer was connected to a fresh air cylinder (21%
02/79% Ny) to generate dispersion nebulization gas. The actual concentration of cadmium
in the atomized environment was 4.1~4.5 ng/ mS.

2.3. In Vivo Imaging

The mice were anesthetized with gas. The mice were intraperitoneally injected with
D-luciferin sodium salt physiological saline solution (10 mg/mL) at a dose of 150 mg/kg.
Fifteen minutes after injection, the anesthetized mice were placed in an in vivo imaging
device for observation and imaging.

2.4. Histopathology

All tumor and mucosa specimens underwent hematoxylin and eosin (H&E) staining
for histopathological assessment. The samples were fixed with paraformaldehyde and then
decalcified in a decalcifying solution. The dehydration of the samples was performed by
using alcohol, and the removal of the tissues from the paraffin was carried out using a
xylene solution. The tissue samples underwent embedding by being dipped in a melted
wax solution and placed in an embedding frame. After being positioned appropriately
according to the embedding surface requirements, the samples were cooled on a —20 °C
freezing platform until the wax solidified. After solidification, the wax block was removed
from the embedding frame, trimmed, and placed on a paraffin microtome for slicing.
The resulting slices were floated on 40 °C warm water in a spreading machine to flatten
the tissue. Subsequently, the tissue was picked up with a glass slide and placed in a
60 °C oven for baking. Following baking, the slices were dewaxed in xylene twice and
dehydrated using absolute ethanol. Hydration of the sample sections was performed using
a series of ethanol concentrations (95%, 80%, and 70%) and distilled water. Subsequent
staining involved hematoxylin staining solution application, followed by differentiation.
The samples underwent dehydration, transparency treatment, and sealing. Observation
and imaging were conducted using a fluorescence microscope (ECLIPSE Ci, Nikon, Tokyo,
Japan) to analyze the stained tissue sections.

2.5. Immunohistochemistry

To achieve cell permeability and block endogenous peroxidase, the sample sections
underwent immersion in a blocking/permeabilization solution (at room temperature
and shielded from light). To uncover the antigen-determining area for antigen retrieval,
the slices were submerged in 0.01 M sodium citrate buffer (pH = 6.0) and heated in a
microwave oven until boiling, with the regular replenishment of the solution to prevent
desiccation. To obstruct the influence of non-specific proteins, the surrounding tissue
was outlined using a histochemical pen, followed by the application of 5% sheep serum
within the outlined area. The diluted primary antibody was directly added and allowed to
incubate overnight at 4 °C. Following this, the diluted secondary antibody was applied,
and the sections were placed in a constant-temperature oven at 37 °C. The subsequent
steps involved the addition of streptavidin peroxidase (SP) conjugates, placement in a
37 °C oven, and the introduction of diaminobenzidine (DAB). Staining progression was
observed under a fluorescence microscope while controlling the duration based on the
color observed. Subsequently, a hematoxylin staining solution was applied to stain nuclear
proteins, followed by the use of phosphate-buffered saline (PBS) to restore their blue
coloration. The samples underwent dehydration, transparency treatment, and sealing.
Observation and imaging were conducted using a fluorescence microscope to analyze the
stained tissue sections.
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2.6. Western Blot Analysis

Western blot analysis was conducted utilizing specific antibodies targeting (3-catenin
(1:1000, BIOSS), phospho-GSK3f (1:1000, BIOSS), actin (1:3000, Affinity), SOD1 (1:1000,
Affinity), SOD2 (1:1000, Affinity), CAT (1:1000, BIOSS), and NOX1 (1:1000, Affinity).

2.7. Statistical Analysis

Differences between treatment groups were assessed through analysis of variance
(ANOVA). Statistical significance was determined at p < 0.05. For cases where significant
differences were observed, specific post hoc comparisons between treatment groups were
conducted using the Student-Newman-Keuls test. All statistical analyses were conducted
using SPSS software (version 27.0, SPSS Inc., Chicago, IL, USA). The data were assessed
for normality and homoskedasticity before performing the ANOVA (analysis of variance)
and the Student-Newman-Keuls test. Normality was tested using the Shapiro-Wilk
test, and the results showed that the data conformed to a normal distribution (p > 0.05).
Homoscedasticity was assessed using Levene’s test, and the results showed that each group
of data had similar variance (p > 0.05). These results showed that the data of this study met
the basic assumptions of ANOVA and the Student-Newman-Keuls test, thus providing a
reliable basis for subsequent statistical analysis.

3. Results
3.1. Colon Tumor Invasion and Metastasis Capabilities

The mice lost weight within 4 days after the CC cells were implanted, as shown in
Figure 2D,1. With tumor progression, a gradual adaptation was apparent. However, upon
the implantation of intestinal stents on day 23, the mice with CC cells experienced weight
loss, as indicated in Figure 2G,I. Interestingly, the injection of O, /N, atomized gas and
Cd-O, /Ny atomized gas exhibited no notable impact on the mice’s body weight compared
to the control groups.
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Figure 2. Changes in body weight of mice (g). Data were means 4+ SEM.
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As illustrated in Figure 3, there was extensive proliferation of the CC cells from the
third to the eighth week, resulting in an enhancement of fluorescence signals within the
colon tumor tissues. Notably, compared to the blank and control groups, the injection
of Cd-O, /N, atomized gas further significantly intensified the proliferation of CC cells
(C-Blank: p < 0.01; C-Control: p < 0.001). However, upon the implantation of intestinal
stents, the proliferative capacity of CC cells showed a statistically significant decrease
(C-Blank: p < 0.01; C-Cd: p < 0.001).
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Figure 3. In vivo imaging was performed at the 3rd and 8th weeks after the start of the experiment
(before sampling) to observe the (A) in situ tumor formation of the colon and (B) the changes in
fluorescence intensity. (B) Data were means + SEM of 5 mice. ** p < 0.01, *** p < 0.001. Among them,
if there is no asterisk between the two columns, it means there is no statistical significance.

In comparison to the healthy mice, statistically significantly elevated expression levels
were observed for -catenin (H-Blank and H-Control: p < 0.05; H-Cd: p < 0.001) and
phospho-GSK3 (H-Cd: p < 0.001) within the colon tumors of the CC mice, as depicted
in Figure 4. The injection of Cd-O,/N; atomized gas further significantly augmented the
expression levels of 3-catenin (C-Blank and C-Control: p < 0.001; C-S-Control: p < 0.05)

and phospho-GSK3f (C-Blank: p < 0.01; C-Control, C-S-Blank and C-S-Control: p < 0.05).

Conversely, the implantation of intestinal stents statistically significantly suppressed the
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expression of phospho-GSK3{ (C-Cd: p < 0.05). However, its effect on the expression level
of 3-catenin was not significant. In addition, the implantation of intestinal stents had no
statistically significant effect on the expression levels of 3-catenin and phospho-GSK3 in
the colon tumors of the CC mice in the blank and control groups.
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Figure 4. The expression of phospho-GSK3/ and [3-catenin in colon tumors of mice in each group
was detected. (A) Expression of phospho-GSK3{ and 3-catenin in colon tumors was determined by
immunoblotting. Expression of actin served as an internal control. (B) Relative levels of 3-catenin
and phospho-GSK3 in colon tumors. Data were means + SEM of 5 mice. * p < 0.05, ** p < 0.01,
***p <0.001. Among them, if there is no asterisk between the two columns, it means there is no
statistical significance.

The assessment of colon tumor invasion and metastatic potential involved the exami-
nation and analysis of MMP-2 expression. In comparison to the healthy mice, statistically
significantly heightened MMP-2 expression was observed in the colon mucosa of the CC
mice (H-Blank and H-Cd: p < 0.01), as depicted in Figure 5. Notably, the injection of
Cd-O, /N, atomized gas statistically significantly amplified MMP-2 expression in the colon
tumors of the CC mice relative to the blank and control groups (C-Control, C-S-Blank, and
C-S-Control: p < 0.05). The impact of intestinal stent implantation on MMP-2 expression
level was not statistically significant.
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Figure 5. The expression of MMP-2 in colon tumors and mucosa of mice in each group was detected.
(A) Immunohistochemical staining of MMP-2 in colonic mucosa in indicated treatments. Magni-
fication was 400x. (B) Immunohistochemical staining of MMP-2 in colonic tumors in indicated
treatments. Magnification was 400x. (C) Optical density was used to represent the expression of
MMP-2 in colon mucosa and tumors. Data were means £ SEM of 5 mice. * p <0.05, ** p < 0.01. Among
them, if there is no asterisk between the two columns, it means there is no statistical significance.

3.2. Oxidative Stress

Carcinogenic metals are renowned for their capacity to induce ROS [38]. Due to
resource limitations that hindered the ability to conduct direct ROS measurements, this
study instead measured the activities of NOX1, SOD1, SOD2, and CAT enzymes, which
are key players in the cellular anti-oxidant defense system and in oxidative stress, to
indirectly illustrate changes in the production of ROS [39—-41]. As depicted in Figure 6,
NOX1 expression levels were statistically significantly increased in the colon tumors of
the CC mice when compared to their healthy counterparts (H-Cd: p < 0.05). Notably, the
alterations in the expression levels of NOX1, 3-catenin, and phospho-GSK3f followed a
similar pattern. Additionally, statistically significantly decreased expression levels were
observed for SOD1 (H-Blank: p < 0.05; H-Cd: p < 0.001), SOD2 (H-Cd: p < 0.01), and CAT
(H-Blank: p < 0.01; H-Control and H-Cd: p < 0.001) in these tumors. The effect on the
expression levels of NOX1 and SOD2 after the transplantation of CC cells into the mice in
the blank and control groups was not statistically significant. The injection of Cd-O, /N,
atomized gas further significantly suppressed the expression of SOD1 (C-Blank and C-
Control: p < 0.001; C-S-Blank: p < 0.05), SOD2 (C-Control: p < 0.05), and CAT (C-Blank and
C-Control: p < 0.01) in the colon tumors of the CC mice. The effect of Cd-O, /N, atomized
gas on the expression levels of NOX1, SOD2, and CAT in the colon tumors of the CC mice
with intestinal stents implanted in them was not statistically significant. Conversely, the
implantation of intestinal stents statistically significantly inhibited SOD1 expression in the
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colon tumors of the CC mice (C-Blank: p < 0.01). However, the effect on the expression of
NOX1, SOD2, and CAT was not statistically significant. In addition, the implantation of
intestinal stents had no statistically significant effect on the expression of NOX1, SOD1,
SOD2, and CAT in the colon tumors of the CC mice exposed to a Cd-O, /N, atomized

gas environment.

1.4

Relative protein level

Relative protein level

2 o o 5
Az % ¢ o v o
2 3 % % 2 %
O Y % 2
7 2 e 7 2 7 e
— — — emm—— NOX1
—— S — — — — - - SOD1
T— — — — — — SOD2
— — e— p— CAT
— — S— m— — -— e Actin
14
NOX1 SOD1

Figure 6. The expression of NOX1, SOD1, SOD2, and CAT in colon tumors of mice in each group
was detected. (A) Expression of NOX1, SOD1, SOD2, and CAT in colon tumors was determined
by immunoblotting. Expression of actin served as an internal control. (B) Relative levels of NOX1,
SOD1, SOD2, and CAT in colon tumors. Data are means 4+ SEM of 5 mice. * p < 0.05, ** p < 0.01,
*** p <0.001. Among them, if there is no asterisk between the two columns, it means there is no

statistical significance.

Relative to the healthy mice, statistically significantly elevated expression levels of
8-OHdG were observed within the colon mucosa of the CC-afflicted mice (H-Control and
H-Cd: p < 0.01), as illustrated in Figure 7. The injection of Cd-O, /N, atomized gas further
significantly amplified the expression of 8-OHdG in the colon mucosa (C-Blank: p < 0.05).
The implantation of intestinal stents had no significant effect on the expression of 8-OHdG
in the colon mucosa of the CC mice.
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Figure 7. The expression of 8-OHdG in colon tumor and mucosa of mice in each group was de-
tected. (A) Immunohistochemical staining of 8-OHdG in colonic mucosa in indicated treatments.
Magnification was 100x. (B) Immunohistochemical staining of 8-OHdG in colonic tumor in indicated
treatments. Magnification was 100x. (C) Optical density was used to represent the expression of
8-OHdG in colon mucosa and tumor. Data are means £ SEM of 5 mice. * p < 0.05, ** p < 0.01. Among
them, if there is no asterisk between the two columns, it means there is no statistical significance.

3.3. Inflammation

As depicted in Figure 8, the colon mucosa of the healthy mice exhibited a well-
maintained structure characterized by neatly arranged glands and an absence of inflam-
matory cell infiltration. Conversely, the colon mucosa of the CC mice displayed evident
damage, with disordered glandular arrangement and noticeable infiltration of inflam-
matory cells. Remarkably, the mucosa of the CC mice implanted with intestinal stents
exhibited severe damage, featuring disorganized glands and pronounced inflammatory cell
infiltration. Notably, the tumors observed across in all groups of mice exhibited irregular
nuclear morphology and variable sizes. Cell arrangement appeared disordered, lacked a
distinct tissue structure, and showcased irregular intercellular spaces.

Relative to the healthy mice, statistically significantly heightened MMP-9 expression
was observed within the colon mucosa of the CC mice (H-Cd: p < 0.05), as depicted
in Figure 9. The implantation of CC cells had no statistically significant effect on the
expression levels of MMP-9 in the colon mucosa of the CC mice in the blank and control
groups. The injection of Cd-O, /N, atomized gas statistically significantly suppressed the
expression of MMP-9 in the colon tumors of the CC mice (C-Blank: p < 0.05). However, the
effect on MMP-9 expression in the colon mucosa of the CC mice that had been implanted
with intestinal stents was not significant. Similarly, the implantation of intestinal stents
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statistically significantly suppressed MMP-9 expression in the colon tumors of the CC mice
(C-Control: p < 0.01; C-Cd: p < 0.05). Variations in MMP-9 expression were noted in the
colon tumors of the CC mice in the blank and control groups (p < 0.05).
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Figure 8. The pathology of colon tumor and mucosa of mice in each group was observed.
(A) Representative H&E staining demonstrating mucosa from indicated treatments (red arrow
indicates inflammatory cell infiltration). Magnification was 100 x. (B) Representative H&E staining
demonstrating tumors from indicated treatments. Magnification was 100 x.
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Figure 9. The expression of MMP-9 in colon tumors and mucosa of mice in each group was detected.
(A) Immunohistochemical staining of MMP-9 in colonic mucosa in indicated treatments. Magni-
fication was 400x. (B) Immunohistochemical staining of MMP-9 in colonic tumors in indicated
treatments. Magnification was 400x. (C) Optical density was used to represent the expression of
MMP-9 in colon mucosa and tumors. Data are means = SEM of 5 mice. * p < 0.05, ** p < 0.01. If there
is no asterisk between the two columns, it means there is no statistical significance.
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As depicted in Figure 10, the expression of COX-2 was notably suppressed in the
colon tumors of the CC mice compared to their healthy counterparts (H-Cd: p < 0.01). The
implantation of CC cells had no statistically significant effect on the expression levels of
COX-2 in the colon mucosa of the CC mice in the blank and control groups. The injection
of Cd-O, /Ny atomized gas further significantly inhibited COX-2 expression within these
colon tumors (C-Blank: p < 0.01; C-Control: p < 0.05), but the effect on COX-2 expression
in the colon mucosa of the CC mice that had been implanted with intestinal stents was
not significant.
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Figure 10. The expression of COX-2 in colon tumor of mice in each group was detected. (A) Expression
of COX-2 in colon tumors was determined by immunoblotting. Expression of actin served as an
internal control. (B) Relative levels of COX-2 in colon tumors. Data are means + SEM of 5 mice.
*p <0.05, ** p < 0.01. If there is no asterisk between the two columns, it means there is no statistical

significance.

The implantation of CC cells had no significant effect on Ibal expression. Notably,
the injection of Cd-O, /N, atomized gas led to a statistically significant reduction in Ibal
expression in the colon mucosa (C-Control: p < 0.05) and tumors (C-Control: p < 0.01;
C-S-Blank: p < 0.05; C-S-Control: p < 0.01), as depicted in Figure 11. Significant variation in
the expression of Ibal was observed in the colon mucosa of the blank and control groups
following stent implantation.
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Figure 11. The expression of Ibal in colon tumors and mucosa of mice in each group was detected.
(A) Immunohistochemical staining of Ibal in colonic mucosa in indicated treatments. Magnification
was 400x. (B) Immunohistochemical staining of Ibal in colonic tumors in indicated treatments.
Magnification was 400 x. (C) Optical density was used to represent the expression of Ibal in colon
mucosa and tumors. Data are means + SEM of 5 mice. * p < 0.05, ** p < 0.01. If there is no asterisk
between the two columns, it means there is no statistical significance among them.

4. Discussion

In this study, mouse models of CC were employed to investigate the implications
of exposure to the heavy metal Cd in the atmospheric environment on CC progression
and its impact on the invasiveness of intestinal stents within the cancerous colon. An
abnormal secretion of Wnt protein within CC cells triggered an unconventional activation
of the Wnt/ 3-catenin signaling pathway, culminating in the phosphorylation of GSK3.
Consequently, this cascade hindered the ubiquitination process of 3-catenin, resulting in
its intracellular accumulation and the subsequent promotion of CC cell proliferation [42].
The proliferation demands imposed on CC cells led to increased energy consumption,
contributing to an initial decline in body weight among the CC mice [43]. Subsequently,
in the later stages of the trial, an observable rise in tissue protein degradation within the
colon mucosa of the CC mice significantly contributed to the invasive nature of colon
tumors. Additionally, Cd amplified CC cell proliferation by further stimulating GSK33
phosphorylation and leading to subsequent intracellular 3-catenin accumulation. This find-
ing aligns with the observations made by Wei [44], who noted the role of Cd in advancing
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malignant tumors by inhibiting GSK33 activity while concurrently enhancing (3-catenin
expression. Similarly, Chakraborty [45] suggested that Cd-induced alterations in cancerous
conditions plausibly occur through the Wnt signaling pathways. This enhancement did not
produce statistically significant changes in the body weight of the CC mice compared to the
healthy mice, likely due to the overshadowing effect of increased tumor tissue weight in
the later stages of the experiment. Additionally, in the latter phase of the study, Cd notably
facilitated colon tumor remodeling and instigated tumor cell migration. This corroborates
with Wang's [46] findings, wherein Cd exposure induced MMP-2 mRNA expression and
consequently fostered the migration and invasion capabilities of human breast cancer
cells. The implantation of intestinal stents alleviated GSK3[3 phosphorylation and reduced
intracellular 3-catenin accumulation, thereby slowing down CC cell proliferation. A stent
takes up part of the intestinal space and prevents colon tumors from expanding. Addition-
ally, intestinal stents can reduce the blood supply to colon tumors. Colon tumor growth
requires large amounts of oxygen and nutrients, and if the blood supply is reduced, the
reproductive capacity of CC cells will be inhibited [47]. This aligns with Matsuda’s [48] ob-
servations, suggesting that the mechanical compression induced by intestinal stents could
hinder cancer cell proliferation in cases of malignant large bowel obstruction. However,
the implantation of intestinal stents induced gastrointestinal discomfort in the CC mice,
resulting in reduced food intake and weight loss. Furthermore, their implantation easily
triggered inflammation and infection, compelling the body to expend additional energy to
manage the immune response [49].

ROS generated by oxidative stress in the colon mucosa of the CC mice, indirectly
reflected by enzyme activity, induced oxidative DNA damage, significantly contributing
to the proliferation and spread of CC cells. This aligns with the conclusions drawn by
Nilsson [50]. Additionally, NOX1 activity was heightened within CC cells; this is an
indirect indicator of increased ROS, and increased ROS levels abnormally activate the
Wnt/ 3-catenin signaling pathway by disrupting Wnt protein secretion. Consequently, this
abnormal activation fosters the uncontrolled proliferation of CC cells [51-53]. Cd exacer-
bates ROS production by further amplifying NOX1 activity in CC cells, a phenomenon also
observed by Tyagi [54] and Lian [55]. The implantation of intestinal stents inhibited the ex-
pression of SOD1 in the colon tumors of the CC mice. However, the impact on NOX1, SOD2,
and CAT enzyme activities was not evident. SOD, which is categorized into three groups
(SOD1, SOD2, and SOD3), plays a crucial role in maintaining intracellular ROS home-
ostasis [56]. Specifically, SOD1 facilitates the dismutation of 02~ into H,0,, a stable ROS
messenger that is pivotal for regulating oxidative stress and supporting oncogene-driven
cancer cell proliferation [57]. SOD2 scavenges superoxide radicals formed in the respiratory
electron transport chain, thereby impacting cell cycle signaling and cancer progression [58].
CAT acts as an enzymatic scavenger by catalyzing the breakdown of H,O; into oxygen
and water, shielding cells from H,O, toxicity and serving as a key element in the biological
defense system [59]. Consequently, it was indirectly demonstrated via measurements of
enzyme activity that there was no substantial increase in intracellular ROS after intestinal
stent implantation, suggesting a less pronounced impact on the Wnt/ 3-catenin signaling
pathway. This effect even contributes to the slowing down of the dysregulation of the
Wnt/ 3-catenin signaling pathway.

The CC mice exhibited colon mucosal damage, disordered glandular arrangement,
and infiltration of the inflammatory cells. However, upon the implantation of intestinal
stents, severe damage to the colon mucosa and a noticeable infiltration of inflammatory
cells were observed. Cd exhibited a dual impact on the immune response within the colon
mucosa of the CC mice. It inhibited the expression of Ibal, likely due to its induction of
oxidative stress, thus triggering the generation of oxygen free radicals in colon cells. This
unfavorable effect on immune cells resulted in the a reduced production of inflammatory
cytokines, thereby mitigating the inflammatory response [60]. Conversely, Cd promoted the
expression of Ibal in the colon tumors of the CC mice. This indicated that Cd heightened
the inflammatory response in CC cells, consequently fostering the proliferation of colon
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tumor cells. It stimulated the activity of certain immune cells, notably macrophages, thereby
triggering inflammatory reactions and elevating the expression levels of immune markers
such as Ibal. A similar study by Yang [61] also reported increased gliosis, as indicated by
a rise in the number of Ibal-positive cells, following Cd poisoning. Moreover, intestinal
stents inhibited the expression of MMP-9 and COX-2 in colon tumors. This inhibition is
linked to the ability of intestinal stents to suppress the activity of inflammation-related cells,
possibly including those responsible for producing MMP-9 and COX-2 in colon tumors.
However, this speculation necessitates further validation and investigation.

There are several points in this study that require further investigation. First, there was
a difference in the expression of MMP-9 between the C-Blank and C-Control groups, but
there was no difference between the C-S-Blank and C-5-Control groups. This might be due
to the control group being exposed to O, /N; atomized gas, which increased the proportion
of oxygen and nitrogen in the atmospheric environment under which the mice lived,
which, in turn, might lead to oxidative reactions in CC cells and promote the expression
of MMP-9 in the tumors of the CC mice. The implantation of intestinal stents may inhibit
this reaction. However, there is currently a lack of research in this area. Therefore, more
research is needed to verify this speculation. Moreover, the expression of Ibal was opposite
to that of MMP-9. This difference might occur due to the reaction of the metal stent with
substances in the actual atmospheric environment. Second, compared to the C-control and
C-Cd mice, the mice in the C-S-Control and C-5-Cd groups exhibited significantly lower
MMP-9 expression levels, but the mice in the C-S-Blank group showed a significantly lower
expression level than the C-Blank mice. There was no significant change in the expression
level of MMP-9 across the groups. This might be due to the difference in gas composition
in the actual and simulated atmospheric environments. This study did not research the
interaction of substances in the actual atmospheric environment and gas components with
cadmium, intestinal stents, and colon cancer cells. Thus, further research is needed in the
future.

5. Conclusions

The presence of the heavy metal Cd in an atmospheric milieu acts as a catalyst in
the progression of tumorigenesis within murine models of CC. The implementation of
intestinal stents demonstrates a mitigating effect on tumor incidence within these CC
murine models. Significantly, an aberrant activation of the ROS-mediated Wnt/ 3-catenin
signaling pathway emerges as a pivotal mechanism contributing to the facilitation of this
tumorigenic promotion. Cd partially fosters CC tumorigenesis via the ROS-mediated
Wnt/ 3-catenin signaling pathway. The effect of Cd on the invasive effect of intestinal stents
in the cancerous colon is not significant.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is currently the most prevalent chronic liver
disease worldwide. At the same time, the relationship between air pollution and the likelihood of
developing NAFLD has been a subject of debate due to conflicting findings in previous observational
research. Our objective was to examine the potential correlation between air pollutant levels and
the risk of NAFLD in the European population by employing a two-sample Mendelian random-
ization (MR) analysis. The UK Biobank Consortium provided the summary statistics for various
air pollution indicators (PM; 5, PM; 5 absorbance, PM; 5 19, PM;jp, NO,, and NOy). Additionally,
information on NAFLD was obtained from three studies, including one derivation set and two vali-
dation sets. Heterogeneity, pleiotropy, and sensitivity analyses were performed under different MR
frameworks, and instrumental variables associated with confounders (such as education, smoking,
alcohol, and BMI) were detected by tools. In the derivation set, causal relationships between PMj 5,
NO;, and NAFLD were observed in univariable Mendelian randomization (UVMR) (Odds Ratio
(OR) =1.99, 95% confidence interval (95% CI) = [1.22-3.22], p = 0.005; OR = 2.08, 95% CI = [1.27-3.40],
p = 0.004, respectively). After adjustment for air pollutants or alcohol intake frequency in multivari-
able Mendelian randomization (MVMR), the above genetic correlations disappeared. In validation
sets, the null associations remained in UVMR. Our findings from MR analysis using genetic data
did not provide evidence for a causal association between air pollution and NAFLD in the Euro-
pean population. The associations observed in epidemiological studies could be partly attributed
to confounders.

Keywords: air pollution; NAFLD; UK Biobank; Finngen; Mendelian randomization

1. Introduction

The escalating prevalence of non-alcoholic fatty liver disease (NAFLD) has made it a
major global health issue. The estimated worldwide incidence rate of NAFLD stands at
approximately 24% [1]. Notably, dietary patterns and lifestyle choices have been recog-
nized as crucial elements linked to the emergence of NAFLD, with countries exhibiting a
higher consumption of high-calorie diets experiencing a greater incidence of the disease.
Furthermore, NAFLD independently contributes to the likelihood of various comorbidities,
including hypertension, type 2 diabetes (T2D), and cardiovascular diseases (CVDs) [2—-4].
Although metabolic disorders have been established as the primary risk factor for NAFLD,
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increasing evidence supports the view that exposure to certain environmental factors may
have a profound impact on liver disease, including NAFLD.

A matter of concern is the detrimental impact of air pollution on human health, as
over 80% of city dwellers are exposed to air pollutants whose levels exceed the thresholds
set by the World Health Organization (WHO) [5]. Air pollutants typically encompass
particulate matter (PM) and specific chemical gases. PM can be categorized based on
its physical diameter: particulate matter with aerodynamic diameters < 2.5 pm (PM;5);
particulate matter with diameters < 10 pm and >2.5 um (PMjy5_19); particulate matter
with diameters > 10 um (PM;jp). The chemical substances include gases such as nitro-
gen dioxide (NOy,), nitrogen oxides (NOy), sulfur dioxide (SO,), ozone (O3), and so on.
PMj; 5, originating from vehicle exhaust emissions, industrial emissions, and combustion
processes, is the pollutant most commonly detected among them. Air pollutants have
been officially classified by the International Agency for Research on Cancer (IARC) as
the main category of substances that cause cancer in humans. A number of studies have
consistently demonstrated correlations between air pollution and various forms of cancer,
including lung cancer [6], gastrointestinal cancer [7], ovarian cancer [8], and others [9].
As a kind of well-established and extensively widespread industrial contaminant, PM; 5
possesses the capacity to deeply infiltrate the respiratory system, disturb the exchange of
gases, and infiltrate the bloodstream, consequently presenting a substantial risk in relation
to respiratory ailments, cardiovascular conditions, and mental well-being. In the year
2015, surrounding PM; 5 became the fifth leading cause of death, accounting for 4.2 million
fatalities and 103.1 million disability-adjusted life-years (DALYs). The aforementioned
statistics represented 7.6% of all deaths worldwide and 4.2% of global DALYs, with a
noteworthy majority (59%) concentrated in the eastern and southern Asian regions [10].

It is crucial to acknowledge that the emergence of numerous illnesses is an intricate
consequence arising from the interaction among various genetic factors, lifestyle choices,
and environmental elements. Previous research has indicated that genetic polymorphism
plays a vital part in investigating the effects of contaminants on different physiological
and immune functions in the human body. For instance, a study rooted in genetics has
demonstrated that women with the GPX4-rs376102 AC/CC genotype exhibit heightened
vulnerability to atmospheric pollutants, consequently increasing the likelihood of preterm
births [11]. Similarly, elderly individuals with PARP4 G-C-G and ERCC1 T-C are prone to
increased levels of fasting blood sugar when exposed to PMj 5, PMj 519, and PMyq [12].
Moreover, the presence of indoor PM; 5 and environmental tobacco smoke during preg-
nancy greatly increases the occurrence of lower respiratory tract infections in newborns
who possess the GSTM1 null, GSTP1-rs1695 AG/GG, or Nrf2-rs6726395 GG genotypes [13].

While several observational studies have suggested a correlation between air pol-
lution and NAFLD, it is crucial to obtain further evidence to establish a more robust
causal relationship. This requirement stems from the potential influence of confounding
factors, misclassification, and the inherent difficulties associated with reverse causality
that are prevalent in observational study designs. MR research is usually likened to a
natural randomized controlled trial (RCT), as it relies on the random assignment of genetic
variations/alleles from parents during meiosis in pregnancy. Conceptually, MR research
shares similarities with a RCT, wherein participants are randomly placed in different exper-
imental groups. This implies that there is no discernible association between individuals
possessing a specific genetic variation and exposure factors, thus rendering it a natural
random allocation. Moreover, due to the inherent stability of the human genome once
established, confounding biases that are arduous to regulate (e.g., lifestyle, economic status)
are significantly diminished, thereby yielding more dependable causal evidence. At the
pragmatic level of implementation, MR studies employ genetic variations (single nucleotide
polymorphisms, SNPs) as instrumental variables to deduce a causal relationship between
exposures and outcomes. Additionally, genome-wide association studies (GWASs) furnish
an extensive repertoire of genetic variation analysis data related to human diseases by
testing the correlation between millions of genetic variations and disease outcomes. To es-

91



Toxics 2024, 12,228

tablish the causal connection between air pollution and NAFLD, a two-sample MR (TSMR)
analysis was performed.

2. Materials and Methods
2.1. Study Design

The genetic variations employed in this analysis are required to adhere to the three
assumptions of Mendelian randomization (MR) [14], as presented in Figure 1. Firstly, the ge-
netic instrumental variables (IVs) related to air pollution, such as PM; 5, PM; 5 absorbance,
PMjy 519, PMjg, NO,, and NOy exposure levels, exhibit significant associations. Secondly,
the relationship between these genetic IVs and NAFLD remains unaffected by confounding
factors. Lastly, the genetic IVs solely influence the risk of NAFLD through exposure.

A
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F————— > Confounder
|
|
|
i
1 / \
Genetic Instruments . Exposure Outcom
PM2.5, PM2.5 absorbance, assimplion | PM2.5, PM25 absorbance, Ly utcome
PM2.5-10, PM10, Nitrogen dioxide, PM2:s-10, PM1o, NAFLD
Nitrogen oxides-associated SNPs Nitrogen dioxide, Nitrogen oxides ¢
i
L I
T T T T T T TAssumption3 T T T
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Derivation Dataset
Exposure —_— (MVMR)
PM2.5, PM2.5 absorbance, a pcrivation patasct
PMa2.s-10, PM10, & (UVMR)
[Nitrogen dioxide, Nitrogen oxides 5 K
Validation Datasets
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Figure 1. MR assumptions and the design flow chart of this study. (A) MR assumptions: assumptions
1,2, and 3. The solid line represents direct putative causal effects that air pollution genetic instrumen-
tal variants are reliably associated with air pollutant levels and influence the risk of NAFLD through
the exposures in assumption 1. The dotted line represents that genetic instrumental variants are not
associated with any measured or unmeasured confounders and do not influence the risk of NAFLD
through other pathways in assumptions 2 and 3, respectively. (B) The flow chart of the study design.
MR, Mendelian randomization; PM, particulate matter; NAFLD, non-alcoholic fatty liver disease;
UVMR, univariable Mendelian randomization; MVMR, multivariable Mendelian randomization.

The study design depicted in Figure 1 provides an overview of the research methodol-
ogy. The objective of this MR study was to examine the possible causal connection between
the atmospheric contaminants (PM, 5, PM; 5 absorbance, PM; 5 19, PM1, NO,, and NOy)
and NAFLD. Firstly, a derivation outcome set was obtained from the same source as the
previous observational study [15], and a univariate Mendelian randomization (UVMR)
study model was employed for discovery purposes. Subsequently, exposures with positive
UVMR results and the confounding factors identified in the aforementioned observational
study were included for multivariate Mendelian randomization (MVMR) analysis. Addi-
tionally, validation outcome sets from two distinct populations were employed to improve
the overall dependability of this research. It is important to mention that this research
followed the reporting recommendations specified in Strengthening observational studies
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using Mendelian randomization (STROBE-MR) [16]. The Supplementary Materials contain
the STROBE-MR checklist for reference.

2.2. Data Sources

The summary datasets for the air pollution GWASs in Europe were obtained from
the MRC-IEU, a unit of the Medical Research Council that has streamlined its process to
perform GWASs on the imputed genetic dataset of the entire UK Biobank population of
500,000 individuals with efficiency, effectiveness, and uniformity. Land use regression
(LUR) models were used to measure the relevant indicators for air pollution in Europe,
which include PM; 5, PM, 5 absorbance, PM; 519, PM1g, NO;, and NOy [17]. Other datasets
could also be found in the IEU open GWAS project, including the alcohol-intake frequency
dataset. The NAFLD GWAS summary datasets were derived from three studies that
exclusively included individuals of European descent (GWAS ID: ebi-a-GCST90054782 [18],
ebi-a-GCST90091033 [19], finn-b-NAFLD [20]). Considering the distinct sources of the
queues and different sample overlap ratios of these datasets, we employed the first dataset
as the derivation dataset and the other two datasets as the validation datasets. Consisting
of 10 centers in the United States, the eMERGE Network is a substantial genetic research
establishment. With a population of around 200,000 Estonian adults, the Estonian Biobank
is an organized biobank established by the Estonian Genome Center of the University
of Tartu (EGCUT). FinnGen is an extensive research project that integrates inherent gene
data obtained from recently gathered and existing samples from 400,000 participants
in the Finnish biobank. It also incorporates digital health registers to offer innovative
understandings of the genetics of human disorders [20].

The specific information of the datasets, such as cohort sources, diagnostic codes, and
data adjustment methods, is listed in Tables 1 and S1. All documents in this undertaking
originated from the project website and were accessible to the general public. In the
respective original studies, all participants provided informed consent. Therefore, there is
no requirement for additional ethical authorization or a form of informed consent.

Table 1. GWAS data sources of this MR study.

Dataset .
Exposure/Outcome Sample Size or NSNP Unit  Population  Consortium/Cohort  Year
GWAS ID PMID Case/Control
Exposure
PM, 5 ukb-b-10817 E— 423,796 9,851,867 SD European MRC-IEU 2018
PM, 5 absorbance ukb-b-11312 _ 423,796 9,851,867 SD European MRC-IEU 2018
PMa s 10 ukb-b-12963 S 423,796 9,851,867  SD European MRC-IEU 2018
PMyg ukb-b-18469 R 423,796 9,851,867 SD European MRC-IEU 2018
NO, ukb-b-9942 — 456,380 9,851,867 SD European MRC-IEU 2018
NOy ukb-b-12417 e 456,380 9,851,867 SD European MRC-IEU 2018
Alcohol intake ukb-b-5779 — 462,346 9,851,867  SD  European MRC-IEU 2018
frequency
Outcome
ebi-a- .
NAFLD GCST90054782 34535985 4,761/373,227 9,097,254 Event European UK Biobank 2021
eMERGE, UK
ebi-a- Biobank, FinnGen
NAFLD GCST90091033 34841290 8,434/770,180 6,784,388 Event European and Estonian 2021
Biobank
finn-b- .
NAFLD NAFLD —_— 894/217,898 16,380,466 Event European FinnGen 2021

NSNP, number of Single Nucleotide Polymorphisms; PMID, PubMed ID; SD, standard deviation.

2.3. Selection of Instrumental Variables

To satisfy assumption 1, we implemented a selection procedure for the relevant
SNPs for exposure, utilizing a widely recognized threshold of genome-wide significance
(p <5 x 10~8). However, only NO, and NOy exposures yielded an adequate number of
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SNPs. Previous research has suggested a limited potential for weak instrumental variable
bias in MR analysis when employing linear regression of each genetic variant on risk
variables at a screening threshold of p < 1 x 1072 [21]. Based on the extant literature on
MR studies related to PM; 5, we discovered that the threshold values for screening IVs
were setatp <1 X 10-°, p<5Xx 107, or even p<1x 10~°, which exceeded the usual
range. As a result, we performed MR operations under two different threshold conditions
(p<1x10"%and p <1 x 10~°) to acquire a sufficient quantity of SNPs. The independence
of SNPs was verified by implementing rigorous inclusion criteria (r> < 0.001; clumping
window, 10,000 kb) without a proxy SNP in linkage disequilibrium. A harmonization
procedure was undertaken to ascertain positive strand alleles and employ allele frequencies
for palindromes as a means of quality control by R software.

To fulfill assumption 2, we used the PhenoScanner (http://www.phenoscanner.m
edschl.cam.ac.uk/) and GWASCatalog (https://www.ebi.ac.uk/gwas/) tools (accessed
on 25 December 2023) to determine if there was a significant correlation between IVs and
the risk factors associated with NAFLD, including smoking, alcohol, BMI, T2DM, blood
pressure, education, and other factors that had been confirmed to have a causal relationship
with NAFLD in MR analyses published so far. For detailed information, please refer to
Table S3. When one SNP was mixed with multiple variables, only the variable with the
lowest p-value or the strongest level of clinical evidence was listed in the table.

To meet assumption 3, we used the above tools and conducted MR Steiger filtering to
monitor the direction of causation [22] and calculated the proportions of variance explained
by exposures (R?) relying on prior investigations. In addition, the F-statistic (F = p?/SE?)
for each SNP listed in Table S2 was calculated to present the strength of IVs, and a value
greater than 10 was deemed satisfactory, indicating poor chances of weak instrumental
bias [23].

2.4. Mendelian Randomization Analysis

The primary approach used for evaluating the causal relationship was the inverse
variance weighted (IVW) method, which employed an odds ratio (OR) as the effect value.
In MR analysis, IVW employs a single genetic IV to estimate the causal effect using the Wald
ratio. After that, several evaluations are meta-analyzed using a fixed-effect model, ensuring
a reliable estimation of causality without directed pleiotropy. This approach is commonly
employed and referenced in studies [21,24]. To improve accuracy and stability, we enhanced
our verification by incorporating the MR-Egger regression, weighted median, weighted
mode, simple mode, and MR Robust Adjusted Profile Score (MR-RAPS). By utilizing MR-
RAPS, it becomes possible to incorporate numerous weak instruments that fall below the
typical GWAS threshold, thereby enhancing the dependability of Cochran’s Q-statistic in
detecting heterogeneity caused by pleiotropy. This is especially beneficial in reducing the
false positive (or type I error) rate. Online calculations were performed to estimate the bias
and type I error rate of MR with sample overlap (https:/ /sb452.shinyapps.io/overlap/,
accessed on 31 December 2023). Post hoc power calculations [25] for IVW-MR estimates
were produced using an online MR power calculation tool (https:/ /sb452.shinyapps.io/p
ower/, accessed on 31 December 2023). Moreover, to mitigate the influence of variables
that may distort the results in UVMR, MVMR was utilized to assess the relationship among
exposures, confounding factors, and outcomes.

2.5. Sensitivity Analysis

Sensitivity analyses encompassed three components and were executed using sev-
eral methods. Initially, we assessed the heterogeneity by employing Cochran’s Q test for
the IVW approach, and a p-value less than 0.05 indicated the presence of heterogeneity
among the chosen IVs [21,26]. In addition, we assessed horizontal pleiotropy by employing
MR-Egger regression and MR-pleiotropy residual sum and outlier (MR-PRESSO) [27] to
ensure compliance with assumptions 2 or 3. The MR-Egger regression model enables the
estimation of corrected pleiotropic effects in a causal manner, assessing the null causality
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assumption based on the InSIDE (instrument strength independent of direct effect) assump-
tion. When the p-value of the MR-Egger intercept was less than 0.05, we deemed the impact
of SNPs linked to exposure factors on outcomes to be untrustworthy. The MR-PRESSO
algorithm allows for a systematic evaluation of the impact of pleiotropy and identifies
exceptional SNPs, while also offering a causal estimation by eliminating associated outliers.
Thirdly, we employed the leave-one-out permutation test [28] to test if our findings were
impacted by a specific SNP in order to eliminate chance errors from the selection of IVs. If
the results of the MR study were significantly altered by excluding a single SND, it suggests
that this particular SNP might have a direct association with the results, thereby violating
assumption 3.

If heterogeneity was detected without pleiotropy, the weight median method or the
multiplicative random-effects inverse variance weighting (mre-IVW) method was chosen
for analysis. If there was identification of horizontal pleiotropy but no heterogeneity, the
MR-Egger method was chosen. While the MR-Egger method is recognized for its resilience
against pleiotropy, it is also influenced by diminished statistical accuracy and increased
likelihood of Type I error in practical applications [29]. Therefore, if the IVW approach
yielded a significant outcome without any detected pleiotropy or heterogeneity, while the
outcomes of alternative methods were not significant but exhibited beta values in the same
direction, it could be considered a favorable outcome. Additionally, to provide further
clarification, scatter plots, forest plots, and funnel plots were generated.

2.6. Statistical Analysis

R software (version 4.3.0) was utilized for all analyses, employing the packages
“TwoSampleMR” (version 0.5.7), “MRPRESSO,” and “MR.RAPS”. The level of statis-
tical significance for evidence was established at p < 0.05. It is important to acknowledge
that no correction methods for multiple testing were employed. After taking into account
the possible constraints of implementing corrections, such as the Bonferroni correction, this
choice was made, as it may severely limit the detection of causal relationships. Multiple
test corrections are not always applicable, particularly in exploratory studies [30]. Due
to the investigative character of our study, which sought to reveal fresh associations and
impacts, the application of various test adjustment techniques was considered unsuitable
for accomplishing our goals.

3. Results
3.1. UVMR Results in the Derivation Dataset

In the UVMR analysis of the derivation set, the screening threshold was set at
p < 1x107° (as indicated in Table 2), and SNPs associated with confounding factors
or NAFLD were excluded. The genetic prediction indicated that PM, 5 was linked to
a higher risk of NAFLD (OR = 4.83, 95% CI = [1.03-22.65], Pweighted median = 0.046),
with heterogeneity observed and no evidence of pleiotropy. Based on the leave-one-out
plot illustrated in Figure 2, it was observed that rs1318845 stood out as an anomalous
SNP. After removing it, the UVMR calculation was performed again. Currently, the IVW
approach yielded a positive outcome (OR = 4.26, 95% CI = [1.24-14.64], Pryw = 0.021), with
the absence of heterogeneity or pleiotropy. Figure 2 displays the scatter plots, funnel plots,
and leave-one-out plots.

In the analysis of the derivation set using the UVMR set at p < 1 x 107> (shown
in Table 3 and Figure 3), it was observed that PM,5 and NO, had a connection with
NAFLD (OR = 1.99, 95% CI = [1.22-3.22], Pyw = 0.005; OR = 2.08, 95% CI = [1.27-3.40],
Prvw-mre = 0.004, respectively).

Moreover, there was no observed association between NAFLD and PM; 5 absorbance,
which served as a substitute for carbonaceous elements in PM; 5. Table S4 showed that,
when using the IVW, weighted median, MR-Egger, simple mode, weighted mode, and
MR-RAPS methods, there was no indication of a causal connection between NAFLD
and other air pollutants (IVW method, PM; 5 absorbance: p = 0.503; PM,5_10: p = 0.813;
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PMj: p = 0.124; IVW-mre method, NOy: p = 0.159). Table 54 displays the outcomes of the
prejudice and type I error rates in MR with sample overlap, along with post hoc power
calculations. Steiger-MR found that the SNPs accounted for a greater amount of variability
in exposure compared to the outcome.
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Figure 2. Scatter plots, funnel plots, and leaveone-out plots for causal SNP effects of PM; 5 on non-
alcoholic fatty liver disease in the derivation dataset at level p <1 x 10~°. (A) Scatter plot (B) Funnel
plot (C) Leave-one-out plot for the exposure of PM, 5 before removing outlier-SNP. (D) Scatter plot

(E) Funnel plot (F) Leave-one-out plot for the exposure of PMj 5 after removing outlier-SNP. The error

bars indicate the 95% confidence interval (CI).
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Table 2. MR analytical results of air pollution on NAFLD in the derivation dataset at level
p<1x107°.

F Statistic p (Cochran’s  p (MR-Egger p (MR-
Exposure Method OR (95% CI) p NSNP Median Q Hetero- Intercept PRESSO
(Min, Max) geneity Test) Test) Global Test)
VW 2.88 (0.73-11.33) 0.129
MR Egger 9.33 (0.25-347.19) 0.251 26.0
PM;5 Weighted median 4.83 (1.03-22.65) 0.046 13 241 '30 1) 0.027 0.504 0.030
IVW-mre 2.88 (0.73-11.33) 0.129 A
MR-RAPS 3.11 (1.12-8.60) 0.029
IVW 4.26 (1.24-14.64) 0.021
PM, 5 MR Egger 6.53 (0.26-163.21) 0.280 25.9
(Outlier- Weighted median 5.59 (1.27-24.63) 0.023 12 241 '30 1) 0.147 0.783 0.173
corrected) IVW-mre 4.26 (1.24-14.64) 0.021 e
MR-RAPS 4.59 (1.56-13.44) 0.006
Note: NSNP, number of Single Nucleotide Polymorphisms.
Table 3. MR analytical results of air pollution on NAFLD in the derivation dataset at level
p<1x107°.
F Statistic p (Cochran’s  p (MR-Egger p (MR-
Exposure Method OR (95% CI) p NSNP Median Q Hetero- Intercept PRESSO
(Min, Max) geneity Test) Test) Global Test)
VW 1.99 (1.22-3.22) 0.005
MR Egger 1.08 (0.30-3.88) 0.908 211
PM, 5 Weighted median 1.94 (0.98-3.80) 0.055 72 (196 '30 1) 0.321 0.317 0.313
IVW-mre 1.99 (1.22-3.22) 0.005 e
MR-RAPS 2.06 (1.26-3.35) 0.004
VW 2.08 (1.27-3.40) 0.004
MR Egger 5.63 (1.58-20.07) 0.009 2”1
NO, Weighted median 1.76 (0.92-3.36) 0.085 89 (195 '37 8) 0.028 0.099 0.031
IVW-mre 2.08 (1.27-3.40) 0.004 e
MR-RAPS 2.17 (1.39-3.40) 0.001

Note: NSNP, number of Single Nucleotide Polymorphisms.

3.2. MVMR Results in the Derivation Dataset

To account for the influence caused by the interaction of PM,5 and NO,, we con-
ducted an MVMR analysis simultaneously considering PM; 5 and NO, as exposures. As
a result, the causal effects of PM; 5 and NO, on NAFLD were absent after conducting
MVMR analysis (OR = 1.42, 95% CI: 0.24-8.57, p = 0.701; OR = 1.49, 95% CI: 0.24-9.33,
p = 0.668; respectively). At the same time, we accounted for the frequency of alcohol
intake as a modifying factor for the relationship between air pollution and NAFLD risk.
Subsequently, the MVMR analysis depicted in Figure 4 revealed that the connections be-
tween PMj, 5 and NO, with NAFLD (OR = 1.76, 95% CI = [0.98-3.14], p = 0.057; OR = 1.54,
95% CI = [0.84-2.80], p = 0.159, respectively) contradicted the estimates obtained from the
UVMR analysis.

3.3. UVMR Results in the Validation Datasets

For further validation, we used two outcome datasets with different sample overlap
ratios to perform UVMR. In the UVMR analysis of validation sets at p < 1 x 107>, we found
no causal relationship between PM; 5, NO;, and NAFLD using all MR methods (shown in
Table S4). Steiger-MR found that the SNPs accounted for a greater amount of variability in
exposure compared to the outcome.
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Figure 3. Scatter plots for visualizing the causal effects of air pollution on NAFLD in the derivation
dataset at level p < 1 x 107°. (A-F) Scatter plots for the exposure of PM; 5, PM; 5 absorbance,
PM; 519, PMyg, nitrogen dioxide, and nitrogen oxides, respectively. Each black point representing
each SNP effect on the exposure (horizontal-axis) and outcome (vertical-axis) is plotted with error
bars corresponding to standard error. The slope of each line corresponds to the combined estimate
using different methods: inverse variance weighted (light blue line), MR-Egger (blue line), simple
mode (light green line), weighted median (green line), and weighted mode (pink line).

Exposure Outcome OR(95%Cl) p

PM2.5 ebi-a-GCST90091033 0.93(0.63 to 1.37) '—0:—' 0.704
PM2.5 finn-b-NAFLD 0.91(0.38 to 2.16) —e——20.824
PM2.5 adjusted for nitrogen dioxide ebi-a-GCST90054782 1.42(0.24 to 8.57) -—;—o—-OJm
PM2.5 adjusted for alcohol intake frequency ebi-a-GCST90054782 1.76(0.98 to 3.14) ':—'—’0‘057
Nitrogen dioxide ebi-a-GCST90091033 0.91(0.63 to 1.33) —— 0.630
Nitrogen dioxide finn-b-NAFLD 0.92(0.37 to 2.26) ——e———————»0.856
Nitrogen dioxide adjusted for PM2.5 ebi-a-GCST90054782 1.49(0.24 t0 9.33) '—:O—DO 668

)

Nitrogen dioxide adjusted for alcohol intake frequency ebi-a-GCST90054782 1.54(0.84 to 2.80

Figure 4. UVMR results of PM, 5 and Nitrogen dioxide on NAFLD in the validation datasets and
MVMR results in the derivation dataset at level p <1 X 10~°. UVMR, univariable Mendelian
randomization; MVMR, multivariable Mendelian randomization.

4. Discussion

Epidemiological studies on air pollution and NAFLD have been conducted around
the world. Research from Asia presented consistent results. In two separate studies,
which included 23,170 and 90,086 Chinese individuals, it was discovered that different
air pollutants were linked to advanced liver fibrosis (ALF) in patients with metabolic-
associated fatty liver disease (MAFLD) and increased odds of MAFLD itself. Notably,
PM, 5 emerged as the primary factor in these associations [31,32]. A study conducted
in Taiwan involving around 35,000 Chinese Taiwanese individuals revealed that being
exposed to PM, 5 was linked to a higher chance of developing NAFLD [33]. Additionally,
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a separate study with 351,852 participants discovered that prolonged exposure to PM; 5
might lead to higher levels of liver enzymes, particularly alanine aminotransferase (ALT)
and y-glutamyl transferase (y-GT) [34]. Liver enzyme increases were also found to be
linked to exposure to PM;y and CO in Korea [35]. Research from western countries pre-
sented contradictory results. According to research involving 2513 individuals from the
Framingham (Massachusetts) Offspring Study and Third Generation Cohort, residing in
proximity to main highways, instead of PM, 5, was found to have a probable connection
with liver fat [36]. Conversely, a study conducted in Germany involving 4814 inhabi-
tants indicated a positive correlation between prolonged exposure to air pollution and
NAFLD. The study found that the most reliable connections were observed between PM; 5
and NAFLD. However, it did not establish a consistent link between air pollution expo-
sure and an increased likelihood of advanced fibrosis [37]. Similarly, research involving
456,687 individuals residing in the United Kingdom discovered that the presence of PM, 5,
PM> 5_10, PMjo, NO,, and NOy in the environment contributed to the additional hazard of
NAFLD linked to air pollution scores. Furthermore, the impact of alcohol consumption
acted as a modifying factor in the connection between these factors, as revealed by sub-
group analysis. After adjusting for alcohol consumption and other covariates in the past
10 years, the majority of associations remained [15]. The derivation set of our study used
the same sample source as the observational study and obtained similar results during the
UVMR process. However, after adjusting for alcohol intake frequency as a confounding
factor through MVMR, the previously discovered association disappeared. One possible
reason was that the exposure sets and derivation outcome set used in this study were
both from the UKB, so the results were affected by confounding factors during the UVMR
process, which often occurred in single-sample Mendelian studies. Although we used
parameter estimates to evaluate possible biases caused by sample overlap, and the results
showed no unacceptable biases or inflated Type I error rates (Table S4), combining the
MVMR results of the derivation set and the UVMR results of the validation sets, we still
considered that the results in the derivation queue were false positive. In other words,
the available data failed to substantiate the hypothesis of a causal association between air
pollutants and NAFLD within the European population. Perhaps this was also the reason
why PM; 5 absorbance, representing the composition of carbon elements, was not found to
have a causal relationship with NAFLD in this study.

However, even so, we cannot completely deny the potential impact of air pollutants on
NAFLD. One possible inference is that there exists a threshold effect, which has sparked dis-
cussion in the field of cardiovascular disease [38]. The PMj; 5 level in the UKB datasets was
9.99 + 1.06 pg/m? (Table S1), with 50% falling below 10 pg/m? and 90% below 12 pug/m?,
which are limits established by the European Union and the United States Environmental
Protection Agency, respectively. The baseline level of air pollutant concentrations might
influence the analysis results, so regional differences may lead to different results.

The significant results in animal models may also be due to this reason. Researchers
found obvious changes in liver morphology and function in mice after short-term exposure
to large amounts of inhalable pollutants, with doses far exceeding those that humans could
come into contact with in their daily lives. For a period of 30 days, Leah J. Schneider et al.
subjected three-month-old male C57Bl/6 mice to either a low-fat or high-fat (HF) diet
and exposed them to either filtered air (FA) or MVE (30 nug/m3 gasoline engine emissions
+ 70 ug/m? diesel engine emissions) for 6 h per day. Histology findings showed that
MVE exposure alone resulted in mild microvesicular steatosis and hepatocyte hypertrophy,
compared to FA controls. Additionally, the mixed effect of HF diet and MVE exposure led
to increased lipid accumulation, inflammatory infiltrates, and hepatocyte hypertrophy [39].
Hui-Hui Tan et al. exposed mice to PM; 5 at an average level of 85 ug/ m?3 for 6 weeks; it
was discovered that exposure to PM significantly enhanced the secretion of IL-6 by isolated
wild-type Kupffer cells. The increase in IL-6 secretion was up to seven times higher and
showed a dependence on the dosage, whereas TLR4~/~ Kupffer cells did not exhibit the
same response. The progression of NAFLD is significantly influenced by the activation of
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TLR in Kupffer cells, which are macrophages residing in the liver, leading to the production
of pro-inflammatory cytokines. Dongxiao Ding et al. verified that a 3-day exposure to
liposoluble extracts of PM, 5 at a concentration of 25 pg/cm? caused the accumulation of
lipids in HepG2 cells. This accumulation was linked to a reduction in the expression of
miR-26a and a subsequent increase in the levels of fatty acid translocase (FAT, or CD36),
whose increase resulted in enhanced uptake of free fatty acids (FFAs) [40].

At present, the disease progression of NAFLD from simple steatosis is elucidated
by the “two-hit” theory. The “first hit” involves reversible and simple fat accumulation
(fatty liver or steatosis). Excessive buildup of triglycerides (TG) in liver cells occurs due to
heightened absorption of lipids and the synthesis of new lipids, inadequate breakdown
of fatty acids oxidation (FAO), and diminished release of lipids [41]. The “second hit”
encompasses various damages and conditions, such as inflammatory cytokines, oxidative
stress, and toxins, promoting the advancement of NAFLD to non-alcoholic steatohepatitis
(NASH), fibrosis, and hepatocellular carcinoma [42]. For example, augmented lipid content
and impaired FAO facilitate the generation of reactive oxygen species and lipophilic lipid
intermediates in hepatic cells, promoting oxidative stress and endoplasmic reticulum
stress. Chronic oxidative stress initiates an inflammatory reaction, primarily through
the activation of the JNK and NF-«B signaling pathways. This results in an increased
production of pro-inflammatory proteins (i.e., IL-6 and TNF-c) transmitted by liver cells
and non-parenchymal cells [43]. The continuous stimulation of pro-inflammatory reactions
sustains a persistent state of inflammation, leading to the enlistment of additional immune
cells and the initiation of cellular apoptosis and other mechanisms of cell demise. Cell
damage and apoptosis can be promoted by non-triglyceride lipid substances, including
long-chain fatty acids, and their products, such as ceramides and diacylglycerols, leading to
the harmful effects of lipid accumulation in liver cells known as lipotoxicity [44]. Extended
exposure to PM2.5 resulted in elevated insulin resistance, impaired glucose tolerance,
peripheral inflammation, and dysarteriotony in mice induced by PM; 5. Moreover, the
hepatic function and lipid accumulation in the liver were significantly influenced by the
inflammation response and oxidative stress, as indicated by previous research [45]. This
phenomenon can be described as a “second hit” for NAFLD. Other air pollutants have also
been tested in animal models. Female mice exposed to NO, experienced elevated levels of
hepatic enzymes in their serum, resulting in liver dysfunction. However, this effect was not
observed in male mice. Furthermore, NO, disrupted the process of glucose metabolism
by decreasing the synthesis of hepatic glycogen and increasing the production of glucose,
while also promoting lipid deposition through increased lipogenesis and uptake. As a
result, it led to elevated levels of lipid oxidation and secretion [46].

Over the last three years, there has been widespread utilization of Mendelian ran-
domization to establish a causal relationship between the two diseases. Recently, there has
been a growing application of this method to investigate the link between pollutants and
diseases. Liu C.X. et al. discovered casual links between PM; 5 and high blood pressure,
T2D, and obesity [47]. Similarly, Li W.J. et al. identified positive associations between
NOy exposure and squamous cell lung cancer as well as esophageal cancer; between NO;
exposure and endometrial cancer as well as ovarian cancer; between PM; 5 exposure and
ER+ breast cancer as well as ER- breast cancer; between PMourse €xposure and glioma;
and between PM;( exposure and mesothelioma as well as esophageal cancer [48]. Ning P.P.
et al. found that PM;g was associated with an increased risk of Alzheimer’s disease [49].
Qiu S.Z. et al. found that, while the link between PM; 5 levels and lifespan was not sta-
tistically significant, PM, 5 exposure indirectly impacts lifespan through factors such as
diastolic blood pressure (DBP), high blood pressure, angina pectoris, high cholesterol, and
Alzheimer’s disease [50].

Our MR study has several advantages. Although there have been clinical cohort
studies focused on air pollutants and NAFLD in various regions, as well as animal studies
using different modeling methods, this is the first study to explore the influence of air pol-
lutants on NAFLD using human GWAS data. Based on previously published authoritative
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epidemiological studies, the derivation set and validation sets were selected within the
same race with different sample overlap rates, making the results comparable. Moreover,
we used different MR methods and threshold conditions in the derivation set for discovery.
At the same time, MVMR was used in the derivation set and UVMR was used in the
validation sets for checking, which deepened the credibility of the results.

This study is subject to certain limitations. Recently, some researchers have questioned
the use of MR to explore the relationship between air pollution and other diseases. The
estimation of air pollutants was typically conducted by utilizing an individual’s residential
address. Au Yeung believes that the use of MR is inappropriate because any genetic associ-
ations with air pollutants could easily be a reflection of hidden confounding, rendering the
positive findings uninterpretable in relation to the research questions originally posed [51].
The application of MR in this article may also face such doubts, but it is still meaningful
due to different study designs and assumption directions. Different from traditional MR,
which attaches importance to evaluating the biological plausibility of genetics, MR in this
article is only used as a mathematical statistical inference method, compared with tradi-
tional regression analysis methods used in epidemiology using the same exposure dataset.
Presently, the prevailing techniques for sampling environmental air pollution rely on fixed-
location and time-sampling methods, with the UKB serving as the most extensively utilized
and expansive database in traditional epidemiological research. There may be varying
degrees of confusion bias due to exposure and outcome datasets coming from the same
source, so this article used two different outcome datasets as validation sets to reduce the
interference of confounding factors. Meanwhile, when traditional epidemiology corrects
confounding factors, the results may also be disrupted due to incomplete correction, so this
article applied MVMR with confounding factor data from the same source as an exposure
dataset for adjustment and obtained different results from the traditional epidemiology.
Different statistical inference methods were used for the same dataset, resulting in different
results and opposite conclusions, which made the finding valuable despite the use of
MR potentially violating the assumption of biocompatibility to some extent. In addition,
the MR analysis was conducted solely on individuals with European heritage, and this
association might vary in individuals of different ancestries such as a South-East Asian
population exposed to different levels of outdoor and indoor air pollution and with differ-
ent distributions of confounders. Additionally, the data sets employed in our research had
constraints regarding the air pollutant constituents. For instance, the absence of explicit
PM; 5 component data in the summarized data hindered our ability to carry out additional
subgroup analyses. Therefore, more research is still needed to determine whether different
air pollutants can increase the risk of NAFLD and how.

5. Conclusions

In conclusion, this MR study provides genetic evidence for a null causal relationship
between air pollution and NAFLD in the European population. Perhaps confounding
elements have played an undeniable role in epidemiological studies that have found
atmospheric pollutants were positively bound up with NAFLD. More human data and
animal experiments are warranted to enhance our understanding in this area.
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factors for NAFLD or NAFLD directly at genome-wide significance level (p < 1 x 107°); Table S4: MR
analytical results of air pollution on NAFLD at different significance levels; STROBE-MR checklist.
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Abbreviations

PM particulate matter

NO, nitrogen dioxide

NOy nitrogen oxides

NAFLD non-alcoholic fatty liver disease

MAFLD metabolic-associated fatty liver disease

MR Mendelian randomization

UVMR univariable Mendelian randomization

MVMR multivariable Mendelian randomization

GWAS Genome-Wide Association Study

SNPs single nucleotide polymorphisms

Vs instrumental variables

OR odds ratio

CI confidence interval

UKB UK Biobank

MRC-IEU UK Medical Research Council Integrative Epidemiology Unit
EGCUT Estonian Genome Center of the University of Tartu
STROBE-MR Strengthening observational studies using Mendelian randomization
MR-RAPS MR-Robust Adjusted Profile Score

MR-PRESSO MR-Pleiotropy RESidual Sum and Outlier
mre-IVW/IVW-mre multiplicative random-effects inverse variance weighting

References

1. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, ].; Bugianesi, E. Global Burden of NAFLD and
NASH: Trends, Predictions, Risk Factors and Prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11-20. [CrossRef] [PubMed]

2. Mantovani, A.; Scorletti, E.; Mosca, A.; Alisi, A.; Byrne, C.D.; Targher, G. Complications, Morbidity and Mortality of Nonalcoholic
Fatty Liver Disease. Metab. Clin. Exp. 2020, 111, 154170. [CrossRef]

3.  Targher, G,; Corey, K.E.; Byrne, C.D.; Roden, M. The Complex Link between NAFLD and Type 2 Diabetes Mellitus—Mechanisms
and Treatments. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 599-612. [CrossRef] [PubMed]

4. Cazac, G.; Lacatusu, C.-M.; Mihai, C.; Grigorescu, E.-D.; Onofriescu, A.; Mihai, B. New Insights into Non-Alcoholic Fatty Liver
Disease and Coronary Artery Disease: The Liver-Heart Axis. Life 2022, 12, 1189. [CrossRef] [PubMed]

5. Jo,S.; Kim, Y.-J.; Park, KW.; Hwang, Y.S.; Lee, S.H.; Kim, B.J.; Chung, S.J. Association of NO2 and Other Air Pollution Exposures
With the Risk of Parkinson Disease. JAMA Neurol. 2021, 78, 800-808. [CrossRef]

6.  Jones, R.R,; Fisher, J.A.; Hasheminassab, S.; Kaufman, J.D.; Freedman, N.D.; Ward, M.H.; Sioutas, C.; Vermeulen, R.; Hoek, G.;
Silverman, D.T. Outdoor Ultrafine Particulate Matter and Risk of Lung Cancer in Southern California. Am. J. Respir. Crit. Care
Med. 2024, 209, 307-315. [CrossRef] [PubMed]

7. Chen, J.; Dan, L.; Sun, Y.; Yuan, S.; Liu, W.; Chen, X; Jiang, E; Fu, T.; Zhang, H.; Deng, M.; et al. Ambient Air Pollution and Risk
of Enterotomy, Gastrointestinal Cancer, and All-Cause Mortality among 4,708 Individuals with Inflammatory Bowel Disease: A
Prospective Cohort Study. Environ. Health Perspect. 2023, 131, 77010. [CrossRef]

8.  Kentros, PA.; Huang, Y.; Wylie, B.].; Khoury-Collado, F.; Hou, ].Y.; de Meritens, A.B.; St Clair, C.M.; Hershman, D.L.; Wright, J.D.

Ambient Particulate Matter Air Pollution Exposure and Ovarian Cancer Incidence in the USA: An Ecological Study. BJOG 2023,
131, 690-698. [CrossRef]

102



Toxics 2024, 12,228

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Li, Y; Fan, Z.; Lu, W,; Xu, R.; Liu, T;; Liu, L.; Chen, G.; Lv, Z,; Huang, S.; Zhou, Y.; et al. Long-Term Exposure to Ambient
Fine Particulate Matter-Bound Polycyclic Aromatic Hydrocarbons and Cancer Mortality: A Difference-in-Differences Approach.
Chemosphere 2023, 340, 139800. [CrossRef]

Cohen, A.].; Brauer, M,; Burnett, R.; Anderson, H.R.; Frostad, J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dandona,
R.; et al. Estimates and 25-Year Trends of the Global Burden of Disease Attributable to Ambient Air Pollution: An Analysis of
Data from the Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907-1918. [CrossRef]

Zhao, N.; Wu, W.; Feng, Y.; Yang, F; Han, T.; Guo, M.; Ren, Q.; Li, W; Li, ].; Wang, S.; et al. Polymorphisms in Oxidative Stress,
Metabolic Detoxification, and Immune Function Genes, Maternal Exposure to Ambient Air Pollution, and Risk of Preterm Birth
in Taiyuan, China. Environ. Res. 2021, 194, 110659. [CrossRef]

Kim, J.H.; Lee, S.; Hong, Y.-C. Modification Effect of PARP4 and ERCC1 Gene Polymorphisms on the Relationship between
Particulate Matter Exposure and Fasting Glucose Level. Int. ]. Environ. Res. Public. Health 2022, 19, 6241. [CrossRef]

Yang, S.-1.; Kim, B.-].; Lee, S.-Y.; Kim, H.-B.; Lee, C.M.; Yu, J.; Kang, M.-].; Yu, H.-S.; Lee, E.; Jung, Y.-H.; et al. Prenatal Particulate
Matter/Tobacco Smoke Increases Infants’ Respiratory Infections: COCOA Study. Allergy Asthma Immunol. Res. 2015, 7, 573-582.
[CrossRef]

Emdin, C.A.; Khera, A.V.; Kathiresan, S. Mendelian Randomization. JAMA 2017, 318, 1925-1926. [CrossRef]

Li, E-R; Liao, J.; Zhu, B.; Li, X,; Cheng, Z.; Jin, C.; Mo, C.; Wu, X; Li, Q.; Liang, F. Long-Term Exposure to Air Pollution and
Incident Non-Alcoholic Fatty Liver Disease and Cirrhosis: A Cohort Study. Liver Int. 2023, 43, 299-307. [CrossRef] [PubMed]
Skrivankova, V.W.; Richmond, R.C.; Woolf, B.A.R.; Davies, N.M.; Swanson, S.A.; VanderWeele, T.J.; Timpson, N.J.; Higgins, ] PT,;
Dimou, N.; Langenberg, C.; et al. Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian
Randomisation (STROBE-MR): Explanation and Elaboration. BM] 2021, 375, n2233. [CrossRef] [PubMed]

Eeftens, M.; Beelen, R.; de Hoogh, K_; Bellander, T.; Cesaroni, G.; Cirach, M.; Declercq, C.; Dédele, A.; Dons, E.; de Nazelle, A.;
et al. Development of Land Use Regression Models for PM(2.5), PM(2.5) Absorbance, PM(10) and PM(Coarse) in 20 European
Study Areas; Results of the ESCAPE Project. Environ. Sci. Technol. 2012, 46, 11195-11205. [CrossRef]

Fairfield, C.J.; Drake, T.M.; Pius, R.; Bretherick, A.D.; Campbell, A.; Clark, D.W.; Fallowfield, ].A.; Hayward, C.; Henderson, N.C.;
Joshi, PK.; et al. Genome-Wide Association Study of NAFLD Using Electronic Health Records. Hepatol. Commun. 2022, 6, 297-308.
[CrossRef]

Ghodsian, N.; Abner, E.; Emdin, C.A.; Gobeil, E.; Taba, N.; Haas, M.E.; Perrot, N.; Manikpurage, H.D.; Gagnon, E,; Bourgault,
J.; et al. Electronic Health Record-Based Genome-Wide Meta-Analysis Provides Insights on the Genetic Architecture of Non-
Alcoholic Fatty Liver Disease. Cell Rep. Med. 2021, 2, 100437. [CrossRef] [PubMed]

Kurki, M.I; Karjalainen, J.; Palta, P; Sipild, T.P.; Kristiansson, K.; Donner, K.M.; Reeve, M.P; Laivuori, H.; Aavikko, M.; Kaunisto,
M.A.; et al. FinnGen Provides Genetic Insights from a Well-Phenotyped Isolated Population. Nature 2023, 613, 508-518. [CrossRef]
Burgess, S.; Butterworth, A.; Thompson, S.G. Mendelian Randomization Analysis with Multiple Genetic Variants Using Summa-
rized Data. Genet. Epidemiol. 2013, 37, 658-665. [CrossRef]

Hemani, G; Tilling, K.; Davey Smith, G. Orienting the Causal Relationship between Imprecisely Measured Traits Using GWAS
Summary Data. PLoS Genet. 2017, 13, e1007081. [CrossRef]

Thompson, S.B.; Simon, G. Mendelian Randomization: Methods for Causal Inference Using Genetic Variants, 2nd ed.; Chapman and
Hall/CRC: New York, NY, USA, 2021; ISBN 978-0-429-32435-2.

Slob, E.A.W.; Burgess, S. A Comparison of Robust Mendelian Randomization Methods Using Summary Data. Genet. Epidemiol.
2020, 44, 313-329. [CrossRef] [PubMed]

Brion, M.-J.A.; Shakhbazov, K.; Visscher, PM. Calculating Statistical Power in Mendelian Randomization Studies. Int. |. Epidemiol.
2013, 42, 1497-1501. [CrossRef]

Greco, M.ED.; Minelli, C.; Sheehan, N.A.; Thompson, J.R. Detecting Pleiotropy in Mendelian Randomisation Studies with
Summary Data and a Continuous Outcome. Stat. Med. 2015, 34, 2926-2940. [CrossRef] [PubMed]

Verbanck, M.; Chen, C.-Y.; Neale, B.; Do, R. Detection of Widespread Horizontal Pleiotropy in Causal Relationships Inferred from
Mendelian Randomization between Complex Traits and Diseases. Nat. Genet. 2018, 50, 693-698. [CrossRef] [PubMed]

Burgess, S.; Bowden, J.; Fall, T.; Ingelsson, E.; Thompson, S.G. Sensitivity Analyses for Robust Causal Inference from Mendelian
Randomization Analyses with Multiple Genetic Variants. Epidemiology 2017, 28, 30—-42. [CrossRef] [PubMed]

Burgess, S.; Thompson, S.G. Interpreting Findings from Mendelian Randomization Using the MR-Egger Method. Eur. ]. Epidemiol.
2017, 32, 377-389. [CrossRef]

Gelbard, R.B.; Cripps, M.W. Pitfalls in Study Interpretation. Surg. Infect. (Larchmt) 2021, 22, 646-650. [CrossRef]

Xing, Y,; Gao, X.; Li, Q.; Li, X.;; Wang, Y.; Yang, Y.; Yang, S.; Lau, PW.C.; Zeng, Q.; Wang, H. Associations between Exposure
to Ambient Particulate Matter and Advanced Liver Fibrosis in Chinese MAFLD Patients. |. Hazard. Mater. 2023, 460, 132501.
[CrossRef]

Guo, B.; Guo, Y,; Nima, Q.; Feng, Y.; Wang, Z.; Lu, R.; Baimayangji; Ma, Y.; Zhou, J.; Xu, H.; et al. Exposure to Air Pollution
Is Associated with an Increased Risk of Metabolic Dysfunction-Associated Fatty Liver Disease. J. Hepatol. 2022, 76, 518-525.
[CrossRef]

Sun, S.; Yang, Q.; Zhou, Q.; Cao, W.; Yu, S.; Zhan, S.; Sun, F. Long-Term Exposure to Air Pollution, Habitual Physical Activity and
Risk of Non-Alcoholic Fatty Liver Disease: A Prospective Cohort Study. Ecotoxicol. Environ. Saf. 2022, 235, 113440. [CrossRef]
[PubMed]

103



Toxics 2024, 12,228

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zhang, Z.; Guo, C.; Chang, L.-Y;; Bo, Y,; Lin, C.; Tam, T.; Hoek, G.; Wong, M.C.; Chan, T.-C.; Lau, A.K; et al. Long-Term Exposure
to Ambient Fine Particulate Matter and Liver Enzymes in Adults: A Cross-Sectional Study in Taiwan. Occup. Environ. Med. 2019,
76,488-494. [CrossRef] [PubMed]

Kim, H.-J.; Min, J.-Y,; Seo, Y.-S.; Min, K.-B. Association of Ambient Air Pollution with Increased Liver Enzymes in Korean Adults.
Int. ]. Environ. Res. Public. Health 2019, 16, 1213. [CrossRef]

Li, W,; Dorans, K.S.; Wilker, E.H.; Rice, M.B.; Long, M.T.; Schwartz, J.; Coull, B.A.; Koutrakis, P; Gold, D.R.; Fox, C.S,; et al.
Residential Proximity to Major Roadways, Fine Particulate Matter, and Hepatic Steatosis. Am. J. Epidemiol. 2017, 186, 857-865.
[CrossRef]

Matthiessen, C.; Glaubitz, L.; Lucht, S.; Kélsch, J.; Luedde, T.; Erbel, R.; Stang, A.; Schmidt, B.; Friedman, S.L.; Canbay, A.;
et al. Long-Term Exposure to Air Pollution and Prevalent Nonalcoholic Fatty Liver Disease. Environ. Epidemiol. 2023, 7, €268.
[CrossRef]

Liang, X.; Liang, L.; Fan, Y. Two-Sample Mendelian Randomization Analysis Investigates Ambient Fine Particulate Matter’s
Impact on Cardiovascular Disease Development. Sci. Rep. 2023, 13,20129. [CrossRef]

Schneider, L.J.; Santiago, I.; Johnson, B.; Stanley, A.H.; Penaredondo, B.; Lund, A K. Histological Features of Non-Alcoholic Fatty
Liver Disease Revealed in Response to Mixed Vehicle Emission Exposure and Consumption of a High-Fat Diet in Wildtype
C57Bl/6 Male Mice. Ecotoxicol. Environ. Saf. 2023, 261, 115094. [CrossRef]

Ding, D; Ye, G.; Lin, Y; Lu, Y.; Zhang, H.; Zhang, X.; Hong, Z.; Huang, Q.; Chi, Y.; Chen, J.; et al. MicroRNA-26a-CD36 Signaling
Pathway: Pivotal Role in Lipid Accumulation in Hepatocytes Induced by PM2.5 Liposoluble Extracts. Environ. Pollut. 2019, 248,
269-278. [CrossRef] [PubMed]

Powell, E.E.; Wong, V.W.-S; Rinella, M. Non-Alcoholic Fatty Liver Disease. Lancet 2021, 397, 2212-2224. [CrossRef]

Luci, C.; Bourinet, M.; Leclére, PS.; Anty, R.; Gual, P. Chronic Inflammation in Non-Alcoholic Steatohepatitis: Molecular
Mechanisms and Therapeutic Strategies. Front. Endocrinol. 2020, 11, 597648. [CrossRef]

Monserrat-Mesquida, M.; Quetglas-Llabrés, M.; Abbate, M.; Montemayor, S.; Mascar6, C.M.; Casares, M.; Tejada, S.; Abete, I.;
Zulet, M.A,; Tur, ].A,; et al. Oxidative Stress and Pro-Inflammatory Status in Patients with Non-Alcoholic Fatty Liver Disease.
Antioxidants 2020, 9, 759. [CrossRef] [PubMed]

Mendez-Sanchez, N.; Cruz-Ramon, V.C.; Ramirez-Perez, O.L.; Hwang, J.P.; Barranco-Fragoso, B.; Cordova-Gallardo, ]. New
Aspects of Lipotoxicity in Nonalcoholic Steatohepatitis. Int. J. Mol. Sci. 2018, 19, 2034. [CrossRef] [PubMed]

Xu, M.-X,; Ge, C.-X,; Qin, Y.-T;; Gu, T.-T.; Lou, D.-S; Li, Q.; Hu, L.-F; Feng, J.; Huang, P.; Tan, ]J. Prolonged PM2.5 Exposure
Elevates Risk of Oxidative Stress-Driven Nonalcoholic Fatty Liver Disease by Triggering Increase of Dyslipidemia. Free Radic.
Biol. Med. 2019, 130, 542-556. [CrossRef]

Li, D, Ji, S,; Guo, Y.; Sang, N. Ambient NO2 Exposure Sex-Specifically Impairs Myelin and Contributes to Anxiety and
Depression-like Behaviors of C57BL/6] Mice. J. Hazard. Mater. 2021, 416, 125836. [CrossRef]

Liu, C.-X,; Liu, Y.-B.; Peng, Y.; Peng, J.; Ma, Q.-L. Causal Effect of Air Pollution on the Risk of Cardiovascular and Metabolic
Diseases and Potential Mediation by Gut Microbiota. Sci. Total Environ. 2023, 912, 169418. [CrossRef] [PubMed]

Li, W.; Wang, W. Causal Effects of Exposure to Ambient Air Pollution on Cancer Risk: Insights from Genetic Evidence. Sci. Total
Environ. 2023, 912, 168843. [CrossRef]

Ning, P; Guo, X.; Qu, Q.; Li, R. Exploring the Association between Air Pollution and Parkinson’s Disease or Alzheimer’s Disease:
A Mendelian Randomization Study. Environ. Sci. Pollut. Res. Int. 2023, 30, 123939-123947. [CrossRef]

Qiu, S.; Hu, Y;; Liu, G. Mendelian Randomization Study Supports the Causal Effects of Air Pollution on Longevity via Multiple
Age-Related Diseases. npj Aging 2023, 9, 29. [CrossRef]

Au Yeung, S.L.; Gill, D. Concerns over Using the Mendelian Randomization Design to Investigate the Effect of Air Pollution. Sci.
Total Environ. 2024, 917, 170474. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

104



toxics MoPY

Article

Lipid Dysregulation Induced by Gasoline and Diesel Exhaust
Exposure and the Interaction with Age

Yutong Gao !, Xinzhuo Zhang 2, Xinting Li !, Jinsheng Zhang !, Zongyan Lv !, Dongping Guo !, Hongjun Mao !
and Ting Wang 1*

Tianjin Key Laboratory of Urban Transport Emission Research, State Environmental Protection Key
Laboratory of Urban Ambient Air Particulate Matter Pollution Prevention and Control, College of
Environmental Science and Engineering, Nankai University, Tianjin 300071, China

Department of Visual Optics Medicine, Tianjin Medical University, Tianjin 300070, China
Correspondence: wangting@nankai.edu.cn

Abstract: Limited knowledge exists regarding gasoline and diesel exhaust effects on lipid metabolism.
This study collected gasoline and diesel exhaust under actual driving conditions and conducted
inhalation exposure on male young and middle-aged C57BL/6] mice for 4 h/day for 5 days to
simulate commuting exposure intensity. Additionally, PM; 5 from actual roadways, representing
gasoline and diesel vehicles, was generated for exposure to human umbilical vein endothelial cells
(HUVECs) and normal liver cells (LO2) for 24, 48, and 72 h to further investigate exhaust particle
toxicity. Results showed that diesel exhaust reduced total cholesterol and low-density lipoprotein
cholesterol levels in young mice, indicating disrupted lipid metabolism. Aspartate aminotransferase
and alanine aminotransferase levels increased by 53.7% and 21.7%, respectively, suggesting potential
liver injury. Diesel exhaust exposure decreased superoxide dismutase and increased glutathione
peroxidase levels. Cell viability decreased, and reactive oxygen species levels increased in HUVECs
and LO2 following exposure to exhaust particles, with dose- and time-dependent effects. Diesel ex-
haust particles exhibited more severe inhibition of cell proliferation and oxidative damage compared
to gasoline exhaust particles. These findings provide novel evidence of the risk of disrupted lipid
metabolism due to gasoline and diesel exhaust, emphasizing the toxicity of diesel exhaust.

Keywords: gasoline exhaust; diesel exhaust; lipid metabolism; liver function; oxidative stress

1. Introduction

Road traffic represents a major source of air pollutants in cities, exposing pedestrians
and vehicle passengers to high concentrations of locally generated pollutants [1]. Various
air pollutants are emitted from road vehicles, including but not limited to black carbon (BC),
elemental carbon (EC), carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx),
nitrogen dioxide (NOy), fine particulate matter (PMj 5, aerodynamic diameter of <2.5 um),
etc., which contribute to the complexity of pollution compositions and concentrations of
vehicle exhausts. Fuel type is one of the main influence factors of air pollutants derived
from vehicle emission [2,3]. The most common fuel in private road passenger transport
is gasoline, whereas diesel is the most common fuel in public road passenger and freight
transit [4]. Most of the existing heavy-duty vehicles and some types of medium- and
light-duty vehicles, including public buses, trucks, machinery, etc., are run with diesel [5].
Diesel vehicles emit a higher proportion of BC and NOx compared to gasoline vehicles [6].
The study in an exemplary emission hotspot of Germany’s North Rhine-Westphalia has
shown that diesel vehicles contribute 71% of PM; (of an aerodynamic diameter of <10 um)
emissions and 91% of NOx emissions, while gasoline vehicles contribute 29% of PMyg
emissions and 9% of NOx emissions [7]. In China, it is reported that gasoline vehicles are
responsible for 80.9% of CO, 77.6% of HC and 4.8% of NOx from total vehicle emissions,
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while 18.0% of CO, 11.4% of HC, 88.8% of NOx and >99% of PM are produced by diesel
vehicles, according to the China Mobile Source Environmental Management Annual Report
in 2021 (https:/ /www.mee.gov.cn/hjzl/sthjzk/ydyhjgl /202109 /t20210910_920787.shtml
accessed on 1 August 2023).

Epidemiological studies have suggested the adverse health effects of diesel and gaso-
line exhaust exposure [8-12]. Recent experimental studies have mainly focused on the
health impacts induced by diesel exhaust particles. In a study by Vesterdal et al. [13],
in vivo and in vitro experiments using liver cells demonstrated oxidative stress and lipid
accumulation following exposure to diesel exhaust particles. Through an in vitro cell study,
Tseng et al. [14] found that inhalation of diesel exhaust particles induced oxidative stress
in endothelial cells, leading to endothelial cell apoptosis. Lung exposure to diesel engine
exhaust particles (DEP) has been associated with oxidative stress and lipid accumulation
in the livers of obese diabetic mice [15]. In vivo studies by Miller et al. [16] demonstrated
increased atherosclerotic plaque size and plasma lipid peroxidation in mice exposed to DEP.
An in vitro cell study on gasoline exhaust particles showed that ultrafine particles present
in gasoline exhaust also induced significant oxidative stress, lipid peroxidation, and cell
inflammation [17]. In summary, the primary mechanism may involve the induction of
inflammation and oxidative stress [18,19], with reactive oxygen species (ROS) generated by
oxidative stress leading to the release of vascular permeability factor/vascular endothelial
growth factor A, which affects the permeability of intercellular adhesion junctions [20].
Subsequently, particles may pass through the vascular endothelial-calcium-VE-cadherin
network and enter the circulatory system [21], potentially affecting lipid metabolism in the
human body. In actual situations, the penetration of gasoline and diesel fuels is diverse
among on-road vehicle fleets in different regions. The different fuel-type compositions of
vehicle fleets cause spatial variability in exhaust emissions, which may result in varying
degrees of health effects [22]. In the downtown area, the vehicle fleet is mainly composed of
gasoline vehicles, while there is a considerable proportion of diesel vehicles in the suburban
area [23]. Therefore, in the real world, there are significant differences in the health effects
of traffic-related air pollution on people living in downtown and suburban areas. However,
there is still a lack of direct and comprehensive comparison of the health effects of gasoline
and diesel emissions exposure under actual traffic exposure levels.

Lipid metabolism plays a critical role in the synthesis, breakdown, and utilization
of fats in the human body, which is crucial for maintaining energy balance and storing
body fat. Abnormal lipid metabolism is closely associated with metabolic diseases such as
diabetes [24] and cardiovascular diseases, including coronary heart disease, myocardial
infarction, and stroke [25], potentially leading to lipid deposition in arterial walls and
the development of atherosclerosis. Lipid metabolism abnormalities may interact with
inflammatory and oxidative stress conditions [25], forming a vicious cycle that accelerates
disease progression. In addition, the lipid metabolism undergoes alteration with advancing
age [26,27]. With the aging process, the cell’s protective ability degrades. The aging process
induces the progressive degeneration of cell protective ability, leading to well-defined phe-
notypic changes in blood vessels and a heightened susceptibility to cardiovascular system
diseases [28]. Moreover, young individuals are in a developmental stage characterized
by hormonal fluctuations and rapid maturation of organ systems; their lipid metabolism
systems are typically more sensitive, which implies that metabolic processes are vulnerable
to environmental perturbations during puberty [29]. Existing evidence has proven that age
is one of the most important factors in the health effects of environmental pollutants [30,31].
However, the comparative study of the impacts of exposure to diesel and gasoline exhaust
on lipid metabolism remains unclear. Furthermore, study of the interaction effect between
vehicle exhaust and age is still lacking. Therefore, young and middle-aged C57BL/6] mice
were exposed to diesel and gasoline exhaust from vehicles on a chassis dynamometer under
actual traffic exposure levels. The effects on blood lipids, liver function, and oxidative
stress levels were investigated to evaluate the impacts of diesel and gasoline exhaust on
lipid metabolism. Furthermore, based on the results of the in vivo experiment, in vitro
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experiments using human umbilical vein endothelial cells (HUVECs) and human normal
liver cells (LO2) were conducted to investigate the potential mechanisms of diesel and
gasoline exhaust exposure. This research will provide scientific evidence for understanding
the link between diesel and gasoline exhaust exposure and metabolic diseases.

2. Materials and Methods
2.1. Mouse Exposure
2.1.1. Experimental Animals

Young (8-week-old) and middle-aged (24-week-old) male C57BL/6] mice were pur-
chased from the Laboratory Animal Center of the Academy of Military Medical Sciences
(Beijing, China). After 1-week acclimation, all mice were exposed to gasoline/diesel vehicle
exhaust by inhalation exposure. The young mice were divided into three groups: the gaso-
line exhaust (GE) group, the diesel exhaust (DE) group, and the control group (exposed to
ambient air) (n = 6 in each group). Middle-aged mice were grouped in the same manner
as young mice. To simulate the average intensity of personal exposure to traffic-related
air pollution in daily commutes, inhalation exposure experiments were conducted for
4 h/day for 5 days in an exposure chamber. The mice were provided with water and food
ad libitum. All procedures were approved by the Animal Experiments Ethical Committee
of Nankai University and carried out in conformity with the Guide for Care and Use of
Laboratory Animals.

2.1.2. Exposure Process in Mice

Gasoline and diesel vehicle exhaust was emitted from the experimental vehicles on
the chassis dynamometer (Figure S1A). During the 4 h exposure period, the experimental
vehicle was operated under a 1 h New European Driving Cycle (NEDC), including accel-
eration, deceleration, constant speed, and idle speed modes; 1 h idle speed; 1 h 40 km/h
constant speed; and 1 h 80 km/h speed modes to simulate the actual average commuting
driving conditions. The collected exhaust was diluted eight times with ambient air and
introduced into the exposure chamber at a rate of 15-20 L/min. The concentrations of
pollutants in the exposure chamber were measured using scanning mobility particle sizers
and aerodynamic particle sizers.

The exposure chamber was made of medical-grade stainless steel (316L MS) and had
a volume of 40 L [500 (L) x 400 (W) x 200 (H) mm]. There were four multi-functional
openings in the chamber, which were used for air intake, air outlet, and detection of
concentrations of PMj 5 or gaseous pollutants. The exposure chamber could accommodate
two standard independent ventilation cages for mice. The temperature was controlled at
20-25 °C during the exposure period (Figure S1). Twelve hours after the final exposure,
mice were sacrificed.

The concentrations of PMj; 5 in the exposure chamber were continuously measured
by a scanning mobility particle sizer (SMPS, 3898) spectrometer (TSI Inc., Shoreview, MN,
USA) and an aerodynamic particle sizer (APS, 3321) spectrometer (TSI Inc., Shoreview, MN,
USA). The concentrations of gaseous pollutant emissions were measured by a SEMTECH-
DS Portable Emission Measurement System (PEMS) (Sensors Inc., Saline, MI, USA). The
concentrations of gaseous pollutants and the mass concentrations of PM; 5 in the chamber
are shown in Table 1.

Table 1. Concentrations of gaseous pollutants and the mass concentrations of PMj 5 in the chamber
during the exposure period.

PM, 5 (ug/m?) CO (ug/m®) NO (ug/m?) NO, (ug/m?)
GE group 50 25 2 -
DE group 370 50 20 4
Control group 6 - _
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2.1.3. Biochemical Analysis of Serum

Blood samples were collected from the retro-orbital veins of mice while they were
under isoflurane anesthesia. To extract supernatant serum, blood samples were placed
into 1.5 mL microcentrifuge tubes and centrifuged at 3000 rpm for 10 min. Serum samples
(100 puL/sample) were transferred to a new tube and tested using an automated biochemical
analyzer (Model 7020, Hitachi, Tokyo, Japan). Total cholesterol (TC), triglyceride (TG), high-
density lipoprotein cholesterol (HDLc), low-density lipoprotein cholesterol (LDLc), alkaline
phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
levels were analyzed.

2.1.4. Determination of Oxidative Stress Indicators

The aortic and liver tissues of mice were pretreated to obtain supernatant, and the
supernatant and serum were taken to measure the oxidative parameters. The tissue
samples were stored in liquid nitrogen until assayed for superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and malondialdehyde (MDA). All parameters were
measured using enzyme-linked immunosorbent assay (ELISA) kits as directed by the
manufacturer (Beyotime Biotechnology Co. Ltd., Beijing, China).

2.2. In Vitro Experiment
2.2.1. PMj; 5 Collection

To investigate the in vivo toxicity of gasoline and diesel exhaust particles, PM; 5
samples were collected in two traffic micro-environments, including the Wujinglu Tunnel
located in the urban area of Tianjin City and the typical collection and distribution port
highway Teda Street located in Tianjin Port. According to our previous research [32],
the Wujinglu Tunnel traffic is mainly composed of gasoline vehicles (with diesel vehicles
accounting for only about 2%). As an important gathering and distribution channel for
Tianjin Port, which has the eighth largest cargo volume in the world, Teda Street traffic
is mainly composed of diesel vehicles transporting goods [33]. Therefore, the Wujinglu
Tunnel and Teda Street can represent the actual traffic pollution exposure levels of gasoline
and diesel vehicles as the main vehicle types, respectively. PM; 5 was sampled from 06:30
to 21:30 and 22:00 to 06:00 from 28 August to 7 September in 2021 in Wujinglu Tunnel and
from 7:30 to 17:00 and 17:20 to 7:20 from 12 to 22 June 2021 on Teda Street, respectively.
The sampling height was approximately 1.5 m above ground level, within the average
human respiratory zone, and approximately 1.5 m away from road traffic. The quartz
fiber filters (90 mm diameter, PALL) for PM, 5 collection were baked at 600 °C in a muffle
furnace for 2 h and then equilibrated for up to 72 h at a constant temperature (22 + 1 °C)
and relative humidity (35 &= 1%). Air samples were collected at a speed of approximately
100 L/min using a medium-volume sampler (TH-150AlIl, Tianhong, Wuhan, China) with
a PM, 5 size-selective inlet. The sampled filters were wrapped with annealed aluminum
foil and stored in a refrigerator at —18 °C until analysis. Particle size distribution was
measured using a Dekati® Electrical Low-Pressure Impactor (Dekati® ELPI+, Kangasala,
Finland). The ELPI+ continuously monitored the number and concentration of particles.
The typical quantity size distribution of PM; 5 from Wujinglu Tunnel and Teda Street is
shown in Table S1.

The sampled filters were cut to sizes of 2 cm x 1 cm, which were then put in the sample
bottle, and 100 mL of deionized distilled water was added to soak them. Extraction by
ultrasonic sonication was performed for 2 h after soaking for 30 min. The liquid containing
PM, 5 was filtered through six layers of sterile gauze and centrifuged at 12,000 rpm at 4 °C
for 30 min. Detached PM; 5 was then vacuum-freeze dried, and the mass was weighed [34].
PMj; 5 was resuspended in a certain amount of sterile saline to achieve PMj; 5 suspensions
and stored at —20 °C until further experimentation. During the sonication process, the
container was covered to minimize the risk of contamination and loss of volatile com-
ponents; further, the freeze-drying process was conducted under low temperature and
reduced pressure conditions to directly sublime the water content from the solid state
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without passing through the liquid phase. This method helped to maximize the retention
of volatile and water-soluble components in the sample, thereby reducing their loss and
ensuring long-term stability. The preparation method for this PM; 5 particle suspension
has been widely used in existing relevant studies and has been proven effective [35-37].

2.2.2. Cell Culture

Human umbilical vein endothelial cells (HUVECs) and human normal liver cells (LO2)
were obtained from ScienCell (Carlsbad, CA, USA) and cultured in a humidified incubator
at 37 °C with 5% CO,. HUVECs were cultured in endothelial cell medium (EndoCM), while
RPMI 1640 medium was used for LO2 cell culture. For all of the experiments, HUVECs
between passages 7 and 9 were utilized. The cells were divided into three groups: (1) the
control group (medium only); (2) gasoline exhaust particles (GE particles in medium); and
(3) diesel exhaust particles (DE particles in medium). The human daily inhalation dose
of PM; 5 was calculated based on actual PM; 5 measurements (~30 ng/ m?), as described
in our previous study [34]. According to the formula shown in Text S1, the daily inhaled
mass of PM; 5 for humans was determined to be 345.9 pg. In the preliminary experiments,
exposure to estimated human daily intake doses of PM, 5 caused severe inhibition of cell
viability. Therefore, we conducted in vitro experiments using doses equivalent to 1/100
and 1/50 of the estimated human daily intake of PM; 5. Each well was cultured with 200 uL
of cell culture medium containing HUVECs and LO2 cells. Thus, the doses administered
in vitro were 17.3 ug/mL and 34.6 ug/mL, respectively.

2.2.3. CCK-8 Assay for Cell Viability

Cell viability was assessed using Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology
Co., Ltd., Shanghai, China) assays. HUVECs and LO2 cells in the logarithmic growth
phase were seeded in 48-well plates at a density of 4 x 103 cells per well. Each well was
supplemented with 200 uL of medium containing the corresponding pollutants, and the
medium was changed every 24 h during the incubation period. After culturing for 24,
48, and 72 h under the experimental conditions, the cells were incubated with CCK-8
reagent (10 pL/well) for 4 h [38]. Following the kit instructions, CCK-8 optical density
(OD) absorbance at 450 nm was measured to judge the effect of exhaust particulate matter
on cell viability.

2.2.4. Reactive Oxygen Species (ROS) Levels

HUVECs and LO2 cells in the logarithmic growth phase were seeded in 6-well plates
at a density of 5 x 10° cells per well. Each well was supplemented with 1 mL of medium
containing the corresponding pollutants, and the medium was changed every 24 h during
the incubation period. After culturing for 24, 48, and 72 h, 10 uM DCFH-DA (Sigma-
Aldrich, Saint Louis, MO, USA) was added to each well and incubated at 37 °C for 45 min.
Subsequently, the average fluorescence intensity was measured using a FACS Calibur flow
cytometer (BD, San Jose, CA, USA) after collection to assess the impact of exhaust particles
on cellular ROS levels.

2.3. Statistical Analysis

GraphPad Prism Software Version 8.3.4 (San Diego, CA, USA) was used for the sta-
tistical analysis. A student’s t-test and one-way analysis of variance (ANOVA) with a
subsequent Bonferroni’s multiple comparisons test were performed for the statistical signif-
icance test. A P-value of less than 0.05 was considered statistically significant. Experimental
data were presented as the mean and standard error of the mean.
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3. Results
3.1. Effect on Biochemical Parameters in Mice

As shown in Figure 1a, exposure to diesel exhaust significantly reduced the body
weight of young mice (p < 0.05), while the body weight of middle-aged mice was signifi-
cantly reduced in all of the groups.
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Figure 1. Effect of gasoline and diesel exhaust exposure on lipid profiles and liver function in
C57BL/6 mice. (a) Body weight; (b) Serum total cholesterol level (TC); (c) Serum triglyceride level
(TG); (d) Serum LDL-cholesterol level (LDLc); (e) Serum HDL-cholesterol level (HDLc); (f) Aspartate
aminotransferase (AST); (g) Alanine aminotransferase (ALT); (h) Alkaline phosphatase (ALP) (Control
group: exposure to ambient air; GE group: exposure to gasoline exhaust; DE group: exposure to
diesel exhaust) (n = 6 in each group) (* p < 0.05; ** p < 0.01; **** p < 0.0001).

Serum samples were obtained to evaluate the effects of exhaust particles on lipid
metabolism and liver function in mice, and TC, TG, LDLc, HDLc, AST, ALT, and ALP were
determined. Blood lipid levels in the mice are shown in Figure 1b—e. For young mice, the
TC and LDLc levels decreased significantly in the DE group (p < 0.01) compared with the
control group, while there were no significant differences in all the lipid indicators between
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the GE and control groups. For middle-aged mice, there were no significant differences in
TC, TG, LDLc, and HDLc level variations between the DE/GE and control groups.

The AST, ALT, and ALP levels are shown in Figure 1f-h. For young mice, diesel exhaust
exposure elevated the AST and ALT levels by 53.7% and 21.7% (p < 0.01), respectively,
compared to control group. Furthermore, compared to the GE group, the AST levels
increased significantly in the DE group (p < 0.05). However, there were no significant
differences in AST, ALT, and ALP level variations between the GE and control groups. For
middle-aged mice, there were no significant differences in all of the liver function indicators
between the DE/GE and control groups.

3.2. Effect on Oxidative Stress in Mice

Considering the negative effects of gasoline and diesel vehicle exhaust on the lipid
mechanisms and liver function of mice, the oxidative stress of vehicle exhaust exposure
on serum, aorta, and liver tissues was investigated. The SOD, GSH-Px, and MDA levels
were measured.

3.2.1. Serum

As shown in Figure 2a,b, for young mice, the SOD activity in serum decreased sig-
nificantly after exposure to both gasoline (GE group) and diesel exhaust (DE group) in
comparison with the control group, while the GSH-Px activity increased significantly in
the DE group. Moreover, there was a significant increase in GSH-Px levels in the DE
group compared to the GE group. For middle-aged mice, the SOD levels decreased, and
the GSH-Px activity in serum increased significantly in the DE group compared to the
control and GE groups. Moreover, all of the effects of diesel exhaust exposure on SOD and
GSH-Px activities were more pronounced than those caused by gasoline exhaust exposure.

There were no significant differences in MDA levels among all of the groups of young and

middle-aged mice (Figure 2c).
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Figure 2. Effect of gasoline and diesel exhaust exposure on oxidative stress in C57BL/6 mice. (a) Serum
superoxide dismutase (SOD); (b) Serum glutathione peroxidase (GSH-Px); (c) Serum malondialdehyde

111



Toxics 2024, 12, 303

(MDA); (d) Aorta SOD; (e) Aorta GSH-Px; (f) Aorta MDA; (g) Liver SOD; (h) Liver GSH-Px;
(i) Liver MDA. (Control group: exposure to ambient air; GE group: exposure to gasoline ex-
haust; DE group: exposure to diesel exhaust) (n = 6 in each group) (* p < 0.05; ** p < 0.01;
#** p < 0.001; **** p < 0.0001).

3.2.2. Aorta

The SOD, GSH-Px, and MDA levels in aorta tissues after exposure to gasoline and
diesel exhaust are shown in Figure 2d-f. For young mice, compared to the control group,
the SOD level decreased, and the GSH-Px level increased significantly in the DE group,
while the MDA level significantly decreased in the GE group. In addition, there was a more
significant decrease in MDA levels in the GE group than in the DE group. For middle-aged
mice, the SOD and MDA levels decreased, and the GSH-Px level increased significantly in
both the GE and DE groups compared to the control group.

3.2.3. Liver

The SOD, GSH-Px, and MDA levels in liver tissues after exposure to gasoline and
diesel exhaust are shown in Figure 2g—i. For young mice, compared to the control group,
the SOD activity decreased significantly in the GE group, and the GSH-Px activity increased
significantly in the DE group. Furthermore, the increase in GSH-Px level in the DE group
was more significant than that in the GE group. For the middle-aged group, the SOD levels
decreased significantly in both the GE and DE groups compared to the control group, while
the GSH-Px level increased significantly in the DE group, and the MDA level decreased
significantly in the GE group.

3.3. Effect on Cell Viability of HUVECs and LO2

Based on the results of in vivo experiments concerning the effect on vascular and
hepatic function, HUVECs and LO2 cells were incubated to explore the impacts and
potential mechanisms of gasoline and diesel exhaust exposure. In addition, as shown
in Table 1, the gaseous pollutants (CO, NO, and NO;) were below the Chinese National
Air Quality Standard Grade II. However, the PM, 5 concentrations in the chamber during
gasoline and diesel vehicle exhaust exposure periods were 50 and 370 ug/m3, respectively,
which exceeded 0.43 and 9.57 times the standard. Therefore, PM; 5 samples emitted from
gasoline and diesel vehicles were collected to conduct the in vitro exposure experiment.

Figure 3a,b illustrates the effects of gasoline and diesel exhaust PMj; 5 on the viability of
HUVECs and LO2 cells. As shown in Figure 3a, both gasoline and diesel exhaust particles
significantly reduced HUVEC viability at 72 h (p < 0.001), with dose—effect dependence.
In addition, diesel exhaust particles exhibited a more pronounced inhibitory effect on cell
proliferation of HUVECsS (p < 0.01) than gasoline exhaust particles. As depicted in Figure 3b,
the cell viability of LO2 decreased significantly in both the GE and DE groups at 72 h
(p < 0.001), but no significant difference was observed in the inhibitory effect on liver cell
proliferation between the groups of different particle types and concentrations.
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Figure 3. Effect of gasoline and diesel exhaust particle exposure on cell viability and ROS levels.
(a) human umbilical vein endothelial cells (HUVECs) Cell Viability; (b) normal liver cells (LO2)
Cell Viability; (c¢) HUVEC ROS Levels; (d) LO2 ROS Levels. (Control group: cells cultured in the
respective medium only; Gasoline group: cells co-cultured with GE particles in the respective medium;
Diesel group: cells co-cultured with DE particles in the respective medium.) (* p < 0.05; ** p < 0.01;
***p <0.001).

3.4. Effect on ROS Level

Figure 3c,d illustrates the impacts of gasoline and diesel exhaust particles on the
oxidative stress levels in HUVECs and LO2. Significant increments in ROS levels in
HUVECs and LO2 cells (p < 0.01) were observed. Moreover, the diesel exhaust parti-
cles exhibited more severe oxidation stress on liver cells than gasoline exhaust particles
(p < 0.001) (Figure 3d).

4. Discussion

Vehicular emissions have been recognized as one of the most important sources of air
pollutants [39,40]. The fuel type is the most important influence factor for air pollutants
derived from vehicle emissions [2]. Gasoline- and diesel-fueled engines are the major
constituent parts of on-road vehicles. Vehicular exhaust can rapidly enter the systemic
circulation upon inhalation, induce systemic pathologies, affect lipid metabolism, and
lead to various diseases [41-45]. Moreover, gasoline and diesel vehicle exhaust have
great health impacts on people living in downtown and suburban areas, respectively.
Therefore, to investigate the health impact of exposure to gasoline and diesel vehicle
exhaust, in vivo experiments in C57BL/6] mice and in vitro experiments using human
umbilical vein endothelial cells (HUVECs) and human normal liver cells (LO2) were
conducted. In addition, the interaction effects between age and vehicle exhaust were
evaluated in this study:.

Regarding the analysis of blood lipids in mice, exposure to diesel exhaust led to a
significant reduction in TC and LDLc levels in young mice. However, for middle-aged
mice, there were no significant differences in all of the lipid indicators between the DE/GE
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and control groups. Previous studies have indicated a slight decrease in serum cholesterol
after sub-chronic exposure to diesel exhaust in 10-12-week-old rats [46], with no significant
impact observed in short-term exposures [47]. Furthermore, regarding the effects of PM; 5
on blood lipids, a group study conducted in Wuhan, China, targeting healthy young adults
aged 18-30, revealed that for every 10 ug/m? increase in PM; 5 concentration, the changes
in TC and LDLc were —0.33% (95% CI: —0.64%, —0.01%) and —0.94% (95% CI: —1.53%,
—0.35%), respectively [48]. Cholesterol is the sole precursor to all steroid hormones, like
glucocorticoids responsible for blood sugar regulation and mineral corticoids required
to regulate mineral balance and blood pressure [49,50]. In addition, cholesterol serves
as a precursor for the biosynthesis of bile acids and vitamin D [49]. TC level is related
to the regulation of stress responses, immune responses, electrolyte homeostasis, and
the maintenance of secondary sexual characteristics, skeletal development, and bone
homeostasis [51-53]. Furthermore, cholesterol can be obtained from circulating LDLc [54],
and a decrease in LDLc levels is related to a low TC level. Lower TC and LDLc levels
may impact cellular functions and hinder nutrient absorption and utilization. Therefore,
exposure to diesel exhaust may have adverse effects on the growth and development
of adolescents.

Regarding the analysis of liver function in mice, exposure to diesel exhaust signifi-
cantly increased AST and ALT levels in young mice, while the effects of gasoline exhaust
were not significant. Meanwhile, there was no significant influence of both gasoline and
diesel vehicle exhaust exposure on all of the liver function indicators in middle-aged mice.
The AST and ALT reflect the extent of hepatocellular injury [55]. Increments in serum AST
and ALT were found in people with hepatosis compared to fit people [56]. The decrease in
TC and LDL-C in serum is related to the liver, where liver cells are the site of cholesterol
synthesis, and LDL-C transports cholesterol from the liver to other tissues. The decrement
in TC and LDLc, as well as the increment in AST and ALT, are clinical diagnostic indicators
of liver cell damage, suggesting possible acute injury to the liver [57,58]. Liver cells play a
significant role in cholesterol synthesis, and LDLc transports cholesterol from the liver to
other tissues. The liver is a central hub for balancing cholesterol from all sources and plays
a pivotal role in modulating plasma LDLc [59]. It is possible that exposure to diesel exhaust
may have an impact on the liver. Low LDLc levels could be caused by abnormalities in
liver function or thyroid function [60,61]. Moreover, a study conducted by J. A. Bond
et al. [62] suggested that the liver might serve as the primary site for the metabolism of
carcinogens, such as 1-nitropyrene (1-NP), carried by diesel exhaust. Consistent with our
findings, a cohort study conducted by Lin Xu et al. [63] on young adult males around the
age of 35 found that exposure to diesel engine exhaust particles led to a significant increase
in ALT and AST levels in participants, thereby increasing the risk of liver damage. Another
study investigating the impact of nanoparticle rich-diesel exhaust (NR-DE) on the livers of
8-week-old male F344 rats revealed that NR-DE exposure led to increased AST and ALT
activity in rats, and high concentrations of NR-DE further activated hepatic inflammatory
signaling [64].

Therefore, exposure to vehicle exhaust, especially diesel vehicle exhaust, had a greater
impact on young mice than on middle-aged mice in terms of blood lipid levels and liver
function. Previous studies have classified the age of mice to correspond to different stages
in the human lifecycle, where mice aged 6-8 weeks correspond to human adolescence
and mice aged 24-26 weeks have fully matured in all aspects and have transitioned from
adulthood to middle age [65]. Consistent with our findings, Ali K. Hamade et al. [66]
observed that combined exposure to ozone and carbon black led to a decrease in heart rate
and an increase in heart rate variability in mice, with these effects being more pronounced
in young mice and relatively weaker in older mice. This difference in response may be at-
tributed to the fact that the immune system of young mice has not fully developed, making
them more sensitive to environmental pollutants and having a higher permeability of the
respiratory epithelium to these pollutants [67,68]. Furthermore, both young and middle-
aged mice were exposed to the same concentration of exhaust during the experiment, but
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due to the lighter body weight of young mice, their relative exposure to pollutants was
greater, possibly resulting in more significant biological effects. Research by P.U. Simioni
et al. [69] demonstrated that the aging process affects humoral and cellular-mediated
immune responses, rendering older mice less sensitive to environmental challenges.

In order to further investigate the impact of gasoline and diesel exhaust on oxidative
stress in mice, we measured oxidative stress markers, including SOD, GSH-Px, and MDA,
in serum, aorta tissues, and liver tissues. Oxidative stress can be defined as an increase
over physiological values in the steady-state concentrations of ROS. Antioxidant enzymes,
such as SOD and GSH-Px, are identified as the first line of defense against the production
and/or accumulation of ROS [70]. The SOD is a scavenger of endogenous ROS. Reduced
SOD activity not only leads to inadequate removal of oxygen radicals but also induces
MDA synthesis, resulting in protein and cellular damage and apoptosis [71,72]. GSH-Px
is an essential enzyme for peroxide degradation, protecting the structural and functional
integrity of cell membranes against peroxide damage [73]. MDA is a product of cellular
membrane lipid peroxidation [74], which is commonly known as a marker of oxidative
stress. Our results demonstrated that after exposure to gasoline and diesel emissions, SOD
levels in the serum of young mice decreased significantly, and SOD levels in the aortic
tissues and liver of adult mice also decreased significantly, with a greater impact observed
from diesel exhaust. Both young and middle-aged mice showed significant increments in
GSH-Px levels after diesel exhaust exposure and significant reductions in MDA levels in
the aorta tissues after gasoline exhaust exposure. In existing studies, after instilling diesel
exhaust particles into the trachea of mice, the ROS levels in the lungs first rose to a peak
and began to decrease after 24 h [75]. Xu et al. [76] administered 50 pL of PM, 5 suspension
(7.8 ug/g) via nasal drip to 8-week-old C57BL/6 mice. After three consecutive weeks of
exposure, the total SOD level in the lung tissue of the mice decreased, and the GSH-Px
level decreased after nine consecutive weeks of exposure. It can be inferred that short-term
exhaust exposure leads to transient oxidative stress in the body, and the decrease in SOD
levels and the increase in GSH-Px levels indicate that the body is recovering from tissue and
organ damage. The rapid increase in GSH-Px activity in mice under stress led to a decrease
in MDA levels. Overall, these results suggest that the degree of lipid oxidative damage
caused by short-term acute exposure is relatively mild. This may be attributed to the timely
activation of the endogenous antioxidant defense system, which effectively clears harmful
oxidative substances and prevents their accumulation within the body, thereby mitigating
severe oxidative damage. Young mice exhibited greater sensitivity to acute stimulation
with a more pronounced oxidative stress response compared to middle-aged mice, which
is consistent with the results observed for blood lipids and liver function.

These findings suggest that exposure to gasoline and diesel exhaust induces oxidative
stress in the body, with diesel exhaust having a greater impact on oxidative stress compared
to gasoline exhaust. A study by Fen Yin et al. [77] similarly reported increased levels of
9- and 13-hydroxyoctadecadienoic levels in the livers of mice exposed to diesel exhaust,
indicating increased oxidative stress. Previous research has demonstrated that diesel
exhaust emissions are more toxic than gasoline exhaust emissions when considering engines
with equal horsepower [78]. Diesel vehicle emissions contain 2 to 40 times more particulate
matter and 20 to 30 times more nitro-polycyclic aromatic hydrocarbons compared to
gasoline vehicle emissions [79]. As shown in Table 1, in this study, the gaseous pollutants
(CO, NO, and NO,) in the chamber during gasoline and diesel vehicle exhaust exposure
periods were below the Chinese National Air Quality Standard Grade II. However, the
measured concentrations of PM, 5 were 50 and 370 pg/m?, respectively, which exceeded
0.43 and 9.57 times the standard. Therefore, PM; 5 was assumed to be the major constituent
in diesel and gasoline exhaust. In addition, based on the negative effects of gasoline and
diesel exhaust exposure on vascular and liver function in in vivo experiments, HUVECs
and LO2 cells were cultured in in vitro experiments to further explore the effects and
potential mechanisms of PM; 5 in gasoline and diesel exhaust.
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The results of the in vitro experiments demonstrated that exposure to diesel and gaso-
line vehicle exhaust particles resulted in decreased cell viability and increased ROS levels
in both cell types with dose and time dependence, leading to inhibited cell proliferation,
cellular oxidative damage, and impaired cellular functions. These findings are consistent
with the current research results, suggesting that internalization of diesel engine exhaust
particles into the cytoplasm of cells can induce oxidative stress [80], promoting cell apop-
tosis. Wang et al. [81] demonstrated that diesel engine exhaust particles induce oxidative
stress and autophagy in endothelial cells, with cells attempting to eliminate the particles
and generate free radicals after 2 h, followed by cell senescence and apoptosis after 12 h.

Furthermore, compared to gasoline vehicle exhaust particles, diesel vehicle exhaust
particles exhibited more severe inhibition of HUVEC viability but higher oxidative stress
in LO2 cells. HUVECs play a crucial role in forming the vascular barrier of blood vessels,
preventing the entry of cells and large molecules from the blood into surrounding tissues,
and regulating the exchange of fluids, gases, and solutes. The reduced cell viability of
HUVECs caused by diesel exhaust particles may alter the permeability of blood vessel
walls, leading to the leakage of blood components and extracellular fluid into surrounding
tissues. This condition could increase intracellular oxidative stress, potentially initiating
lipid oxidation reactions and lipid peroxidation damage, resulting in edema and inflamma-
tory responses. Liver cells are one of the main sites for lipid breakdown and are central
to cholesterol synthesis and metabolism. The reduced cell viability of liver cells induced
by diesel exhaust particle exposure may slow down lipid breakdown, disturb cholesterol
metabolism, and lead to the accumulation of fat in the liver, causing fatty liver and im-
pacting lipid metabolism [77]. Grace V. Aquino et al. [82] found that ultrafine particles
(UFPs) from diesel vehicle engine exposure caused concentration-dependent increases in
ROS production in rat blood-brain barrier endothelial cells and perivascular microglia.
Li et al. [83] demonstrated that UFPs affect signaling pathways in vascular endothelial cells
and induce vascular endothelial oxidative stress via JNK activation.

However, this present study has limitations. The primary focus was to investigate the
effects of gasoline and diesel exhaust emissions on lipid metabolism through biochemical
and cellular experiments, without evaluating histopathological changes. Moreover, in our
study, vehicle exhaust exposure induced oxidative damage in vivo and in vitro. Therefore,
it is likely that inflammatory events could be caused. In future research, we will further
incorporate pathological analysis and inflammatory indicator analysis.

In summary, combined with the in vitro and in vivo results, compared to gasoline
vehicle exhaust, exposure to diesel vehicle exhaust had more substantial negative impacts
on lipid metabolism and liver function via oxidative stress in live cells and cell injury in
vascular cells. Moreover, the diesel exhaust exposure induced lipid metabolism dysfunction
and acute liver injury in young mice, which revealed that puberty exhibited more instability
and irregular regulation ability and more sensitivity to traffic emissions.

5. Conclusions

This study conducted in vivo and in vitro toxicological experiments on exposure to
gasoline and diesel vehicle exhaust. The aim was to explore the impact of actual traffic
exposure levels of gasoline and diesel vehicle exhaust on lipid metabolism. The results
revealed that diesel exhaust exposure significantly decreased serum levels of TC and LDLc
in young mice, suggesting potential disruptions in lipid homeostasis. Furthermore, it
significantly elevated the levels of AST and ALT in young mice, indicative of potential
acute liver injury. These effects were more pronounced in young mice, emphasizing
the heightened susceptibility of adolescents to adverse impacts from vehicle emissions.
Additionally, both gasoline and diesel exhaust exposure were found to decrease the viability
of endothelial cells and liver cells, accompanied by elevated levels of ROS, implying
cellular oxidative damage. Strikingly, the effects of exposure to diesel exhaust were more
pronounced, indicating that diesel exhaust possesses greater toxicity, potentially exerting a
more substantial influence on lipid metabolism and oxidative stress in the body compared
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to gasoline exhaust. Overall, our research provides evidence of the complex relationship
between vehicle emissions from gasoline and diesel engines in actual traffic environments
and lipid metabolism, oxidative stress, and age-related vulnerabilities. These findings are
of paramount importance for mitigating health risks associated with vehicle emissions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics12040303/s1, Figure S1: (A) The exposure chamber; (B)
The exposure process; Table S1: Typical quantity-size distribution of PM2.5.
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Abbreviations

BC black carbon;

EC elemental carbon;

CcO carbon monoxide;

HC hydrocarbons;

NOx nitrogen oxides;

NO, nitrogen dioxide;

PM Particulate Matter;

OR Odds Ratio;

DEP diesel engine exhaust particles;

ROS reactive oxygen species;

HUVECs human umbilical vein endothelial cells;
LO2 human normal liver cells;

GE gasoline exhaust;

DE diesel exhaust;

NEDC New European Driving Cycle;

SMPS Scanning Mobility Particle Sizer;

APS Aerodynamic Panicle Sizer;

TC Total Cholesterol;

TG Total Triglycerides;

HDLc High-Density Lipoprotein Cholesterol;
LDLc Low-Density Lipoprotein Cholesterol;
ALP alkaline phosphatase;

ALT alanine aminotransferase;

AST aspartate aminotransferase;

SOD Superoxide Dismutase;

MDA Malondialdehyde;

GSH-Px Glutathione Peroxidase;

ELISA enzyme-linked immunosorbent assay;
CCK-8 Cell Counting Kit-8;

OD optical density.
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Abstract: Incense burning is a significant source of indoor air pollution in many Asian regions. There
is emerging evidence that maternal prenatal exposure to incense-burning smoke may be a risk factor
for childhood obesity. We aimed to extend this new line of research by investigating the independent
and joint effect of incense-burning smoke exposure, and children’s outdoor activity in early life, on
preschoolers’ obesity. A total of 69,637 mother—child dyads were recruited from all kindergartens in
the Longhua District of Shenzhen, China. Information on sociodemographic characteristics, maternal
exposure to incense-burning smoke (IBS) during pregnancy, and frequency and duration of outdoor
activity at the age of 1-3 years was collected by a self-administered questionnaire. In addition,
the heights and weights of the children were measured by the research team. Logistic regression
models and cross-over analyses were conducted to investigate the independent and combined effects
of maternal exposure to incense-burning smoke during pregnancy and children’s early outdoor
activity on obesity in preschoolers. We found that prenatal exposure to incense-burning smoke
increased the risk of the presence of obesity in preschoolers” (AOR = 1.13, 95% CI = 1.03-1.23).
Additionally, lower frequencies (<3 times/week) or shorter durations (<60 min/time) of outdoor
activity from the age of 1-3 years were significantly associated with the presence of obesity, with
AORs of 1.24 (95% CI =1.18-1.32) and 1.11 (95% CI = 1.05-1.17), respectively. Furthermore, the
cross-over analysis showed that prenatal exposure to IBS combined with a lower frequency of early
outdoor activity (AOR = 1.47, 95% CI = 1.31-1.66) or a shorter duration of outdoor activity during
ages of 1-3 years (AOR = 1.22, 95% CI = 1.07-1.39) increased the risk of obesity in preschoolers.
Finally, additive interactions between prenatal exposure to IBS and postnatal outdoor activity on
obesity were identified. Our study indicates that maternal exposure to incense-burning smoke during
pregnancy and early lower postanal outdoor activity may independently and jointly increase the risk
of obesity among preschoolers.

Keywords: incense-burning smoke; early outdoor activity; joint effect; obesity; preschool child

1. Introduction

The prevalence of childhood overweight and obesity has reached alarmingly high
levels in the past decades worldwide. Globally, 124 million children and adolescents aged
5-19 years are affected by obesity, with the prevalence climbing from 0.7% to 5.6% in girls
and from 0.9% to 7.8% in boys from 1975 to 2016, respectively [1]. In addition, according
to the World Health Organization, approximately 38.2 million children under the age of
five years were overweight or obese in 2019 [2]. According to the Global Burden of Disease
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study in 2015, China has the highest number of obese children in the world [3]. These
statistics raise significant public health concerns given that there is mounting evidence
that childhood obesity is a risk factor for numerous physical and mental health conditions
in children [4,5] and that the persistence of obesity into adulthood is a significant risk
factor for chronic diseases, such as diabetes, hypertension, hyperlipidemia [6], cardio
cerebral vascular disease [7], and certain tumors in adults [8]. As such, early childhood is a
critical period for preventing persistent obesity [9,10] and the subsequent health conditions
associated with it. To guide the development of targeted public health interventions, it is
therefore essential to identify significant risk and protective factors for childhood obesity.

While the etiology of childhood obesity is not yet fully understood, it is well known
that childhood obesity is the result of a complex interplay of genetic, prenatal, and postnatal
environmental factors. Moreover, there is increasing evidence showing that the program-
ming of obesity begins prenatally and early postnatally [11]. For instance, previous re-
search has identified the following prenatal risk factors for offspring obesity: high maternal
prepregnancy BMI, maternal excessive weight gain during pregnancy, gestational diabetes,
maternal physical activity during pregnancy, maternal smoking in pregnancy [12-16], and
prenatal exposure to air pollution [17,18], as well as adverse birth outcomes of preterm
birth, low birth weight, and macrosomia [19,20]. Additionally, prior studies have shown
that early infants” and toddlers” health behaviors, such as nonbreastfeeding, consumption
of high-sugar foods, fast eating pace, excessive screen time, and lack of physical activity,
are risk factors for childhood obesity [19-23]. Conversely, playing outdoors, particularly in
natural play spaces, boosts children’s physical activity, decreasing childhood obesity [24].

Based on the theory of developmental origins of health and disease (DOHaD), fetuses
exposed to malnutrition and environmental hazards can experience heightened suscepti-
bility to fetal origin of adult disease (FOAD), with this susceptibility further enhanced by
postnatal exposure to hazardous environmental factors [25,26]. It is now widely accepted
that exposure to hazardous in utero environments plays significant roles in fetal develop-
ment and initiation of FOAD that may involve epigenetic alterations in the development of
FOAD [25,26]. For example, Rueda-Clausen et al. found that prenatal hypoxia and postna-
tal high-fat diets in offspring were associated with an increased myocardial susceptibility
to ischemia [27]. In addition, our recent study found that prenatal mosquito coil smoke
exposure and early postnatal nutrition status can independently and jointly increase the
risk of preschoolers’ obesity [28].

Incense burning, a practice widely observed in Asia and the Middle East, has been
identified as a potential source of indoor air pollution, with the burning of incense re-
leasing enormous levels of fine particles, polycyclic aromatic hydrocarbon (PAH), high
concentrations of detrimental gases, and other toxic chemical compounds [29-32]. Previous
studies have reported the potentially harmful health effects associated with incense burn-
ing, such as respiratory problems [33], neurobehavioral development [34], cardiovascular
mortality [35], cancer [36,37], and adverse birth outcomes [38]. However, few studies have
investigated the effect of exposure to incense burning on obesity. A cross-sectional study
in Guangzhou reported that children exposed to three or more types of indoor air pollu-
tants (cooking oil fumes, home decoration, secondhand smoke, and incense burning) had
higher obesity anthropometric indices and increased odds of being overweight/obese [39].
However, the study found no statistical significance between incense burning and over-
weight/obesity. As such, there is a need for further research to clarify the key prenatal
and postnatal factors linking exposure to indoor air pollutants with different childhood
obesity measures.

Given the emerging evidence that exposure to indoor air pollution may be a risk factor
for early childhood obesity, this study aimed to test the theory of DOHaD by examining
whether maternal prenatal exposure to incense-burning smoke and early childhood phys-
ical activity levels independently and jointly predict the presence of childhood obesity
in preschoolers. The aims of this study are important not only in terms of identifying
significant risk factors for childhood obesity but also in terms of providing evidence to
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support the hypothesis that childhood health conditions are affected by an interaction of
both prenatal and postnatal factors. Identifying these complex interactions is critical to en-
hancing the sophistication of our understanding of the biopsychosocial factors contributing
to childhood ill health, thereby improving the effectiveness of public health interventions.

2. Materials and Methods
2.1. Study Population

The Longhua Child Cohort Study (LCCS) is an ongoing prospective study that has
involved the administration of a population-based survey once a year in the Longhua
District of Shenzhen since September 2014. The aim of this study is to examine the influence
of environmental factors during a preschooler’s early life on childhood psychobehavioral
development. The LCCS recruits children when they enter preschool and invites their
mothers to complete a self-administered structured questionnaire every year. A total of
69,637 child-mother dyads were recruited during the LCCS 2021 survey. After excluding
children (1) with missing information on important sociodemographic characteristics
(i.e., birth weight, gestational age, and present height and weight); (2) whose mothers did
not report information of exposure to IBS during pregnancy; and (3) who were nonsingleton
births and whose gestational age was low (under 24 weeks) or high (42 weeks or greater)
(data from 64,889 (93.2%) child—mother dyads were included in this study (Figure 1)). We
employed multiple imputation (MI) to fill in the missing data or outliers for covariates
among 8868 (13.7%) participants whose questionnaires did not contain information on at
least one chosen covariate.

Mother-child

d%/;d_seegngglée;d Missing height and weight, n=954

- —® Missing birthweight, n=343
Missing gestational age, n=1272
—» Excluded P Missing IBS exposure status ,n=3
Gestational age >42 or <24
> weeks, n=481
A 4
Ultimate analytical sample —P> Non-single birth, n=1695
(N=64,889)
Controls (Non-obesity) Cases (Obesity)
n=58,351 n=6538

Figure 1. Flow diagram of the participant selection.

This study was approved by the Ethics Committee of the School of Public Health at
Sun Yat-Sen University and was conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from mothers.

2.2. Data Collection

The mothers were asked to complete a self-administered structured questionnaire
regarding the sociodemographic characteristics of the parents (family monthly income, age
at childbirth, marital status, parental education level, mother’s height and weight before
prepregnancy, weight gain during pregnancy), as well as the child’s age, sex, gestational
age, birth weight, and present height and weight.

2.3. Prenatal IBS Exposure Measurement

In addition, the questionnaire included three questions for the mother regarding
incense-burning smoke exposure during pregnancy: “Did your household have the habit
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of burning incense at home during your pregnancy in 1-13 weeks (the first trimester)”?
(2) “Did your household have the habit of burning incense at home during your pregnancy
in 14-27 weeks (the second trimester)”? (3) “Did your household have the habit of burning
incense at home during your pregnancy after 28 weeks (the third trimester)”? [(the response
format was “no”, “sometimes (1 time per week)”, “often” (at least 2 times per week)”,)].
If the answer was “sometimes” or “often”, then prenatal exposure to IBS was considered
present. Moreover, to identify the potentially sensitive period, we divided the participants
into 8 subgroups according to the different combinations of IBS exposure status (No or Yes)
in each trimester.

2.4. Early Frequency and Duration of Outdoor Activity Measurement

The frequency and duration of outdoor activity of children were evaluated by the
following questions: (1) How often did your baby go outdoors for physical activity dur-
ing the year of 1-3 years old? [(the response options were “0 = >3 times/week”, or
“1 = <3 times/week”,)]; (2) How much time did your baby spend outdoors for physi-
cal activity on average during the year of 1-3 years old? [(the possible responses were
0 = >60 min/time”, or “1 = <60 min/time”,)]. The answers were transformed into the
following variables that illustrated the children’s outdoor activity from birth to three years
old: (1) the frequency of outdoor activity and (2) the duration of outdoor activity.

2.5. Measurement and Definition of Obesity

Children’s height and weight were measured by skilled nurses at the Longhua Maternity
and Child Healthcare Hospital. A portable electronic weight scale (fractional value = 0.01 kg),
placed on the ground level, was used to measure the weight of each preschooler, who
was required to stand in the center of the scale bareheaded, barefooted, and dressed in
close-fitting light clothes. The value was read and accurately recorded to 0.1 kg by nurses
after stabilizing. A column human altimeter (fractional value = 0.1 cm), that was placed
vertically against the wall on horizontal ground, was used to measure the weight of the
preschoolers with each asked to stand on the pedal, with their heels close together, feet
spaced at an angle of 60 degrees, chest raised, abdomen pulled in, and eyes looking straight
ahead. With their line of sighting the same height as the slide board, the measurements
were read by slider to the apex of the measured child’s skull.

The body mass index (BMI) was determined by dividing the weight in kilograms
by the square of height in meters (kg/m?). Childhood obesity was defined as having a
BMI higher than the specified thresholds based on age and gender, as per the BMI growth
curves designed for Chinese children [40].

2.6. Potential Confounding Variables

In light of previously published studies [16,39,41], the potential covariates selected
were children’s gender and age, birth weight, single child or not, premature birth, feeding
pattern, early nutritional status, parental age at conception, maternal marital status and
prepregnancy BMI, family income, maternal folic acid intake during pregnancy, prenatal
exposure to environmental tobacco smoke, mosquito coil smoke, and cooking oil fumes.

2.7. Statistical Analyses

Frequencies and proportions were used to describe the categorical variables, and the
chi-square test was applied to test and describe associations of subjects’ characteristics with
childhood obesity.

A series of binary logistic regression analyses were utilized to evaluate the indepen-
dent and joint associations of prenatal exposure to incense-burning smoke, postnatal early
frequency, and duration of outdoor activity with obesity in preschoolers after adjusting
for the aforementioned covariates. The multiplicative interaction was examined by the
interaction of odds ratio (IOR) in the logistic regression models. If the 95% CI of the IOR
spanned 1, the multiplicative interaction was considered nonsignificant. Furthermore,
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relative excess risk due to interaction (RERI) and attributable proportion due to interaction
(AP) were calculated. If the 95% Cls of RERI and AP did not span 0, the additive inter-
action was considered significant [42]. A cross-over analysis was performed to elucidate
the possible sensitivity period. Additionally, sensitivity analyses were conducted after
excluding children who were preterm birth (gestational age < 37 weeks) or low birth weight
(birth weight < 2500 g).

All statistical analyses were performed using R Studio version 4.3.1, with two-sided
p < 0.05 deemed significant.

3. Results
3.1. Population Characteristics

Table 1 describes the comparison of demographic characteristics between obese and
nonobese children. Of the 64,889 preschoolers included in this study, 6538 (10.0%) of them
were obese, with the prevalence of obesity in boys being 11.7% and 8.2% in girls. Of the
total sample, 6117 (9.4%) mothers reported that they had experienced prenatal exposure to
IBS. Obese and nonobese preschoolers differed significantly on sex, age, single child or not,
family income, marital status, maternal prepregnancy BMI, maternal gained weight during
pregnancy, maternal folic acid intake during pregnancy, prenatal exposure to mosquito coil
smoke and cooking oil fumes, education level of parents, feeding pattern, early nutritional
status, birth weight, gestational age, and preterm birth or not.

Table 1. Characteristics of the study participants.

Characteristics Total (N = 64,889) Obesity (1 = 6538) Prevalence (%) p
Gender <0.001
Boys 34,647 4070 11.7
Girls 30,242 2468 8.2
Age (years) <0.001
<3 185 18 9.7
34 12,527 1076 8.6
4-5 22,313 2279 10.2
>5 29,864 3165 10.6
Single child <0.001
No 21,162 1759 8.3
Yes 43,727 4779 10.9
Family income (USD/month) <0.001
<3077 32,246 3396 10.5
3077~6154 21,781 2089 9.6
>6154 10,862 1053 9.7
Marital status <0.001
Married 63,225 6308 10.0
Others 1664 230 13.8
Maternal prepregnancy BMI <0.001
Underweight (<18.5) 13,356 1059 7.9
Normal (18.5~23.9) 45,976 4675 10.2
Overweight (>24) 5557 804 14.5
Maternal occupation 0.006
Full-time housewife 10,545 948 9.0
others 54,344 5411 9.9
Maternal gestational weight gain <0.001
<5kg 3141 431 13.7
5-10 kg 21,857 2223 10.2
11-15 kg 25,598 2296 9.0
1620 kg 10,921 1168 10.7
>20 kg 3372 420 12.5
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Table 1. Cont.

Characteristics Total (N = 64,889) Obesity (1 = 6538) Prevalence (%) p
Folic acid intake during pregnancy <0.001
No 38,198 4097 10.7
Yes 26,691 2441 9.1
Environmental tobacco smoke (ETS) 0.121
No 53,922 5388 10.0
Yes 10,967 1150 10.5
Mosquito coil smoke (MCS) <0.001
No 45,092 4352 9.7
Yes 19,797 2186 11.0
Home renovated 0.026
No 61,363 6194 10.1
Yes 2131 185 8.7
Unclear 1395 159 114
Cooking oil fumes <0.001
No 13,597 1498 11.0
Yes 51,292 5040 9.8
Heavy metal exposure 0.831
No 64,392 6486 10.1
Yes 497 52 10.5
Benzene exposure 0.155
No 64,438 6483 10.1
Yes 451 55 12.2
Maternal education level <0.001
Junior high school or lower 9498 1063 11.2
High school 13,117 1391 10.6
College or higher 42,274 4084 9.7
Paternal education level <0.001
Junior high school or lower 8532 980 115
High school 13,256 1402 10.6
College or higher 43,101 4156 9.6
Maternal age at childbirth (years) 0.559
<35 58,481 5879 10.1
>35 6408 659 10.3
Paternal age at childbirth (years) 0.03
<35 39,847 3926 9.9
>35 25,042 2612 10.4
Feeding pattern 0.007
Breastfeeding 38,094 3864 10.1
Artificial feeding 6424 706 11.0
Mixed feeding 20,371 1968 9.7
Nutritional status at 0-1 years old <0.001
Poorly nourished 856 77 9.0
Medium-nourished 15,949 13,689 8.6
Well-nourished 48,084 5093 10.6
Nutritional status at 1-3 years old <0.001
Poorly nourished 996 81 8.1
Medium-nourished 20,520 1592 7.8
Well-nourished 43,373 4865 11.2
Birth weight (g) <0.001
<2500 3022 335 11.1
2500-4000 55,763 5351 9.6
>4000 6104 852 14.0
Preterm birth <0.001
No 60,309 5982 9.9
Yes 4580 556 12.1

127



Toxics 2024, 12, 329

3.2. Association between Maternal Exposure to IBS during Pregnancy and Obesity among Preschoolers

As shown in Table 2, compared with the nonexposed group, maternal exposure
to IBS during the whole pregnancy significantly increased the risk of offspring obesity
after controlling for a range of confounding factors (AOR = 1.13, 95% CI = 1.03~1.23).
However, when the pregnancy was divided into three trimesters, there was a nonsignificant
trend for maternal exposure to IBS in specific trimesters (the 1st trimester: AOR = 1.14,
95% CI = 0.96~1.34; the 2nd trimester: AOR = 1.19, 95% CI = 0.94~1.51; the 3rd trimester:
AOR = 0.84, 95% CI = 0.68~1.04)

Table 2. Associations of maternal IBS exposure during pregnancy with children’s obesity.

Prenatal IBS Exposure Total (N = 64,889) Obesity (1, %) AOR (95% CI) 2 AOR (95% CI) ®
The whole pregnancy
No 58,772 5837 (9.9) 1.00 1.00
Yes 6117 701 (11.5) 1.13 (1.03, 1.23) ** 1.13 (1.03, 1.23) **
1st trimester
No 59,732 5933 (9.9) 1.00 1.00
Yes 5157 605 (11.7) 1.15 (1.05, 1.26) ** 1.14 (0.96, 1.34)
2nd trimester
No 60,243 5999 (10.0) 1.00 1.00
Yes 4646 539 (11.6) 1.14 (1.03, 1.26) ** 1.19 (0.94, 1.51)
3rd trimester
No 60,222 6019 (10.0) 1.00 1.00
Yes 4667 519 (11.1) 1.09 (0.99, 1.20) 0.84 (0.68, 1.04)

Model a: adjusted for child’s gender and age, birth weight, single child or not, premature birth, parental age
at conception, maternal marital status and prepregnancy BMI, family income, prenatal exposure to ETS, MCS,
cooking oil fumes, child’s feeding pattern, early nutritional status, folic acid intake during pregnancy. Model b:
1st trimester: adjusted for Model a + prenatal exposure to 2nd trimester and 3rd trimester; 2nd trimester: adjusted
for Model a + prenatal exposure to 1st trimester and 3rd trimester; 3rd trimester: adjusted for Model a + prenatal
exposure to 1st trimester and 2nd trimester. ** p < 0.01.

With regard to the frequency of IBS exposure during the different trimesters, after
controlling for confounding factors, only maternal prenatal exposure to IBS > 2 times/week
in the 1st trimester (AOR = 1.31, 95% CI = 1.01~1.70) was significantly associated with an in-
creased the risk of childhood obesity. Nonsignificant trends were found for the associations
between those prenatally exposed to IBS with 1 time/week in the 1st trimester (AOR = 1.11,
95% CI = 0.94~1.31) and with both 1 time/week (AOR = 1.19, 95% CI = 0.94~1.51) and
2 times/week (AOR = 1.20, 95% CI = 0.84~1.69) in the 2nd trimester increased the risk of
childhood obesity (Table 3).

Table 3. Associations of frequency of trimester-specific IBS exposure during pregnancy with

children obesity.
Frequency of IBS Exposure Total (N = 64,889) Obesity (1, %) AOR (95% CI) 2 AOR (95% CI) ®
1st trimester
Never 59,732 5933 (9.9) 1.00 1.00
1 time/week 4481 516 (11.5) 1.12 (1.01,1.24) * 1.11 (0.94, 1.31)
>2 times/week 676 89 (13.2) 1.33(1.06,1.67) * 1.31(1.01,1.70) *
2nd trimester
Never 60,243 5999 (10.0) 1.00 1.00
1 time/week 4094 474 (11.6) 1.14 (1.03,1.26) * 1.19 (0.94, 1.51)
>2 times/week 552 65 (11.8) 1.15(0.87, 1.48) 1.20 (0.84, 1.69)
3rd trimester
Never 60,222 6019 (10.0) 1.00 1.00
1 time/week 4086 458 (11.2) 1.10 (0.99, 1.22) 0.85 (0.68, 1.06)
>2 times/week 581 61 (10.5) 1.01 (0.76, 1.31) 0.77(0.54, 1.06)

Model a: adjusted for child’s gender and age, birth weight, single child or not, premature birth, parental age
at conception, maternal marital status and prepregnancy BMI, family income, prenatal exposure to ETS, MCS,
cooking oil fumes, child’s feeding pattern, early nutritional status, folic acid intake during pregnancy. Model b:
1st trimester: adjusted for Model a + prenatal exposure to 2nd trimester and 3rd trimester; 2nd trimester: adjusted
for Model a + prenatal exposure to 1st trimester and 3rd trimester; 3rd trimester: adjusted for Model a + prenatal
exposure to 1st trimester and 2nd trimester. * p < 0.05.
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After controlling for confounding factors, the crossover analysis revealed that prenatal
exposure to IBS concurrently in the 1st and 2nd trimesters (AOR = 1.50, 95% CI = 1.07~2.07)
and in the whole three trimesters (AOR = 1.12, 95% CI = 1.01~1.25) significantly increased

the risk of offspring obesity (Table 4).

Table 4. Associations of trimester-specific IBS exposure during pregnancy with children obesity.

Trimester-Specific IBS Exposure
Total (N = 64,889) Obesity (1, %) OR (95% CI) AOR (95% CI) 2
1st Trimester 2nd Trimester  3rd Trimester

No No No 58,772 5837 (9.9) 1.00 1.00
Yes No No 980 118 (12.0) 1.24 (1.02, 1.50) * 1.16 (0.94, 1.40)
No Yes No 185 21 (11.4) 1.16 (0.72,1.79) 1.10 (0.68, 1.71)
No No Yes 407 35 (8.6) 0.85(0.59, 1.19) 0.87(0.60, 1.21)
Yes Yes No 285 43 (15.1) 1.61 (1.15,2.21) ** 1.50 (1.07,2.07) *
Yes No Yes 84 9(10.7) 1.09 (0.51, 2.06) 1.08 (0.50, 2.06)
No Yes Yes 368 40 (10.9) 1.11 (0.78, 1.52) 1.13 (0.80, 1.56)
Yes Yes Yes 3808 435 (11.4) 1.17 (1.05, 1.30) ** 1.12(1.01,1.25) *

2: adjusted for child’s gender and age, birth weight, single child or not, premature birth, parental age at conception,
maternal marital status and prepregnancy BMI, family income, prenatal exposure to ETS, MCS, cooking oil fumes,
child’s feeding pattern, early nutritional status, folic acid intake during pregnancy. * p < 0.05, ** p < 0.01.

3.3. Association of Frequency and Duration of Outdoor Activity from 1 to 3 Years of Age with

Children Obesity

Table 5 presents the associations of the frequency and duration of outdoor activity
from 1 to 3 years of age with children obesity. After adjusting for confounding factors,
compared with children whose mothers reported that their child frequently went outdoors
(>3 times/week) at the age of 1~3 years, those who had a paucity of frequent outdoor ac-
tivity had significantly greater odds of experiencing obesity during preschool (AOR = 1.24,
95% CI = 1.18~1.32). Additionally, a shorter duration of outdoor activity (<60 min/time)
(AOR = 1.11, 95% CI = 1.05~1.17) was significantly associated with a higher risk of off-
spring obesity compared with children who had a longer duration of outdoor activity.
Furthermore, compared with children with both the higher frequency (>3 times/week)
and the longer duration of outdoor activity at the age of 1~3 years, those with lower
frequencies and longer durations, as well as those with lower frequencies (AOR = 1.13,
95% CI = 1.04~1.21) or with shorter durations of outdoor activity (AOR = 1.36, 95% CI
=1.05~1.17), were significantly associated with preschool obesity.

Table 5. Associations of frequency and duration of outdoor activity from 1 to 3 years of age with

children’s obesity.
dlgi“;g‘;f; o Total (N = 64,889) Obesity (1, %) OR (95% CI) AOR (95% CI) ®
Frequency
>3 times/week 45,060 4261 (9.5) 1.00 1.00
<3 times/week 19,829 2277 (11.5) 1.24 (1.18,1.31) *** 1.24 (1.18,1.32) ***
Duration
>60 min/time 42,596 4175 (9.8) 1.00 1.00
<60 min/time 22,293 2363 (10.6) 1.09(1.03, 1.15) ** 1.11 (1.05, 1.17) ***
Combination of Frequency and duration
>3 times/week + >60 min/time 32,402 3099 (9.6) 1.00 1.00
>3 times/week + <60 min/time 12,658 1162 (9.2) 0.96 (0.89, 1.03) 0.98 (0.92, 1.06)
<3 times/week + >60 min/time 10,194 1076 (10.6) 1.12 (1.04, 1.20) ** 113 (1.04, 1.21) **
<3 times/week + <60 min/time 9635 1201 (12.5) 1.35(1.25, 1.44) *** 1.36 (1.26, 1.46) ***

2: adjusted for child’s gender and age, birth weight, single child or not, premature birth, parental age at conception,
maternal marital status and prepregnancy BMI, family income, prenatal exposure to ETS, MCS, cooking oil fumes,
child’s feeding pattern, early nutritional status, folic acid intake during pregnancy. ** p < 0.01, *** p < 0.001.
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3.4. Combination Effect between Maternal IBS Exposure during Pregnancy and Outdoor Activity
from 1 to 3 Years of Age on Preschool Obesity

Table 6 presents the combined effect of maternal IBS exposure during pregnancy and
outdoor activity during 1 to 3 years old on children’s obesity.

Table 6. Combination effect between maternal IBS exposure during pregnancy and outdoor activity
from 1 to 3 years of age on children’s obesity.

IBS Exposure Outdoor Activity AOR (95% CI) * IOR (95% CI) RERI (95% CI) * AP (95% CD ?

Pregnancy Frequency

No >3 times/week 1.00

No <3 times/week 1.21 (1.14, 1.29) ***

Yes >3 times/week 1.01 (0.90, 1.14)

Yes <3 times/week 1.47 (1.31, 1.66) *** 1.21 (1.01,1.42) * 0.08 (0.03, 0.13) 0.06 (0.03, 0.09)
Pregnancy Duration

No >60 min/time 1.00

No <60 min/time 1.11 (1.05, 1.17) ***

Yes >60 min/time 1.14 (1.02,1.27) *

Yes <60 min/time 1.22 (1.07,1.39) ** 0.96 (0.81, 1.14) 0.07 (0.03, 0.11) 0.05 (0.03, 0.08)

2: adjusted for child’s gender and age, birth weight, single child or not, premature birth, parental age at con-
ception, maternal marital status and prepregnancy BMI, family income, prenatal exposure to ETS, MCS, cook-
ing oil fumes, child’s feeding pattern, early nutritional status, folic acid intake during pregnancy. * p < 0.05,
**p <0.01, **p <0.001.

Compared with children with no prenatal maternal IBS exposure and a higher fre-
quency of outdoor activity, children with a combination of no prenatal exposure to IBS and
lower frequencies of outdoor activity (AOR = 1.22, 95% CI = 1.07~1.39) and a combination
between prenatal exposure to IBS and lower frequencies of outdoor activity (<60 min/time)
(AOR =1.47,95% CI = 1.31~1.66) were both significantly more likely to experience obesity
during preschool. Furthermore, there was a significant multiplicative interaction between
prenatal maternal exposure to IBS and less frequent outdoor activity (<3 times/week) on
obesity, with an IOR of 1.21 (95% CI = 1.01, 1.42). We also found a significant additive
interaction between the frequency of outdoor activity and IBS exposure, with an RERI of
0.08 (95% CI = 0.03~0.13) and AP of 0.06 (95% CI = 0.03~0.09).

Compared with children with no prenatal IBS exposure and a longer duration of
outdoor activity (>60 min/time), children’s obesity was significantly associated with
a combination of no prenatal exposure to IBS and shorter durations of outdoor activity
(<60 min/time) (AOR =1.11, 95% CI = 1.05~1.17), a combination of prenatal exposure to IBS
and longer durations of outdoor activity (>60 min/time) (AOR = 1.14, 95% CI = 1.02~1.27),
and a combination of prenatal exposure to IBS and shorter durations of outdoor activity
(<60 min/time) (AOR = 1.22, 95% CI = 1.07~1.39). Similarly, we found a significant
additive interaction between prenatal maternal exposure to IBS and shorter durations
of outdoor activity on obesity with an RERI of 0.07 (95% CI = 0.03~0.11) and an AP
of 0.05 (95% CI = 0.03~0.08).

3.5. Sensitivity Analysis

Sensitivity analyses were performed after excluding participants who were preterm
birth or low birth weight (n = 13,079), and the main results are still similar to the aforemen-
tioned findings. More details are shown in Tables S1-56.

4. Discussion

To the best of our knowledge, this is the first large-scale study on the association
between maternal exposure to incense-burning smoke during pregnancy and obesity in
Chinese preschoolers. Our results identify a significant association between maternal
exposure to IBS during pregnancy and offspring obesity with a dose-response relationship
between frequency of trimester-specific IBS exposure and children’s obesity. That is, moth-
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ers exposed to prenatal IBS in both the first and second trimesters concurrently and in all
three trimesters were more likely to have offspring who experienced obesity in preschool.
In addition, we observed that a low level of early outdoor activity was associated with a
higher risk of obesity in preschoolers. Importantly, we also found both a multiplicative
and an additive interaction between maternal prenatal IBS exposure and lower frequency
of outdoor activity of children from 1 to 3 years old. Similarly, we found an additive
interaction between maternal prenatal IBS exposure and a shorter duration of outdoor
activity from 1 to 3 years old on the risk of childhood obesity.

In the past few decades, a series of studies have found associations between prenatal
exposure to outdoor air pollution and childhood obesity. For instance, a prospective
study in Boston found a positive relationship between exposure to ambient PM; 5 in
utero, and from conception to 2nd years, and the risk of children between two and nine
years being overweight and obese [43]. The Colorado-based Healthy Start study showed
that second-trimester PM; 5 exposure was associated with a higher percent fat mass, and
residential proximity to a highway during pregnancy was associated with higher odds
of offspring being overweight at age 4~6 years [44]. Additionally, a study of 239 children
born at >37 weeks gestation, from the Asthma Coalition on Community, Environment and
Social Stress (ACCESS) project, indicated that increased PM; 5 exposure in early-to-mid
pregnancy was more strongly associated with increased fat mass and higher BMI z-score
in boys and with increased waist-to-hip ratio (WHR) in girls [45]. Recently, a review by
Shi et al. concluded that exposure to air pollution during pregnancy might increase the
risk of childhood obesity [17], while another review by Sun et al. indicated that perinatal
exposure to PM; 5 could cause obesity in progeny [18]. Similarly, a systematic review
by Qureshi et al. reported an association between prenatal exposure to environmental
tobacco smoke and childhood obesity (OR = 1.91, 95% CI = 1.23~2.94) [46]. In line with
these previous findings, our study found that maternal prenatal exposure to indoor air
pollution of IBS was significantly linked with the presence of obesity in preschoolers, with
a dose-response relationship between the frequency of trimester-specific IBS exposure in
the 1st trimester and children obesity. Similarly, another recent study of ours found that
prenatal exposure to indoor air pollution of mosquito coil smoke (MCS) was significantly
positively associated with preschoolers’ obesity [28]. In this current study, the cross-over
analysis highlighted the positive association of prenatal IBS exposure in the first and second
trimesters concurrently and in the whole pregnancy with obesity in preschoolers, and it
indicated a dose-response relationship between maternal exposure to IBS during pregnancy
and offspring obesity. Based on the definition of the sensitivity period/critical window [47],
given that no significant association was found for the first trimester after adjusting for
covariates, we speculated that there may not exist a critical period for prenatal IBS exposure
causing offspring obesity in childhood.

Obesity is typically considered as an abnormal or excessive fat accumulation caused
by excessive energy intake or insufficient energy consumption. In the case of the same
nutritional status, children with insufficient energy consumption are more likely to be
obese. While limited studies reported the relationships between outdoor activity and
childhood obesity, research has indicated that time spent outdoors is associated with
increased physical activity, which has been reported to have a negative association with
childhood obesity [48-50]. One study among children aged 10 to 12 found that for every
additional hour spent outdoors, physical activity increased by 27 min a week, and the
prevalence of overweight dropped from 41% to 27% [51]. The parents of preschool children
reported that physical activity usually occurs during outdoor playtime as opposed to
during indoor activities [52]. One systematic review revealed overall positive effects of
outdoor time on physical activity compared with sedentary behavior [53]. Additionally,
several researchers have proposed that increasing outdoor time could be an effective
measure for limiting sedentary behavior and increasing physical activity and fitness in
children [54,55]. The ecological model, as described by Davison et al., suggests that physical
activity is one of the risk factors for children’s obesity [56]. The World Health Organization

131



Toxics 2024, 12, 329

(WHO) recommends moderate-to-vigorous physical activity for children and adolescents
for at least 60 min per day [57]. Consistent with these studies, we found that preschool
children with less frequency or shorter durations of outdoor physical activity during 1-3
years old had a higher risk of obesity.

Consistent with the theory of DOHaD, the combination of maternal lifestyle during
pregnancy and the early nutritional environment of the offspring is considered important
for the development of obesity [16]. For example, an epidemiological study indicated that
elevated exposure to mercury in utero was associated with a higher risk of the offspring
being overweight or obese in childhood, with this risk being reduced by adequate maternal
folate supplementation [58]. Additionally, an animal study suggested that prenatal dexam-
ethasone and postnatal high-fat diet treatment caused dysregulation of nutrient-sensing
molecules and circadian clock genes in visceral adipose tissue in rats [59]. Similarly, another
animal study found that prenatal low-protein diets followed by postnatal high-fat diets
resulted in a rapid increase in subcutaneous adipose tissue mass in the offspring, contribut-
ing to the development of obesity and insulin resistance [60]. In line with these findings,
our study observed that children with mothers exposed to IBS during pregnancy had a
much higher risk of obesity, especially when they experienced lower frequency or shorter
durations of outdoor physical activity at ages of 1 to 3 years, with significant multiple and
additive interactions between prenatal and postnatal variables. Taken together, all these
findings proved the First-hit/Second-hit Framework of DOHaD [25,26].

Based upon the findings of prior studies, three possible pathways are proposed as
explanations for the combination effect of prenatal IBS exposure and postnatal early child-
hood outdoor physical activity causing childhood obesity [25,61-63]. First, air pollution
exposure may result in changes in metabolic hormones, such as leptin and adiponectin. A
prospective study reported that maternal exposure to PM; 5 and NO, during pregnancy
increased umbilical cord blood adiponectin levels [64]. Second, oxidative stress and inflam-
mation may be potential mediators. A Dutch study reported that maternal higher PM;y and
NO; exposure during pregnancy were associated with higher levels of C-reactive protein
in cord blood at delivery [65]. Likewise, the Healthy Start study found that exposure to
PM; 5 during midpregnancy had positive associations with maternal IL-6 [66]. Moreover,
an animal study found that maternal supplementation with antioxidants reduced oxidative
stress and prevented the offspring of Western-diet-fed rats from developing obesity [67].
Third, epigenetic modifications, involving histone modification, miRNA expression, and
DNA methylation, are considered to be the most important mediators of developmental
programming [25]. The ENVIRONAGE birth cohort found that PM; 5 exposure during
the second trimester was negatively associated with DNA methylation of the lep pro-
mote status in the placenta, and with placental 3-NTp, a marker of oxidative/nitrosative
stress [68]. Cai et al. reported that early pregnancy PM;jy exposure was associated with
placental DNA methylation involved in glucocorticoid metabolism in fetal growth [69].
These three pathways could contribute to changes in placental function and fetal intrauter-
ine reprogramming, leading to a reduction in individual metabolic levels and increased
susceptibility to obesity [25,55]. Based on this, insufficient fat consumption, such as a lack
of outdoor exercise in early life, further exacerbates the development of obesity.

Some limitations should be considered when interpreting these results. First, the
assessment of prenatal IBS exposure relied on retrospective self-reporting by mothers.
This introduces the potential for recall bias, particularly concerning the accurate timing of
exposure during specific trimesters. Second, the actual components and concentration of
smoke emitted from burning incense, as well as the average duration of exposure to IBS
during each period, were not objectively measured. Third, the recall time frame for mothers
ranged from 2 to 7 years, so the validity of a mother’s recall regarding the frequency and
duration of their child’s outdoor activities may have been biased. Fourth, all participants
in this study were recruited from the Longhua District of Shenzhen, which may restrict
the generalizability of our findings, as there could be variations in the habit of house-
hold incense burning across different cultures. Fifth, though a range of covariates were
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considered in our analysis, there were still unmeasured confounders, such as household
ventilation conditions and outdoor air pollution conditions near the residential area, which
may potentially influence the findings. Sixth, the assessment of outdoor activity relying
on outdoor time and frequency, and the actual physical activity is not so clear, which may
impact the findings. Seventh, retrospective studies provide relatively weaker evidence for
establishing a causal relationship between the combined impact of prenatal and postnatal
factors on childhood obesity. Therefore, it is necessary to conduct a prospective cohort to
replicate these findings.

5. Conclusions

In summary, our findings suggest that maternal exposure to incense-burning smoke
during pregnancy and low levels of postnatal outdoor physical activity in children, from
the age of 1-3 years old, may independently and jointly increase the risk of obesity among
preschoolers. In addition, there are dose-response relations between prenatal exposure to
incense-burning smoke and childhood obesity. These findings highlight the necessity of
implementing public health interventions to avoid maternal exposure to incense-burning
smoke during pregnancy and to provide young children with more outdoor physical
activity so that childhood obesity may be decreased.
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Abstract: Air pollution is one of the major global public health challenges. Using annual fine
particulate matter (PM2.5) concentration data from 2016 to 2021, along with the global exposure
mortality model (GEMM), we estimated the multi-year PM2.5-pollution-related deaths divided by
different age groups and diseases. Then, using the VSL (value of statistical life) method, we assessed
corresponding economic losses and values. The number of deaths attributed to PM2.5 in Beijing in
2021 fell by 33.74 percent from 2016, while health economic losses would increase by USD 4.4 billion
as per capita disposable income increases year by year. In 2021, the average annual concentration of
PM2.5 in half of Beijing’s municipal administrative districts is less than China’s secondary ambient
air quality standard (35 pg/ m?), but it can still cause 48,969 deaths and corresponding health and
economic losses of USD 16.31 billion, equivalent to 7.9 percent of Beijing’s GDP. Therefore, it is
suggested that more stringent local air quality standards should be designated to protect public
health in Beijing.

Keywords: fine particulate matter; public health; mortality burden; economic value

1. Introduction

Air pollution is one of the major challenges facing global public health [1]. In 2022,
according to the Global Burden of Disease (GBD), a study revealed that air pollution ranked
fourth among various risk factors [2]. Fine particulate matter (PM; 5) pollution is the main
pollutant in urban atmosphere. PM; 5 refers to dust or drifting dust with a diameter of
2.5 um or less in ambient air. Atmospheric PM, 5 pollution poses a grave public health risk,
and the death toll is increasing. The Global Burden of Disease study indicated that PM; 5
exposure led to approximately 6.67 million additional deaths worldwide and 1.42 million
deaths in China in 2019 [3]. Therefore, addressing air pollution as a public health issue is
one of the most urgent tasks facing the world [4], and quantifying and accurately assessing
the death burden and economic loss related to PM; 5 is one of the important tasks [5].

The impact of pollutant concentrations on public health has long been part of the
focus of the WHO (World Health Organization). A precise and comprehensive evaluation
of the health effects associated with pollutant concentrations remains a top priority for
the WHO. Additionally, the accurate assessment of mortality rates and economic losses
attributable to PM, 5 pollution is of utmost importance. In the field of epidemiology, many
models, such as the IER (integrated exposure-response) model [6], the NLP (non-linear
programming) model [7], and the LL model (log-linear programming) [8], are used to
estimate cause-specific mortality. However, these models have many uncertainties; for
example, they do not evaluate the health hazards related to both indoor and outdoor
PM2.5 pollution differently. Compared to other models, the GEMM model initiated by
Burnett et al. (2018) [9] takes into account a wider range of health endpoints, considers
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indoor and outdoor sources of pollution, ADAPTS data, and specific conditions in different
regions, and maintains high accuracy and relevance in applications in different regions of
the world [10,11]. Therefore, this study utilized the GEMM model to assess the long-term
health impacts of PM; 5 pollution in 16 districts in Beijing. Recent research findings have
shown the health impact assessment of PM; 5 by using ground monitoring data combined
with pollution exposure mortality models at national and urban agglomeration scales. Bell
et al. (2007) conducted research about the influence of temporal and spatial differences
within the chemical composition of PM; 5 on health in the United States, and the results
showed that the daily changes in the composition of PM; 5 had an important impact on
health [12]. Song et al. (2016) discussed the distribution features of PM; 5 in China’s
air environment in 2013 and explored the health effects of PM; 5 by taking four health
endpoints of PM2.5 [13]. Yin et al. extracted the annual PM; 5 concentrations of 16 districts
in Beijing in 2012, estimated the external cost by using the statistical life value method (VSL)
and the revised human capital method (AHC), and found that among all health effects, the
economic losses caused by PM s-related deaths took up more than four-fifths of the total
external cost [14].

In response to the negative effects caused by air pollution in cities, the Chinese gov-
ernment and local governments have implemented and updated standards of air quality
and conducted specific control measures since 2013, when the state council initiated the Air
Pollution Prevention and Control Action Plan [15]. While some studies report improve-
ments in air quality and public health outcomes, others highlight persistent challenges,
such as enforcement issues, regional disparities, and the need for more stringent standards.
Today, more and more evidence proves that low concentrations of PM; 5 still cause health
damage, and the goal of reducing PM, 5 concentration is urgent. Therefore, there is an
urgent need for an effective evaluation method of PM; 5 pollution, which can offer essential
information for regional policy goals, assess the public health impact of coordinating air
pollution measures and reducing PM, 5 emissions, and identify potential economic benefits,
to further develop scientific and economic reduction strategy.

Previous regional studies in China [13-18] mostly used low-resolution PM, 5 concen-
tration values as exposure and mostly estimated PM; s-attributed death relying on the
comprehensive exposure-response model, non-linear model, log-linear model, and other
models, but there are many uncertainties in the above models. Compared with the IER
model, the GEMM proposed by Burnett et al. (2018) may take a more refined approach
and data in assessing exposure, allowing them to more accurately capture changes and
impacts in exposure levels. The GEMM combines data and results from multiple studies
to create a more comprehensive assessment framework with some flexibility to adapt and
modify for different regions and research needs. This flexibility allows GEMM to adapt
to different environments and study conditions to provide more accurate and applicable
health risk assessment results. The current commonly used health assessment model is
the classical global burden of disease integrated risk function (GBD-IER) [16], while the
recently proposed global exposure mortality model (GEMM) is less commonly used. This
study seeks to address these limitations by proposing an alternative approach that com-
bines high-resolution PM; 5 concentration data with a refined analysis of health outcomes,
thereby offering a more accurate and comprehensive assessment of the health impacts of
PMj, 5 pollution.

The terrain in Beijing is relatively flat, but the contradiction between air pollution
control and economic development is prominent. As the capital of China, the complex
urban heat island effect in Beijing makes the transport of air and pollutants more com-
plicated. It is one of the cities with serious air pollution in China, and haze has become
one of the highly concerned issues among Beijing residents. Although the annual average
concentration of PM; 5 in Beijing improved in recent years, there is still a significant gap
compared to developed countries and regions [17]. At the same time, with the worsening
of the aging population, the burden of deaths and economic losses related to PM; 5 may
further increase, posing a heavy burden on the medical service system [17,18].
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This study leveraged advanced monitoring techniques to procure PM; 5 concentration
data of high spatial resolution, thereby ensuring detailed and granular insights into the
air quality across various districts of Beijing. By harnessing the global exposure mortality
model (GEMM), this study meticulously estimated the mortality burden that can be di-
rectly attributed to PM; 5 pollution over a six-year period from 2016 to 2021. This model is
renowned for its robustness and enhanced predictive accuracy, which is crucial for quanti-
fying the public health effects of exposure to particulate matter. Further enriching the scope
of the research, this study integrated the statistical value of life (VSL) approach—a method
that assigns a monetary value to the prevention of fatalities, thereby providing a quantifi-
able economic perspective on health outcomes. By applying the VSL method, the research
was able to compute the economic repercussions stemming from health detriments linked
to PM, 5 pollution. This economic valuation is particularly significant as it transcends the
abstract and oftentimes imperceptible nature of air pollution’s health effects, translating it
into a concrete financial framework that can be readily comprehended and acted upon by
policymakers and the public alike. The culmination of these methods yielded results that
offer a comprehensive and scientifically rigorous foundation for potential policy reform.
The findings underscore the critical interplay between air quality and public health and
provide an evidentiary basis for the revision of local standards of air quality in Beijing. By
considering both the health and economic benefits, this study presents a compelling case
for the implementation of more stringent air quality regulations.

2. Materials and Methods
2.1. Data

This research encompassed an analysis of 16 districts in Beijing to comprehensively
assess the repercussions of PM pollution on public health and economic well-being from
2016 to 2021. This study meticulously gathered key data required for this evaluation,
emphasizing the significance of data accessibility in this context.

To determine the annual average PM, 5 concentration in Beijing from 2016 to 2021, this
study relied on the “China Long Time Series with high spatial resolution (1 km x 1 km)”
dataset, known as ChinaHigh PMx. The PM; 5 data were acquired from research from
Donkelaar et al. [19]. This dataset, derived from a combination of various data sources, in-
cluding land use, air emission, meteorological data, and satellite remote sensing technology,
was instrumental in providing a detailed estimation of PM; 5 levels [20]. Furthermore, the
population data and death data were obtained from the “Beijing 7th National Population
Census Main Data Bulletin,” and the insufficient data years were obtained from the Beijing
Municipal National Economic and Development Bulletin for 20162021 [21]. Additionally,
the GDP of each region was obtained from the annual “Statistical Bulletin of National Eco-
nomic and Social Development,” enabling a comprehensive analysis of economic factors
alongside pollution-related data.

We have conducted unified and standardized processing of the data, which included
PM2.5 concentration, total resident population, and GDP in the 16 districts of Beijing. All
data were unified from 2016 to 2021 to ensure the consistency of the study data. The
research results were standardized; that is, the monetary units of the output results of
the Beijing VSL model from 2016 to 2021 were unified into US dollars. PM; 5 data were
intercepted after spatial segmentation by ArcGIS Pro software. The smallest unit was the
district-level administrative region, and there were no outliers or missing values.

2.2. Mortality Effect Assessment Method

The global exposure mortality model (GEMM) represents a cutting-edge epidemiolog-
ical framework designed to quantify the health effects of exposure to various risk factors,
with a strong focus on air pollution, specifically particulate matter (PM). The GEMM is
built upon a rich bedrock of data compiled from a multitude of cohort studies conducted
globally. These studies provide extensive empirical evidence on the relationships between
exposure to different levels of air pollutants and the resulting mortality risks.
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One of the key features of the GEMM is its non-linear exposure-response function,
which allows for the estimation of mortality risk even at very low levels of pollution, a
domain where many traditional models falter. This is particularly crucial as it enables health
impact assessments across a broad spectrum of air pollution concentrations, encompassing
both high- and low-exposure scenarios.

The model is adept at evaluating the mortality burden attributable to a variety of
air pollutants, for instance, PM, 5, ozone, nitrogen dioxide, etc. It takes into account
factors such as age, location, and underlying health conditions, which are critical for
accurate mortality estimations. The GEMM'’s versatility allows for its application in diverse
geographical settings and can adapt to varying air quality standards, providing insights
that are both locally relevant and globally comprehensive.

The GEMM is an approach to estimating mortality that differs from simpler linear
models by providing a more nuanced understanding of the health risks of air pollution.
This includes the ability to capture the drastic increase in risk at high pollution levels and
the stabilizing of the risk curve at lower levels, which are consistent with the saturation
effects observed in epidemiological studies. Quantitative estimates of attributable mortality
are based on disease-specific hazard ratio models that incorporate risk information from
multiple PM; 5 sources (outdoor and indoor air pollution from the use of solid fuels and
secondhand and active smoking), requiring assumptions about equivalent exposure and
toxicity. It constructed a PM; s-mortality hazard ratio function based only on cohort studies
of outdoor air pollution that cover the global exposure range. The GEMM modeled the
shape of the association between PM; 5 and non-accidental mortality using data from
41 cohorts from 16 countries in the global exposure mortality model (GEMM).

This study assessed the mortality effect of PM, 5 based on the exposure-response
model and combined it with the PM; s-attributable mortality burden assessment method
proposed by Xiao et al. in the Global Burden of Disease study in 2015 [22]. The calculation
formulas are as follows:

Mij = Yoi X AFI] X POP] (1)
RR -1
AF; = RR ()

where i represents the endpoints of different health effects, and j represents the grid. M;;
represents the excess deaths attributable to PM; 5. y; refers to the baseline mortality rates
for different diseases. POP) is the exposed population of each grid. AF;; represents an
attribution score. RR is the relative risk degree. This study was estimated by the GEMM.

The GEMM is an exposure-response model proposed by Burnett’s team in 2018 to
evaluate the health effects of PM; 5 [9]. This model is the first exposure-response model to
consider the Chinese population and cover the global PM concentration exposure range
(2.4-84.0 ug/m). The calculation formulas are as follows:

GEMM(82;) = exp{ BT (A2 1, )} ®
T(Azj|x, 1, v) =log(1+ Azi/x)/{1+ exp[—(Az; — un)/V]} 4)
Az; = max(0,zj — zcf) (5)

In the formulas, z represents the average annual PM; 5 concentration for each grid.
z.¢ refers to the counterfactual minimum PM, 5 concentration, which assumes that at this
concentration, PMj 5 has no effect on health and takes a value of 2.4 pg/m. {3 represents the
exposure-response model coefficient. T(Az;|e, 1, v) is a complex transformation function
for concentration, where the («, 11, v) parameter defines the quantitative relation between
PMj, 5 and mortality. According to the research results of Burnet et al. [9], there are two
models in the GEMM model that quantify the premature deaths due to PM; 5, namely
GEMM NCD+LRI and GEMM 5-COD. The former can comprehensively assess the health
effects of all non-communicable diseases and respiratory infections induced by PM; 5
pollution, as the latter can separately assess five related chronic diseases that are closely
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linked to PMj, 5 pollution. These include ischemic heart disease (IHD), stroke (STR), chronic
pulmonary obstruction (COPD), lung cancer (LC), and lower respiratory tract infections
(LRIs). The GEMM model was utilized to calculate the impacts of variations in PM; 5
concentrations on the endpoint of population health effects. We selected the GEMM 5-COD
model to study the health effects of 5 causes of death, including ischemic heart disease
(IHD), stroke (STR), chronic pulmonary obstruction (COPD), lung cancer (LC), and lower
respiratory tract infections (LRIs), caused by PM, 5 pollution. Different health responses to
atmospheric PM; 5 in 12 variant age groups were quantified as well.

2.3. Health Economic Benefit Evaluation Method

The VSL (value of statistical life) is a methodological method used in the field of health
economics and environmental economics to quantify the monetary value associated with
reducing the risk of death. This concept is particularly utilized in cost-benefit analyses
where it is essential to weigh the costs of implementing safety measures against the expected
benefits of reducing risks to humans’ health. The VSL model is not about the value of
an individual’s life per se but rather the value that a group or society places on marginal
changes in the risk of death. For example, if individuals in a population are willing to pay a
certain amount, collectively, for a reduction in mortality risk that results in one fewer death
among them, this amount can be considered the VSL. To calculate VSL, data on individuals’
risk preferences are gathered, often through labor market studies, where wage differentials
are analyzed based on job risk levels. These data are then used to infer the amount of
money people are willing to pay for small decreases in their probability of death, often
termed the “willingness to pay” (WTP) to reduce risk. Essentially, if a population is willing
to pay a certain aggregate amount for a measure that reduces the risk of death, that amount
can be divided by the changes in the death toll to estimate the VSL.

Using the widely adopted statistical life value method and focusing on cities, this
study further assesses the health economic losses attributable to PM; 5 pollution [23,24]. It
takes the research findings from Beijing in 2012 as the baseline statistical life value. Through
the unit value transfer method, the statistical life value for Beijing from 2016 to 2021 is
estimated [25].

4
VSLi = VSLpage X ( G ) X (14 %AP: + %AG.) B (6)
’ Gbase

in which VSLy , stands for the amended VSL value of city c in year t. The VSL for Beijing
in the baseline year of 2012 is set at USD 132,000, approximately RMB 936,000 [14]. G
stands for the urban GDP per capita in year t, while Gy,.4 refers to the baseline per capita
GDP, which is the 2012 per capita GDP of Beijing. The income elasticity coefficient is set
at 0.8, following the recommendation of the Organisation for Economic Co-operation and
Development (OECD) [26]. %AP. is the factor that accounts for the percentage change in
the consumer price index (CPI), and %AGc is the per capita GDP from the baseline year to
year t for city c. By multiplying the calculated result with the deaths linked to PM; 5, the
total health economic burden for a city in a given year can be determined as follows:

E= VSLC,t X Ml] (7)

3. Results
3.1. Analysis of PM, 5 Concentrations in Various Districts of Beijing

According to Figure 1 and Table 1, from 2016 to 2021, there is a clear downward trend
in all areas of Beijing. Some regions start with higher values and then decline at different
rates. For example, in 2016, Dongcheng District had the highest PM; 5 concentration at
75.26 ug/m3. By 2021, the maximum concentration becomes 38.90 ug/m? in the Daxing
zone. The Dongcheng District decreased from 75.26 pg/m? in 2016 to 35.07 pg/m? in
2021, a decrease of 53.4%. The Huairou region decreased from 47.06 pg/m? in 2016 to
29.74 ug/m3 in 2021, a 36.8% decrease, although the Huairou region consistently main-
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tained low PM; 5 aggregation levels. The PM; 5 concentration in central areas (such as
Dongcheng and Xicheng) decreased significantly from a high level, elaborating that the
measures of urban air quality improvement have had a significant effect. Although the
initial concentration in suburban areas (e.g., Huairou and Miyun) was low, it also showed
a steady downward trend.

— ——————— ————————
0 15 30 60km 0 15 30 60km 0 15 30 60km

Figure 1. Spatial layout of PM; 5 concentrations in 16 districts in Beijing from 2016 to 2021.

Table 1. PM, 5 concentrations in 16 districts in Beijing from 2016 to 2021 (ug/m?3).

2016 2017 2018 2019 2020 2021

Changping 58.17 50.26 43.76 37.32 34.33 31.83
Chaoyang 72.75 60.65 50.84 44.46 39.48 35.54
Daxing 73.97 64.34 53.75 47.79 42.83 38.90
Dongcheng 75.26 60.74 50.93 44.42 39.08 35.07
Fangshan 62.18 54.91 48.03 42.18 38.22 34.98
Fengtai 73.56 61.07 51.65 45.13 40.33 35.19
Haidian 68.64 57.52 48.98 41.92 38.22 33.80
Huairou 47.06 43.30 38.03 33.47 31.04 29.74
Mentougou 49.22 46.25 41.20 35.78 32.99 31.66
Miyun 50.74 46.19 40.64 36.35 32.98 31.54
Pinggu 61.18 53.64 45.38 40.96 36.44 33.72
Shijingshan 71.72 59.63 50.87 43.25 39.47 34.48
Shunyi 66.22 57.05 48.15 42.20 37.74 34.05
Tongzhou 69.04 61.57 51.20 46.08 41.19 37.73
Xicheng 75.75 60.45 50.97 44.11 38.94 35.09
Yanging 45.17 42.89 38.22 33.38 31.41 29.57
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From the perspective of space, over the years, the districts with high PM, 5 aggregation
levels mainly located in the central urban area of Beijing and some areas in the south, in-
cluding Haidian District, Dongcheng District, Xicheng District, Fengtai District, along with
parts of Fangshan District and Daxing District. The central region has implemented a series
of policies and measures to reduce pollutant emissions and improve air quality, including
promoting clean energy, limiting industrial emissions, and raising vehicle emission stan-
dards, which have played an important role in reducing PM; 5 concentration. According to
Table 1, Gu’an City, Hebei Province, also has a higher value of PM; 5 concentration, and the
aggregation level is similar to that of the central city. The government can promote public
transport, encourage the use of low-emission vehicles, reduce vehicle exhaust emissions,
and reduce the negative impact of traffic on air quality. Increase the use of clean energy
(such as wind and solar energy), reduce the dependence on traditional high-polluting
energy, and fundamentally reduce pollutant emissions.

3.2. Deaths and Health Related to PM, 5 Pollution

Using PM; 5 exposure levels and population data from Beijing, combined with the
GEMM model, the numbers of premature deaths attributable to PM; 5 from 2016 to 2021
were estimated. In 2016, Chaoyang District had the highest number of premature deaths at
13,590, which fell to 7833 by 2021, a reduction of 42.4%. Apart from Chaoyang, Haidian and
Fengtai Districts also saw significant decreases in premature deaths, dropping from 12,346
to 6884 and from 8156 to 4547, respectively. A stable downward trend in premature deaths
was observed across all districts, aligning with the decreasing trend in PM; 5 concentrations.
Urban areas such as Dongcheng, Xicheng, and Chaoyang experienced larger declines in
premature deaths, possibly due to their denser populations and higher initial pollution
levels. Suburban areas like Huairou, Miyun, and Yanqing, despite having lower initial
death counts, also showed a downward trend, indicating overall improvements in air
quality. The data from all districts highlight the diminishing negative effect of PM; 5
pollution on health (Table 2). Reducing PM; 5 exposure and translating into improved
health outcomes, the first step is to reduce the concentration of PM; 5 in the air by reducing
the sources of PM; 5 emissions, including industry, traffic, and other pollution sources. We
will reduce traffic congestion and exhaust emissions by rationally planning urban layouts,
increasing green coverage, and improving transportation systems.

There is a consistent decrease in the figures of premature deaths caused by PM; 5
pollution across all age groups over the six-year period. The range of decrease across the
age groups is relatively uniform, with the percentage change varying from approximately
—32.24% for the 25-29 age group to —35.21% for the 80+ age group. The younger age groups
(25-29 to 40—44) have shown a slightly lower percentage decrease in premature deaths
compared to the older age groups. The middle age groups (4549 to 60-64) also follow the
decreasing trend but are in the middle range of the percentage decrease. The older age
groups (65-69 to 80+) have the highest percentage decrease in premature deaths caused by
PMj; 5 pollution (Figure 2). PM; 5 pollution is associated with various diseases. There has
been a notable decrease in the number of deaths from these conditions. Specifically, IHD-
related deaths decreased from 16,648 to 11,297 over the analyzed period. This significant
drop could be attributed to both enhanced medical treatments and interventions and a
reduction in exposure to PM; 5 pollution, which is a known one of the essential heart disease
risk factors. Deaths from lung cancer (LC) attributed to PM; 5 pollution fell from 9691 in
2016 to 6253 in 2021. This decline reflects the potential impact of public health initiatives
aimed at reducing pollution and smoking alongside advancements in cancer treatment
and early detection. Lower respiratory infection (LRI) deaths decreased from 8029 to 5366,
underscoring the importance of cleaner air in preventing respiratory infections, particularly
among vulnerable populations such as the elderly and children. Stroke-related deaths saw
a reduction from 12,443 to 7701 (Figure 2).
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The number and trend of age-specific premature deaths
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Figure 2. The trend of premature deaths attributed to PMj 5 in Beijing from 2016 to 2021 (IHD,
ischemic heart disease; LC, lung cancer; LRI, lower respiratory infection; STR, stroke; COPD, chronic
obstructive pulmonary disease).
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Table 2. Number of deaths related to PM, 5 pollution in 16 districts of Beijing, 2016-2021.

2016 2017 2018 2019 2020 2021

Changping 6281 5897 5561 5154 5044 4801
(4805-7527) (4493-7100) (4225-6724) (3906-6258) (3818-6136) (3632-5850)

Chaoyang 13,590 11,980 10,523 9365 8388 7833
(10,468-16,161)  (9175-14,337)  (8022-12,667)  (7118-11,319)  (6362-10,170) (5932-9522)

Daxing 5971 5750 5333 5194 5098 4799
(4602-7097) (4411-6867) (4070-6408) (3954-6264) (3872-6168) (3639-5821)

Dongcheng 3065 2618 2259 1971 1711 1594
(2364-3641) (2005-3133) (1722-2719) (1498-2382) (1298-2076) (1207-1938)

Fangshan 3508 3423 3264 3165 3125 2951
(2688-4194) (2614-4110) (2485-3936) (2403-3830) (2369-3793) (2235-3589)

Fengtai 8156 7163 6298 5581 4974 4547
(6284-9695) (5487-8570) (4803-7578) (4243-6742) (3774-6028) (3443-5529)

Haidian 12,346 10,817 9519 8312 7458 6884
(9492-14,711)  (8272-12,968)  (7249-11471)  (6310-10,062) (5654-9051) (5210-8377)

Huairou 1087 1059 999 935 918 892
(827-1312) (804-1281) (757-1212) (707-1138) (694-1119) (674-1088)

Mentougou 925 924 895 852 851 834
(704-1115) (703-1115) (679-1084) (645-1036) (644-1036) (631-1017)

Migun 1404 1342 1258 1189 1143 1108
(1070-1691) (1020-1620) (954-1524) (901-1444) (865-1392) (838-1350)

Pinggu 1357 1277 1176 1108 1055 1003
(1039-1623) (975-1535) (894-1421) (840-1342) (799-1282) (759-1221)

Shijingshan 2263 1982 1750 1530 1380 1260
(1742-2693) (1517-2373) (1334-2106) (1162-1850) (1046-1673) (954-1533)

Shunyi 3626 3498 3300 3189 3127 2930
(2784-4326) (2674-4195) (2512-3979) (2421-3859) (2370-3795) (2218-3565)

Tongzhou 4962 4922 4672 4637 4591 4349
(3816-5912) (3771-5887) (3562-5623) (3527-5599) (3484-5560) (3296-5279)

Xicheng 4530 3889 3416 3006 2664 2487
(3494-5380) (2978-4655) (2604-4111) (2284-3633) (2020-3231) (1883-3024)

Yanging 838 833 789 732 726 697
(637-1013) (633-1008) (598-958) (554-891) (549-884) (527-851)

3.3. PM; 5 Health and Economic Benefits

According to Table 3, the overall trend across most districts indicates an increase in
the VSL linked to PMj; 5 pollution over the six years, reflecting a growing economic cost
of health impacts led by PM, 5. Dongcheng District, Chaoyang District, Haidian District,
and Shijingshan District show significant upward trends, with Dongcheng District and
Chaoyang District experiencing the most substantial increases. Tongzhou District and
Shunyi District show relatively stable or decreasing trends towards the end of the period,
suggesting possible improvements in air quality, effective pollution control measures, or
changes in the demographic or economic makeup affecting the valuation of health impacts.

In Figure 3, the overall trend indicates an increase in the economic losses due to PM; 5
pollution, with the total rising from USD 11.91 billion in 2016 to a peak of USD 16.78 billion
in 2020 before slightly decreasing to USD 16.31 billion in 2021. Notably, different districts
exhibit varying patterns of change, with some districts showing a consistent increase, others
experiencing fluctuations, and a few witnessing a decrease in the later years. Districts
like Haidian and Chaoyang have shown a consistent increase in losses over the years.
These areas are significant economic and educational hubs, implying higher population
densities and potentially more vehicular and industrial emissions contributing to pollution
levels, thereby increasing health and economic costs. Daxing presents a notable fluctuation,
with a sharp increase from 2016 to 2019, followed by a significant decrease. This could
be attributed to specific local industrial activities or infrastructural developments, such
as the construction and subsequent operation of the Beijing Daxing International Airport,
which might have initially increased pollution levels before mitigation measures were
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Health and economic benefits

implemented. Shunyi district and Daxing district, after initial increases, show a decrease
in losses in the later years. The Pandemic since 2020, which caused the closure of Daxing
Airport, has resulted in a significant loss of GDP and, consequently, a reduction in the
value of statistical life. From the perspective of urban areas, Haidian District and Chaoyang
District account for most of the PM; s-related health economic losses in Beijing, and the
growth rate and total amount of Haidian District are significantly higher than other districts.
Chaoyang District grew at a steady rate between 2016 and 2021. Daxing District had a fast
growth rate between 2016 and 2018, but it has decreased significantly since 2019. At the
same time, the health and economic losses related to PM; 5 in Xicheng District are also high
but have always remained in a relatively stable state.

Table 3. The value of statistical life in 16 districts of Beijing from 2016 to 2021 (x 10* USD).

2016 2017 2018 2019 2020 2021
Changping 6.52 8.01 9.51 10.29 12.35 13.19
Chaoyang 18.44 23.79 29.74 32.93 40.56 44.36
Daxing 15.34 41.10 48.71 55.75 26.81 14.80
Dongcheng 41.07 54.98 49.33 59.13 81.11 91.76
Fangshan 9.27 12.02 12.81 11.52 12.04 11.19
Fengtai 9.26 11.99 15.17 18.00 23.04 24.69
Haidian 19.56 25.76 34.40 42.84 58.56 66.66
Huairou 10.47 12.30 14.23 14.20 17.29 20.04
Mentougou 8.24 9.02 10.11 12.71 15.40 19.23
Miyun 8.64 11.39 13.40 14.37 16.71 20.29
Pinggu 8.64 11.02 12.52 13.51 15.08 16.67
Shijingshan 11.50 14.64 18.88 21.57 32.42 43.77
Shunyi 20.17 23.70 25.87 25.35 24.34 22.64
Tongzhou 7.79 7.05 8.12 9.15 10.81 10.63
Xicheng 34.17 46.41 57.76 60.62 67.12 79.81
Yanging 6.89 8.62 10.38 11.66 14.23 14.52
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Figure 3. Health and economic losses caused by PMj; 5 pollution in 16 districts of Beijing from 2016 to
2021 (billion USD).
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4. Discussion
4.1. The Attributable Disease Burden of PM 5 in Beijing Showed a Decreasing and Stable Trend

This study focuses on the atmospheric heavy pollution area of Beijing. By using
PMj, 5 data with high-resolution, the international mainstream GEMM method was used
to comprehensively evaluate the atmospheric PMj; s-attributed deaths and time trends of
five causes (COPD, IHD, LC, LRI, and STR), twelve age groups (25-29, 30-35, 35-39, 40-44,
45-49, 50-55, 55-59, 60-64, 65-69, 70-74, 75-79, and 80+), and the total numbers of deaths
in Beijing from 2016 to 2021.

In 2012, the NAAQS (the Chinese National Ambient Air Quality Standard), initiated by
the Ministry of Environmental Protection of China, listed PM, 5 as one of the six pollutants
monitored and assessed by AQI [27]. Subsequently, a series of relevant documents have also
introduced practical prevention and control actions to improve the air quality in Beijing [28].
The results of this study show that the atmospheric PM, 5 concentration in Beijing decreased
significantly from 2016 to 2021, but it was still higher than all the national and international
standards, including the national secondary standard, the national primary standard, and
the WHO guideline standard. Although the attributable death burden of PM, 5 in Beijing
remains high, due to the improvement in air pollution in Beijing in recent years, the PM; 5-
attributable deaths of five diseases in 2021 have decreased to a certain extent compared
with 2016.

4.2. Comparison with Other Studies concerning PM, 5-Attributed Deaths and Economic Losses

Compared with previous studies on the disease burden of long-term exposure to
PM; 5, the advantage of this study is that it uses remote sensing PM, 5 data with 1 km high
spatial resolution and divides them by district level. At the same time of refinement, the
spatial heterogeneity of PM, 5 concentration and exposed population was also considered
to a great extent. In terms of the total number of deaths, we updated the excess deaths and
economic losses attributable to PM; 5 in the Beijing area of China based on the innovative
GEMM model, based on the calculation of different age groups and the number of deaths.

This study deepens the knowledge of the impacts of PM, 5 pollution, consistently indi-
cating that PM; 5 pollution represents a severe public health issue, leading to a significant
mortality burden [29-32]. PM; 5 poses a serious health threat as their small size allows
them to penetrate deep into the human respiratory system. Beyond its direct effects on
human health, PM, 5 pollution also has profound economic impacts, resulting in substantial
economic losses. These losses stem not only from increased healthcare costs but also from
indirect factors such as sick leave and decreased productivity. Estimating the economic and
health losses is a complex process involving the assessment of the statistical value of life,
measurement of pollution levels, the degree of population exposure, and the size of the
affected population. The statistical value of life, which represents how much money people
are willing to pay to reduce the risk of death, varies across different studies due to cultural,
economic, and social values. Similarly, factors like pollution concentration, exposure levels,
and population size can vary by region, time, and research methodology, leading to incon-
sistencies in the estimated economic health losses. All in all, PM; 5 pollution not only poses
a grave threat to human health but also causes significant economic losses. Addressing this
challenge requires global cooperation and comprehensive strategies, including reducing
emissions, raising public health awareness, and strengthening policy implementation to
alleviate the health and economic burdens of PM; 5 pollution. Furthermore, the methods
for assessing economic health losses need further research and standardization to more
accurately reflect the true impact of PM; 5 pollution and provide a scientific basis for poli-
cymaking. For example, Maji et al. [33] estimated that the total economic loss related to
pollution in China in 2016 was about USD 101.39 billion, accounting for 0.91% of GDP. For
example, Maji et al. [33] estimated that China’s total pollution-related economic loss in
2016 was about USD 101.39 billion, accounting for GDP. Among them, the PM; 5-related
death toll in Beijing was 18.58 thousand, and the economic loss was USD 4.75 billion. This
is slightly lower than the number of related deaths (73.92 thousand) and economic losses
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(USD 11.91 billion) in 2016 in this study. This is mainly because the statistical value of life
in Beijing at the time assessed by the study was much lower than that estimated in this
study. Han et al.’s findings suggest that economic losses attributable to long-term PMj; 5
exposure in the eastern region, where Beijing is located, were as high as USD 275.6 billion
per year during 2015-2019 [34]. Meanwhile, Xie et al. showed that without effective control
measures, it is estimated that by 2030, PM; 5 pollution will lead to RMB 210 billion of health
expenditure and RMB 10 trillion of health economic losses in China [31]. Previous studies
have confirmed that the improvement in air quality in China in recent years has brought
considerable health benefits [34-36]. Therefore, it is necessary to further take effective
air pollution control measures, which will also bring considerable economic benefits. For
example, the study by Xu et al. simulated the air quality benefits of the Air Pollution
Prevention and Control Action Plan in Beijing in the middle of its implementation and
found that the implementation of the policy could reduce external costs by USD 120 million
in 2014-2016, which is significant [35].

4.3. Policy Implications

In recent years, new changes have taken place in China’s air pollution situation. In
order to meet the management needs of ambient air quality in the new era and coordinate
environmental protection and economic development, it is necessary to revise the current
ambient air quality standards in China [36]. It is worth noting that the formulation and
implementation of local air quality standards is of great significance to improve the scientific
and precise level of air pollution prevention and control. For example, the US state of
California has formulated a series of air quality standards and pollution prevention and
control policies based on local conditions, in particular strict control of important pollution
sources such as motor vehicle emissions, and has made important progress in improving air
quality, energy conservation, and emission reduction and ensuring people’s health [37-39].
Beijing is one of the regions with the largest population density and the most active political
and economic activities in China, and it is also a key area for air pollution prevention and
control in China. Since the release of the “The Atmospheric Ten”, the air quality in Beijing
has been greatly improved. Taking Beijing as a pilot city, the formulation of China’s local air
standards for PM; 5 will help promote the transformation and upgrading of local economic
growth models, industrial structures, and technologies and promote the use of clean energy
and green economic development to form a low-carbon policy guided by carbon neutrality
goals [39-41].

Beijing has implemented stringent air pollution control measures over the years, in-
cluding restrictions on coal-fired power plants, vehicle emission standards, and promotion
of green energy, which could explain the overall trend of increasing losses peaking in 2020,
as the cumulative effect of pollution on health becomes more pronounced before policies
start to significantly mitigate these effects [42]. The economic development in certain
districts can lead to increased construction, traffic, and industrial emissions, contributing
to higher PM, 5 levels and associated health costs [43]. Conversely, economic shifts to-
wards less polluting industries or the relocation of heavy industries out of urban centers
can reduce pollution levels [44]. Growing public awareness about the health impacts of
PMj, 5 pollution, coupled with improvements in healthcare services, might influence the
economic valuation of health losses as more people seek treatment and adopt preventive
measures [29].

In order to further reduce the emission of air pollutants such as PM; 5 and continu-
ously improve air quality, it is recommended to adopt a series of regional pollution source
control measures. In terms of industrial emissions, it is recommended to establish more
stringent emission standards and encourage enterprises to adopt clean energy and efficient
purification technologies. At the same time, the promotion of new energy vehicles and
the improvement of public transport systems should be accelerated to effectively reduce
traffic emissions. For the dust in the construction process, it is recommended to strictly
manage and promote green construction standards. In addition, measures such as strength-
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ening public environmental awareness education and expanding urban green areas will
encourage the public to adopt a green lifestyle.

It is also crucial to further improve air quality monitoring and early warning systems,
increase investment in environmental governance, implement differentiated policies, and
improve public health services. It is recommended to encrypt air quality monitoring
sites to improve the accuracy and timeliness of monitoring data and to release health
warning information in a timely manner in combination with meteorological forecasting to
reduce public exposure risks. It is recommended to increase investment in environmental
technology research and development, support scientific and technological innovation in
clean energy and pollution control, and invest in improving environmental infrastructure.
According to the pollution characteristics and economic development level of different
regions, it is suggested to formulate differentiated environmental protection policies and
strengthen environmental governance cooperation among regions. Through strengthening
health education and improving the level of medical services, public health services should
be improved so as to provide more comprehensive health protection for the public. These
recommendations are designed to continuously improve air quality and public health while
also helping to mitigate economic losses and jointly build a greener and healthier future.

While this study underscores the importance of stringent local air quality standards
and pollution control measures, implementing these policies faces several challenges. En-
forcement mechanisms must be robust and adaptable to ensure compliance across diverse
sectors. Engaging stakeholders, including industry, local communities, and policymakers,
is essential for fostering a collaborative approach to air pollution mitigation. Moreover,
the allocation of resources for monitoring, enforcement, and public awareness campaigns
is critical for the success of these measures. Drawing on lessons from cities that have
successfully improved air quality, such as Tokyo and London, can provide valuable insights
into overcoming these challenges.

4.4. Limitations, Uncertainties, Feasibility, Cost-Effectiveness, and Unintended Consequences in
Estimating PM, 5-Attributed Deaths

This study presents a comprehensive analysis of PM; 5 pollution in Beijing and its
attributed mortality burden. However, it is crucial to acknowledge the inherent limitations
and uncertainties associated with our data and methodology. The estimation of PM; 5-
attributed deaths relies on the global exposure mortality model (GEMM), which, while
robust, is subject to uncertainties related to exposure assessment, population susceptibility,
and the transferability of risk estimates across different populations. Additionally, spatial
and temporal variations in PM; 5 concentrations within Beijing may lead to underestimation
or overestimation of exposure in certain districts. Future research should aim to refine
exposure assessment methods and explore the heterogeneity of health impacts within
urban populations.

The feasibility and cost-effectiveness of proposed pollution control measures are
paramount for their successful implementation. Policies must balance environmental ben-
efits with economic impacts, particularly on industries and employment. For instance,
transitioning to cleaner energy sources requires significant investment and infrastructure
development. Additionally, unintended consequences, such as the displacement of pol-
lution to neighboring regions or increased financial burdens on low-income households,
must be carefully considered. Mitigation strategies, including economic incentives for clean
technologies and targeted support for affected communities, can help address these issues.

5. Conclusions

This study meticulously gathered data on the annual average concentrations of per-
manent residents, GDP, and PM; 5 across 16 districts of Beijing from 2016 to 2021. Utilizing
the GEMM method, we calculated the deaths caused by PM; 5 pollution, which showed
a fluctuating yet concerning trend with numbers like 9157 in 2016, peaking at 12,723 in
2020 and reducing slightly to 12,352 in 2021. These data provide a stark explanation of
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the impact of PM; 5 pollution on people’s health. Further, this study evaluated the corre-
sponding health economic losses using the health economic benefit evaluation method,
revealing staggering economic impacts ranging from USD 9232.27 million in 2016 to USD
12,735.42 million in 2021.

The PM; 5-pollution-related economic losses fluctuated across 16 districts from 2016
to 2021, illuminating the intricate relationship between urban development, environmental
policies, and public health measures. While there is growing public awareness of the impact
of air pollution on population health and economic development, changes and differences at
the district level point to the need for a more nuanced approach to pollution prevention and
health risk management. Given the serious mortality burden and economic losses attributed
to PM; 5 exposure in Beijing, it becomes imperative to reevaluate and tighten the annual
average standards for PMj; 5 air quality. The current situation demands a more scientific,
precise, and localized approach to pollution prevention and control tailored to the evolving
dynamics of atmospheric pollution. Establishing more rigorous and comprehensive local
environmental air quality management standards is crucial for Beijing. Such measures
should not only aim at meeting but surpassing the national standards, taking into account
the specific challenges and needs of the city’s diverse districts.

There is a close relationship and influence between air pollutants and building disci-
plines. Air pollutants will have an impact on building materials, the indoor environment,
building energy efficiency, and other aspects, and have an impact on the indoor environ-
ment. In addition, air pollutants also have a certain impact on building energy conservation.
The architectural discipline fully considers the harm and impact of air pollutants in the
design and construction process, improves the comfort and health level of the indoor
environment, and realizes the green, low-carbon, and sustainable development of build-
ings. Beijing’s experience underscores the critical importance of sustained, comprehensive
strategies that balance economic growth with environmental sustainability and public
health. The path forward requires not just stringent standards but a collective effort to
transform awareness into action, ensuring a healthier future for all residents.
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Abstract: Background: The survival benefit of surgical revascularization in multivessel coronary
artery disease is well understood, though it can be modified by left ventricular dysfunction. Chronic
exposure to air pollutants has gained more attention recently as a possible non-traditional morbidity
and mortality cardiovascular risk factor. This study identified possible 5-year mortality risk factors
related to postoperative left ventricular performance, including air pollutants. Patients: There were
283 patients (244 (86%) males) with a median age of 65 (60-70) years enrolled in the retrospective
analysis. All patients were referred for off-pump coronary artery revascularization due to chronic
coronary syndrome that presented as a multivessel coronary artery disease. They were divided into
three groups depending on the postoperative course of left ventricular fraction (LVEF 50% or more
(169 patients), LVEF between 41 and 49% (61 patients), and LVEF 40% or less (53 patients)). Results:
The overall survival rate was 84% (237 patients) in a median follow-up time of 5.3 (4.8-6.1) years. The
median (Q1-Q3) chronic air pollution exposures for the analyzed group were 19.3 (16.9-22.4) ug/m3
for fine particles such as PM; 5, 25.8 (22.5-29.4) ug/ m?3 for coarse particles such as PM;g, and 12.2
(9.7-14.9) ug/ m? for nitric dioxide (NO,). The mortality in the first group (LVEF at least 50%) was
23 (13.6%), in the second group (LVEF 41-49%) was 9 (15%), and in the third group (LVEF 40% or
less) was 14 (26%). The multivariable regression analysis for the five-year mortality risk in the first
group revealed the predictive value of dyslipidemia (HR: 3.254, 95% CI: 1.008-10.511, p = 0.049).
The multivariable regression analysis for five-year mortality risk in the second group revealed the
predictive value of dyslipidemia (HR: 3.391, 95% CI: 1.001-11.874, p = 0.050) and PM; 5 (HR: 1.327,
95% CI: 1.085-1.625, p = 0.006). In the third group (severely decreased LVEF), chronic PM, 5 exposure
was found to be significant (HR: 1.518, 95% CI: 1.50-2.195, p = 0.026) for 5-year mortality prediction.
Conclusions: Traditional risk factors, such as dyslipidemia, are pivotal in the 5-year mortality risk
following surgical revascularization. Chronic exposure to ambient air pollutants such as PMj, 5 may
be an additional risk factor in patients with left ventricular dysfunction.

Keywords: OPCAB; CAD; air pollution; PM, 5; LVEF
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1. Introduction

Coronary artery atherosclerotic disease is characterized by an increased mortality
risk. Non-traditional risk factors such as air pollution have gained more attention due to
constant climate change [1,2]. Our previous analysis revealed the possible relationship
between coronary artery disease progression, air pollution [3], and ambient temperature [4].

The current assessment of ischemic disease advancement involves anatomical and
functional evaluation to optimize symptom reduction and address major adverse cardio-
vascular event threats [5]. The percutaneous and surgical interventions present satisfactory
results and indicate a personalized approach [6]. In the meta-analysis at the 5-year follow-
up by Formica et al. [7], higher incidences of all-cause mortality, myocardial infarction, and
repeat revascularization were revealed among patients with multivessel coronary disease
or left main disease treated with percutaneous interventions.

The two surgical techniques, off-pump and on-pump surgery, did not reveal significant
long-term outcome differences in the randomized trial of Quin et al. [8]. Though still limited
in overall application number, the off-pump surgical technique presents satisfactory results,
especially in high-risk patients [8-10]. In the results of the recently published SYNTASES
trial [7], 10-year mortality adjusted for significant confounders was significantly lower follow-
ing on-pump surgical revascularization than with off-pump and percutaneous approaches.

Although the survival benefit of surgical revascularization in multivessel coronary
artery disease is well understood, it can be modified by left ventricular dysfunction. Pre-
vious analysis pointed out the survival benefit of surgical over percutaneous therapies in
multivessel disease in patients with left ventricular dysfunction [11]. Even asymptomatic
mild left ventricular impaired function limits the prognosis and may progress to more
advanced stages [12]. Heart dysfunction induces inflammatory activation related to mi-
tochondrial dysfunction [13]. The presented phenomenon is characterized by impaired
energy production, oxidative stress, and disrupted calcium homeostasis. Airborne fine
particles are one of the strong external stimuli for inflammatory activation [14].

Accurately managing traditional coronary artery disease risk factors is essential for
long-term results optimization. In their meta-analysis, Bond et al. [8] presented the relation-
ship between ambient air pollution exposure and increased risk for all-cause cardiovascular
morbidity and morbidity. Our previous studies revealed an increased risk for coronary
disease progression related to air pollutants [15].

This study aimed to identify possible 5-year mortality risk factors, including air
pollutants related to postoperative left ventricular performance. The mortality risk as-
sessment was performed based on demographical and clinical characteristics, including
non-traditional cardiovascular elements such as environmental factors.

2. Materials and Methods

There were 283 consecutive patients (244 (86%) males) with a median age of
65 (60-70) years enrolled in the retrospective analysis. All patients were referred for
off-pump coronary artery revascularization due to chronic coronary syndrome, which
presented as a multivessel disease. Co-morbidities that characterized the patients included
arterial hypertension (222 (78%)), dyslipidemia (149 (53%)), and diabetes mellitus (111
(39%)). They were divided into three groups according to the current classification of heart fail-
ure based on the postoperative course of left ventricular ejection fraction (LVEF 50% or more
(169 patients), an LVEF between 41-49% (61 patients), and an LVEF 40% or less (53 patients),
as presented in Table 1.
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Table 1. Groups” demographical and clinical characteristics.

Group 1 Group 2 Group 3 p p P
Parameters LVEF > 50% LVEF 41-49% LVEF < 40% Group 1 vs. Group 1 vs. Group 2 vs.
Group 2 Group 3 Group 3
n =169 n=61 n=>53
Demographical
Age (years) (median (Q1-Q3) 64 (60-72) 64 (58-69) 64 (59-68) 0.322 0.186 0.795
Sex (male (%)) 142 (84) 52 (85) 49 (92) 0.627 0.124 0.324
BMI (median (Q1-Q3) 28.4 (26.6-30.9) 28.4 (26.3-31.0) 28.7 (26.6-31.5) 0.624 0.74 0.532
Co-morbidities
Arterial hypertension (n, %) 128 (76) 49 (80) 45 (85) 0.349 0 0.302
Dyslipidemia (n, %) 89 (53) 30 (49) 30 (57) 0.724 0.457 0.639
Diabetes mellitus (n, %) 57 (34) 21 (34) 19 (36) 0.859 0.778 0.928
PAD (n, %) 18 (11) 5(8) 4 (8) 0.61 0.512 0.883
CAD diagnosis:
Left main disease (n, %) 51 (30) 19 (31) 14 (26) 0.873 0.73 0.68
Two-vessel disease (n, %) 49 (29) 18 (30) 14 26) 1 0.862 0.835
Three-vessel disease (n, %) 69 (41) 24 (39) 25 (47) 0.88 0.43 0.451

Abbreviations: BMI—body mass index, CAD—coronary artery disease, LVEF—Ileft ventricular ejection fraction,
n—number.

2.1. Air Pollution Exposure Methodology

Three health-relevant air pollutants were considered for our study: particulate mat-
ter with a diameter of 10 microns or less (PMj), particulate matter with a diameter of
2.5 microns or less (PM; 5), and nitrogen dioxide (NO,).

The level of individual patients” exposure was assessed using spatial distributions of
air concentration fields across Poland, as provided by the Chief Inspectorate of Environmen-
tal Protection. Maps of air pollutants PM;g, PMj 5, and NO, were derived from the results
of the National Air Quality Modelling (NAQM) system, elaborated by the Institute of
Environmental Protection—National Research Institute in Poland (IEP-NRI), in line with the
Environmental Protection Act in Poland (Art 66, paragraph 6). The NAQM base consists of
two components: (1) high-resolution bottom-up emission inventory maps of air pollutants
stored in the Central Emission Database [16] and (2) air concentration maps elaborated
using the GEM-AQ model, which operates in the Copernicus Atmosphere Monitoring
Service—Regional Production (CAMS2_40) [17].

2.2. Statistical Analysis

The normality of the distribution of variables was tested with the Shapiro-Wilk test.
The t-test, Cochran—Cox test, Mann-Whitney tests, and Fisher’s exact test were used where
applicable to compare the variables between groups. Multivariable Cox regression was
performed to analyze the predictors of long-term mortality. Demographic (age, sex, body
mass index (BMI)), clinical (arterial hypertension, diabetes mellitus, hypercholesterolemia,
peripheral artery disease, surgical details), laboratory (troponin, creatinine, uric acid), and
air pollution (PM, 5, PM;g, NO,) data were evaluated. Statistical analysis was performed
using Statistica 13 by TIBCO. p < 0.05 was considered statistically significant.

2.3. Bioethics Committee

Informed consent was obtained from all participants. This study was conducted in
accordance with the Declaration of Helsinki and approved by the Institutional Review
Board (or Ethics Committee) of Poznan University of Medical Sciences, Poznan, Poland
(protocol code 55/20 from 16 January 2020), for studies involving humans.

3. Results

The overall survival rate was reported to be 84% (237 patients) in a median follow-up
time of 5.3 (4.8-6.1) years. There were no perioperative deaths and no major adverse
coronary events reported in the analyzed group. All patients were operated on through

155



Toxics 2024, 12, 697

median sternotomy in the off-pump technique. The mean graft number was 2.3 (0.7), and
the median hospitalization time was 12 (9-14) days, as presented in Table 2.

Table 2. Perioperative characteristics.

Group 1 Group 2 Group 3 14 p P
o 490 o Group 1 vs. Group 1vs. Group 2 vs.
Parameters LVEF > 50% LVEF 41-49% LVEF < 40% Group 2 Group 3 Group 3
n =169 n =61 n =53
Preoperative laboratory results:
WBC (x10°/L) (median (Q1-Q3)) 7.70 (6.47-8.93) 7.84 (6.41-8.83) 7.44 (6.59-8.51) 0.612 0.738 0.716
Hb (mmol/L) (median (Q1-Q3)) 8.8 (8.2-9.3) 8.7 (8.2-9.15) 8.90 (8.40-9.30) 0.972 0.699 0416
Plt (x10°/L) (median (Q1-Q3)) 219 (187-259) 225 (188-262) 222 (182-263) 0.896 0.961 0.863
Creatinine (imol/L) (median (Q1-Q3)) 98 (79-114) 93 (74-108) 95 (89-107) 0.578 0.685 0.893
CRP (mg/L) (median (Q1-Q3)) 6 (5-8) 6 (3-8) 6 (5-8) 0.64 0.934 0.756
Preoperative echocardiography:
LVED (mm) (median (Q1-Q3)) 50 (44-55) 57 (53-60) 61 (57-64) <0.001 <0.001 <0.001
LVEF (%) (median (Q1-Q3)) 53 (50-57) 40 (38-43) 31 (27-34) <0.001 <0.001 <0.001
Off-pump surgery:
Skin-to-skin time (min) (median (Q1-Q3)) 132 (119-167) 139 (121-170) 161 (120-182) 0.289 0.116 0.189
Number of grafts (n, mean (SD)) 2.2(0.8) 2.4(0.7) 3.0 (0.8) 0.148 0.047 0.563
Troponin max (ng/mL) (median (Q1-Q3)) 1.698 (0.789-4.334) 1.47 (0.603-3.416) 2.37 (0.942-4.125) 0.452 0.453 0.187
Overall hospitalization: (days) (mean (SD)) 10 (2) 11 (3) 14 (3) 0.608 0.043 0.278
Complications:
Bleeding (n, (%)) 2(1) 1(2) 1) 1 1 0.561
Wound infection (n, (%)) 3(2) 2(3) 1(2) 0.61 1 1
Abbreviations: CRP—C-reactive protein, Hb—hemoglobin, LVED—Ieft ventricular end-diastolic diameter,
LVEF—left ventricular ejection fraction, n—number, Plt—platelet count, Q—quartile, SD—standard deviation,
WBC—white blood cells count.
Postoperative exposure to ambient air pollutants was calculated individually for each
patient. The median (Q1-Q3) chronic air pollution exposures for the analyzed group were
19.3 (16.9-22.4) ug/ m? for fine particles such as PMj 5, 25.8 (22.5-29.4) ug/ m? for coarse
particles such as PM1g, and 12.2 (9.7-14.9) ug/m? for nitric dioxide (NO2). The mortality
rates in groups were as follows: in the first group (LVEF at least 50%) 23 (13.6%), in the
second group (LVEF 41-49%) 9 (15%), and in the third group (LVEF 40% or less) 14 (26%)
patients died. The detailed follow-up information is presented in Table 3.
Table 3. Patients’ characteristics in follow-up.
Group 1 Group 2 Group 3 p p p
o o o Group 1vs. Group 1vs. Group 2 vs.
Parameters LVEF > 50% LVEF 41-49% LVEF < 40% Group 2 Group 3 Group 3
n =169 n =61 n =53
Mean follow-up time (years) (mean (SD) 53 (1.1) 5.5 (1.1) 54 (1.1) 0.919 0.814 0.818
Follow—up laboratory results:
WBC (x10° /L) (median (Q1-Q3)) 8.32 (7.04-9.73) 8.6 (6.96-10.31) 8.91 (7.68-10.49) 0.797 0.152 0.535
Hb (mmol/L) (median (Q1-Q3)) 7.0 (6.6-7.4) 6.8 (6.5-7.45) 6.9 (6.5-7.5) 0915 0.767 0.709
Plt (x10°/L) (median (Q1-Q3)) 264 (211-322) 258 (220-303) 272 (222-354) 0.988 0.509 0.502
Creatinine (imol/L) (median (Q1-Q3)) 92 (79-104) 94 (75-105) 93 (81.5-100.6) 0.589 0.847 0.892
Uric acid (umol/L) (median (Q1-Q3)) 5.72 (4.85-6.99) 5.94 (5.01-6.63) 6.00 (4.98-7.64) 0.961 0.346 0.946
Hb1Ac (%) (median (Q1-Q3)) 6.4 (6.0-6.9) 6.5 (6.1-7.1) 6.4 (6.0-7.0) 0.928 0.879 0.945
Lipidogram:
Total cholesterol (mmol/L) (median (Q1-Q3)) 4.0 (3.3-47) 37 (3.1-4.2) 3.8 (3.5-4.2) 0.131 0.212 0.441
LDL (mmol/L) (median (Q1-Q3)) 2.2 (1.6-2.9) 1.7 (1.3-2.4) 2.1 (1.6-2.3) 0.034 0.145 0.123
HDL (mmol/L) (median (Q1-Q3)) 1.2 (0.9-1.5) 1.0 (0.9-1.3) 1.1(1.0-1.2) 0.11 0.48 0.423
TG (mmol/L) (median (Q1-Q3)) 1.4 (1.1-1.8) 1.5 (1.0-1.9) 1.5 (1.0-1.5) 0.324 0.052 0.365
Follow-up echocardiography
LVED (mm) (median) (Q1-Q3) 48 (42-52) 55 (51-58) 57 (53-61) <0.001 <0.001 <0.001
LVEF (%) (median (Q1-Q3) 55 (50-60) 44 (41-47) 33 (30-37) <0.001 <0.001 <0.001
Postoperative pharmacotherapy:
B-blockers (n (%)) 169 (100) 61 (100) 53 (100) 1 1 1
ACE-I (n (%)) 151 (89) 56 (92) 21 (40) 1 <0.001 <0.001
ARNI (n (%)) 14 (8) 3(5) 32 (60) 0.768 <0.001 <0.001
Diuretics (n (%)) 29 (17) 17 (28) 34 (64) 0.092 <0.001 <0.001
SGLT?2 inhibitors (n (%)) 2(1) 3(5) 15 (28) 0.09 <0.001 0.004
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Table 3. Cont.

Group 1 Group 2 Group 3 4 4 4
Parameters LVEF > 50% LVEF 41-49% LVEF < 40% Gé‘;‘;g; e Gg’r‘ggl} e Gg’r‘;glf N
n =169 n=61 n=>53
Statins (n (%)) 164 (97) 61 (100) 53 (100) 0.566 1 1
MRA (n (%)) 3(18) 5(8) 45 (85) 0.034 <0.001 <0.001
ASA (n (%)) 169 (100) 61 (100) 53 (100) 1 1 1
Insulin (n (%)) 31 (18) 6 (10) 10 (19) 0.218 0.838 0.187
Metformin (n (%)) 26 (15) 15 (25) 43 (81) 0.12 <0.001 <0.001
Ambient air pollution
PM; 5 (1g/m?) (median (Q1-Q3) 18.9 (16.9-22.4) 20.6 (17.8-23.0) 18.9 (15.4-21.8) 0.152 0.614 0.108
PMj (ng/m®) (median (Q1-Q3) 25.3 (22.4-29.6) 26.7 (23.9-29.7) 25.0 (21.2-28.3) 0.237 0.37 0.053
NO, (1g/m?) (median (Q1-Q3) (94991_%25. &) 13.0 (10.1-15.1) 11.2 (9.3-14.5) 0.709 0217 0.145
Five-year overall mortality (n, %) 23 (14) 9 (15) 14 (26) 0.831 0.036 0.161
Abbreviations: ACE-I—angiotensin-converting enzyme—inhibitor, ARNI—angiotensin receptor neprilysin in-
hibitors, ASA—aspirin, BMI—body mass index, Hb—hemoglobin, Hb1Ac—glycemic hemoglobin, HDL—high-
density lipoprotein, LDL—low-density lipoprotein, LVED—Ileft ventricular end-diastolic diameter, LVEF—left
ventricular ejection fraction, MRA—mineralocorticoid receptor antagonist, n—number, NO2—nitric dioxide,
PM,; 5—air pollution particle matter 2.5 um or less, PAD—peripheral artery disease, PM;¢—air pollution par-
ticle matter 10 pum or less, Plt—platelets, SD—standard deviation, SGLT2—sodium-glucose cotransporter-2,
TG—triglycerides, Q—quartile, WBC—white blood cell count.
3.1. Logistic Regression Analysis
The multivariable Cox regression analysis for predicting 5-year all-cause mortality
risk factors was performed separately for each group. This study included ambient air
pollutant exposure in places of habitation, including fine particles such as PM; 5 and coarse
particles such as PM;g and NO;.
3.2. Group 1
The univariable and multivariable Cox analysis of 5-year mortality risk in the first
group (LVEF 50% or less) revealed the predictive value of dyslipidemia (HR: 3.254, 95% CI:
1.008-10.511, p = 0.049), presented in Table 4.
Table 4. Univariable and multivariable analysis for 5-year mortality prediction in patients operated on
due to multivessel artery disease presenting in postoperative course normal left ventricular ejection
fraction (LVEF >50%).
Univariable Multivariable
Parameters
HR 95% CI p HR 95% CI p
Demographical:
Age 0.976 0.828-1.151 0.775
Sex (male) 0.755 0.135-2.606 0.49
BMI 0.976 0.828-1.151 0.755
Clinical:
Arterial hypertension 2411 0.465-12.512 0.295
Diabetes mellitus 2.402 0.702-8.218 0.163
Hypercholesterolemia 4.246 1.152-15.646 0.03 3.254 1.008-10.511 0.049
PAD 1.145 1.044-3.871 0.437
Perioperative:
Number of grafts (2) 1.478 0.288-7.574 0.64
Number of grafts (3) 1.579 0.309-8.078 0.583
Arterial =~ 0.91 0.567-1.245 0.592
revascularization
Troponin max 0.903 0.770-1.059 0.21
Postoperative:
Creatinine 0.995 0.970-1.022 0.726
Uric acid 0.889 0.616-1.282 0.528
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Table 4. Cont.

Univariable Multivariable
Parameters
HR 95% CI p HR 95% CI 4
Air pollution exposure:
PM;5 0.979 0.688-1.392 0.906
PMyg 0.955 0.723-1.370 0.977
NO, 1.012 0.871-1.175 0.879
Abbreviations: BMI—body mass index, HR—hazard ratio, NO2—nitric dioxide, PM; 5—air pollution particle
matter 2.5 um or less, PAD—peripheral artery disease, PMjp—air pollution particle matter 10 um or less.
3.3. Group 2
The multivariable stepwise regression analysis for 5-year mortality risk in the second
group (LVEF 40-49%) revealed the predictive value of dyslipidemia (OR: 3.391, 95% CI:
1.001-11.874, p = 0.050) and PM; 5 (OR: 1.327, 95% CI: 1.085-1.625, p = 0.006) as presented
in Table 5.
Table 5. Univariable and multivariable analysis for 5-year mortality prediction in patients operated
on due to multivessel artery disease presenting in postoperative course reduced left ventricular
ejection fraction (LVEF 40-49%).
Univariable Multivariable
Parameter
HR 95% CI p HR 95% CI p
Demographical:
Age 0.82 0.521-1.291 0.39
Sex (male) 0.047 0.01-4.086 0.18
BMI 1.194 0.743-1.919 0.463
Clinical:
Arterial hypertension 4.366 0.280-10.672 0.196
Diabetes mellitus 1.934 0.124-30.031 0.638
Hypercholesterolemia 6.767 0.859-83.861 0.156 1.001-11.874 0.05
PAD 1.04 0.103-5.764 0.241
Perioperative:
Number of grafts (2) 0.053 0.001-33.6700 0.226
Number of grafts (3) 0.062 0.002-43.703 0.227
Arterial 0902 0.567-1.674 0997
revascularization
Troponin max 1.015 0.805-1.278 0.902
Postoperative:
Creatinine 0.997 0.943-1.054 0.913
Uric acid 1.155 0.282-4.726 0.841
Air pollution exposure:
PMy 5 2.084 0.849-5.114 0.109 1.327 1.085-1.625 0.006
PMyq 1.009 0.122-1.250 0.113
NO, 1.429 0.829-2.464 0.199

Abbreviations: BMI—body mass index, HR—hazard ratio, NO2—nitric dioxide, PM; s—air pollution particle
matter 2.5 um or less, PAD—peripheral artery disease, PM;p—air pollution particle matter 10 um or less.

3.4. Group 3

The multivariable analysis stepwise regression analysis for 5-year mortality risk in
the third group (LVEF 40% or less) revealed the predictive value of chronic PM, 5 exposure
(OR: 1.518, 95% CI: 1.50-2.195, p = 0.026), as shown in Table 6.
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Table 6. Univariable and multivariable analysis for 5-year mortality prediction in patients operated
on due to multivessel artery disease presenting in postoperative course significantly reduced left

ventricular ejection fraction (LVEF < 40%).

Univariable Multivariable
Parameter
HR 95% CI p HR 95% CI p
Demographical:
Age 1.032 0.868-1.228 0.719
Sex (male) 4.061 0.681-10.603 0.996
BMI 1.035 0.784-1.367 0.807
Clinical:
Arterial hypertension 1.374 0.477-21.139 0.633
Diabetes mellitus 1.856 0.228-15.096 0.563
Hypercholesterolemia 2.397 0.327-24.812 0.142
PAD 1.496 0.484-11.671 0.401
Perioperative:
Number of grafts (2) 1.478 0.961-1.029 0.743
Number of grafts (3) 1.579 0.309-8.078 0.583
Arterial 0.91 0.567-1.245 0.592
revascularization
Troponin max 1.062 0.998-1.158 0.092
Postoperative:
Creatinine 0.994 0.970-1.022 0.726
Uric acid 0.889 0.616-1.282 0.528
Air pollution exposure:
PMy 5 1.311 0.588-2.923 0.509 1.518 1.050-2.195 0.026
PMyg 1.322 0.547-3.193 0.535
NO, 0.644 0.306-1.355 0.247

Abbreviations: BMI—body mass index, HR—hazard ratio, NO2—nitric dioxide, PM; s—air pollution particle
matter 2.5 um or less, PAD—peripheral artery disease, PMjp—air pollution particle matter 10 pm or less.

4. Discussion

Our analysis points out the significance of non-traditional mortality risk factors such as
air pollution alongside dyslipidemia in coronary disease patients who underwent surgical
revascularization. Eugene Braunwald has already presented the influence of environmental
factors, including ambient pollution, on increased mortality risk [18].

We confirmed the prognostic value of dyslipidemia on patients’ survival following
coronary artery revascularization. According to epidemiological studies, lipid-lowering
therapy may decrease mortality risk in the current population, as coronary heart disease is
the single leading cause of over 40% of CVD deaths [19]. Atherosclerosis is an age-related
disorder representing the complex mechanisms leading to lipid-rich lesion formation in the
circulatory system. The intricate balance between endothelium-derived relaxing factors,
such as nitric oxide and prostacyclins, and contracting factors, such as superoxide anion
and endothelin-1, is disturbed in atherosclerotic lesion formation, especially in dyslipi-
demic patients [20]. The impaired endothelial hemostasis is a critical contributor to aging
and chronic cardiometabolic disorders. The mechanism of plaque development relies
on inflammatory activation and involves various types of cells, including macrophages,
endothelial, vascular smooth muscle cells, and endothelial progenitor cells that are induced.
Recent studies highlight another process that may play a significant role in the mentioned
process and that is stimulated by dyslipidemia, named cellular senescence [21]. Prasad, in
his review [22], pointed out the significance of modifiable risk factor controls, like arterial
hypertension, dyslipidemia, diabetes mellitus, hypertension, obesity, and chronic renal dis-
ease for primary, secondary, and even tertiary preventive care. The low-density lipoprotein
concentration is considered a primary target in cardiovascular patients [23]. Our previous
analysis revealed the protective role of LDL lowering in perioperative myocardial injury in
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coronary revascularization [24]. The study by Lim et al. presented the association between
exposure to elevated LDL and non-HDL levels and increased postoperative mortality [25].
Our analysis highlights the significance of dyslipidemia’s presence, despite statin therapy,
on 5-year survival in surgically treated patients with multivessel coronary disease.

The exploration of the possible role of air pollution in long-term survival, especially
in patients presenting with decreased ejection fraction, is the novelty of our analysis. The
environmental factors may be prognostic factors of worse outcomes in certain groups of
patients following surgical coronary revascularization. The decreased ejection fraction
following the surgical revascularization signifies the heart failure-related inflammatory
activation. Regardless of the underlying etiology, heart dysfunction induces cytokines and
chemokines that modulate the phenotype and function of all myocardial cells, inflammatory
activation in macrophages, and microvascular dysfunction [26]. Systemic inflammatory
markers, presented as possible late mortality risk predictors [27] related to left ventricular
dysfunction, were reported to decrease in coordination with myocardial improvement [28].
In the CANTOS trial, the use of anti-inflammatory therapies, following lipid-lowering
strategies, led to significantly lower MACE risks [29].

Air pollutants induce inflammatory activation [30]. Fine particulate matter below
2.5 um in diameter (PMj 5) mainly arises from fossil fuel combustion during power genera-
tion, transportation, and industrial processes and has been identified as the main hazardous
constituent [31]. PM; 5 can cross the alveolar—capillary barrier, reach other body organs,
and activate tissue-resident immune cells, inducing oxidative stress, triggering inflamma-
tory reactions, and stimulating the autonomic nervous system. In experimental studies,
the properties of PMj, 5 in vascular cell penetration and its direct toxic effects were in-
vestigated [32]. PM; 5 can alter mitochondrial DNA and gene expression at the cellular
level, resulting in dysfunction that may lead to cell death [33]. The relationship between
ambient PM; 5 and increased serum cardiac biomarkers and inflammatory and oxidate
stress indices is postulated [34,35]. Chronic exposure to PM; 5 is currently regarded as
a subclinical marker of atherosclerosis and CV-related increased mortality [36]. This is
the main novelty of our analysis, namely, pointing out the significance of environmental
factors influencing predisposed patients in whom the inflammatory processes have already
been activated. Our results bring a new perspective to ambient pollution exposure in the
cardiovascular population, suggesting that the presented effect can be more pronounced in
predisposed patients.

Epidemiological studies have already presented the association between PM; 5 ex-
posure and increased mortality risk [37]. The unique characteristic of our analysis is the
personalized approach. The exposure to ambient air pollutants was separately calculated
for each patient, indicating its influence on human organisms. We focused on patient-
calculated chronic exposure to ambient pollution, suggesting its role in overall mortality.
However, previous studies highlighted the significance of acute and chronic PM; 5 changes
in increased mortality risk [38].

Study limitation: The study was a single-center analysis performed on patients pre-
senting with chronic coronary syndrome who were diagnosed with multivessel coronary
disease. However, all patients underwent off-pump surgical revascularization in a high-
volume center well experienced in the mentioned technique. The second limitation is the
fact that study results are based on all-cause mortality results.

5. Conclusions

The traditional risk factors, such as arterial hypertension, play a pivotal role in the
5-year mortality risk following surgical revascularization. Chronic exposure to ambient
air pollutants such as PM; 5 may be regarded as an additional risk factor in patients after
surgical revascularization with left ventricular dysfunction.
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Abstract: As one of the most common air pollutants, fine particulate matter (PM; 5) increases the risk
of diseases in various systems, including the urinary system. In the present study, we exposed male
and female C57BL/6] mice to PM; 5 for 8 weeks. Examination of renal function indices, including
creatinine (CRE), blood urea nitrogen (BUN), uric acid (UA), and urinary microalbumin, indicated
that the kidneys of female mice, not male mice, underwent early renal injury, exhibiting glomerular
hyperfiltration. Meanwhile, pathological staining showed that the kidneys of female mice exhibited
enlarged glomerulus that filled the entire Bowman’s capsule in the female mice. Afterward, we
explored the potential causes and mechanisms of glomerular hyperfiltration. Variations in mRNA
levels of key genes involved in the renin-angiotensin system (RAS) and kallikrein—kinin system (KKS)
demonstrated that PM; 5 led to elevated glomerular capillary hydrostatic pressure in female mice by
disturbing the balance between the RAS and KKS, which in turn increased the glomerular filtration
rate (GFR). In addition, we found that PM; 5 increased blood glucose levels in the females, which
enhanced tubular reabsorption of glucose, attenuated macular dense sensory signaling, induced renal
hypoxia, and affected adenosine triphosphate (ATP) synthesis, thus attenuating tubuloglomerular
feedback (TGF)-induced afferent arteriolar constriction and leading to glomerular hyperfiltration.
In conclusion, this study indicated that PM; 5 induced glomerular hyperfiltration in female mice
by affecting RAS/KKS imbalances, as well as the regulation of TGF; innovatively unveiled the
association between PM, 5 subchronic exposure and early kidney injury and its gender dependence;
enriched the toxicological evidence of PM; 5 and confirmed the importance of reducing ambient
PMj; 5 concentrations.

Keywords: PM; 5; renal hyperfiltration; renin—angiotensin system; kallikrein—kinin system; tubular
reabsorption; tubuloglomerular feedback

1. Introduction

Ambient fine particulate matter (PM, 5)—characterized by a small particle size (all
abbreviations in Table 1); a large relative surface area; and a complex composition contain-
ing heavy metals, polycyclic aromatic hydrocarbons (PAHs), carbonaceous particles (CP),
and other organic compounds— is a leading risk factor in global health, and the health
problems it poses have aroused widespread public concern [1]. While some countries, such
as China, have seen significant reductions in PM; 5 levels in the past few years, very few
countries and regions meet the World Health Organization’s Air Quality Guidelines for
PM, 5 [2]. PM; 5 can enter the lungs via the respiratory tract and further enter the blood-
stream, leading to various adverse health effects. Epidemiological studies indicate that
PMj, 5 exposure can increase global deaths and disability-adjusted life years (DALYs) [3],
as well as the prevalence of anemia, acute respiratory infections, and diseases of other
systems [4]. Toxicological studies have suggested that PM; 5 not only causes respiratory,
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cardiovascular, and neurological diseases but also accumulates in distal organs, such as
the liver and kidneys [5,6]. In recent years, kidney disease has become a hidden epidemic
worldwide. Studies have demonstrated that air pollution, including PMj, 5, contributes to
decreased kidney function and accelerates the development of renal diseases [7-9]. On
the one hand, PM; 5 exposure causes renal impairment by directly inducing oxidative
stress, inflammation, cytotoxicity, and angiotensin mediators [2,10,11]. Inflammation is
one of the most common mechanisms by which PM; 5 produces nephrotoxicity. For exam-
ple, PM; 5 can cause kidney injury through NLRP3-mediated inflammatory activation of
macrophages with the activation of the IL-6/STAT3 pathway [12,13]. In addition, PM; 5
induces abnormal renal sodium excretion mediated by renal D1 receptors [14]. On the
other hand, PMj; 5 can also indirectly aggravate kidney damage along with the increasing
prevalence of obesity, diabetes, hypertension, and genetic factors [15,16]. For example,
blood glucose abnormalities can cause changes in the Rho/Rock signaling pathway and the
Notch3-mediated mTOR signaling pathway, resulting in kidney injury [17,18]. Currently,
studies on the nephrotoxicity of PM; 5 mainly focus on acute and long-term exposure, and
studies on subacute and subchronic exposure are lacking. Furthermore, PMj; 5 exhibits
strong seasonality and geography. As a typical coal-fired city in northern China, Taiyuan
often experiences hazy weather conditions during the winter heating period; it is of great
interest to explore the effects of airborne PM, 5 in this region on renal function [19]. Further-
more, gender difference is an important factor in disease risk assessment, but few studies
have reported on the gender differences in the effects of PM; 5 on renal injury in adult mice.

Table 1. The list of abbreviations.

Full Name Abbreviations
fine particulate matter PMy 5
polycyclic aromatic hydrocarbons PAHs
carbonaceous particles CpP
disability-adjusted life years DALYs
end-stage renal disease ESRD
glomerular filtration rate GFR
creatinine CRE
blood urea nitrogen BUN
and uric acid UA
Estimated glomerular filtration rate e-GFR
adenosine triphosphate ATP
hematoxylin and eosin H&E
Enzyme-Linked Immunosorbent Assay ELISA
angiotensin II Ang II
mean =+ standard error SEM
renin-angiotensin system RAS
kallikrein-kinin system KKS
angiotensin I Angl
angiotensin-converting enzyme Ace
angiotensin II type 1 receptor Atlr
Human Kidney-2 HK-2
kallikrein 1 Klk-1
bradykinin 1 receptor Blr
bradykinin 2 receptor B2r
interleukin 6 11-6
tumor necrosis factor-o Tnf-u
sodium-dependent glucose transporters Sglts
glucose transporters Gluts
serum- and glucocorticoid-inducible kinase 1 Sgk-1
hepatocyte nuclear factor -1 Hnf-1a
tubuloglomerular feedback TGF
A1 adenosine receptor Alar
Hypoxia-inducible factor 1« Hif-1a
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The kidney is an important urinary organ with endocrine functions, responsible for
filtering blood plasma, excreting metabolic waste, reabsorbing nutrients, and regulating
blood pressure to ensure a stable internal environment and normal metabolism [20]. The
functional unit of the kidney is the nephron, composed of the renal corpuscle and tubules.
The renal corpuscle consists of the Bowman’s capsule and glomerulus, which is formed
by capillaries branching off from afferent arterioles, and the branches of each capillary
eventually converge to form the efferent arteriole. The tubule consists of the proximal
tubule, the loops of Henle, and the distal tubule [21]. Blood enters the kidney via the renal
artery and then passes through the afferent arterioles to the glomerulus. Driven by the
effective filtration pressure, all components of the blood, except for macromolecules such
as proteins and blood cells, travel through the glomerular filtration membrane to enter the
Bowman’s capsule and are discharged into the tubules (the proximal tubule, loop of Henle,
and distal tubule). After reabsorption, urine is formed (Figure 1) [22]. Kidney injury is
often accompanied by changes in the glomerular filtration rate (GFR) as well as alterations
in tubular reabsorption function [23,24]. Numerous studies have shown that PM; 5 affects
the body’s metabolism, causing the development of hyperglycemia, hyperlipidemia, and
hypertension, all of which influence the kidneys as the disease progresses.

Bowman's capsule
Afferent arterioles

/
f)
Glomerulus —‘s

\ 4

Distal tubule

Proximal tubule :
Efferent Y
arterioles

Collecting duct

Loops of Henle

Figure 1. The composition and structure of the renal nephron ( Red arrow represents the process of
urine formation and green arrow represents the direction of blood flow. The elements were derived
from Figdraw).

In this study, we exposed male and female C57BL/6] mice to PM;5 for 8 weeks
to investigate its nephrotoxicity in different genders and the underlying mechanisms,
thus enriching the toxicological evidence on PM; 5 and aiding in the adoption of relevant
regulations to reduce PM; 5 pollution and improve human health.

2. Materials and Methods
2.1. Collection and Physicochemical Properties of PM; 5

PM, 5 was collected in Taiyuan, Shanxi province, China, using quartz filters ($90 mm,
Munktell, Sweden) and a KC-1000 middle-volume air sampler (Laoshan Electronic In-
strument, Qingdao, China) at a flow rate of 100 L/min (22 h/day) from November
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2018 to March 2019. The extraction, storage, and physicochemical characterization of
PMj, 5, as well as the preparation of PM; 5 suspensions, were described in our previous
studies [25-27]. There were 15 polycyclic aromatic hydrocarbons and 31 elements in PM; 5,
and their concentrations are listed in Table S1.

2.2. Animals and Exposure Experiments

Eight-week-old male and female C57BL/6] mice were provided by Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). After one week of acclimation,
male and female mice were randomly divided into the PM, 5-exposed and vehicle groups,
15 mice per group. Mice in the PM; 5-exposed group were administrated PM; 5 (3 mg/kg
bw.) via nasal drip once every other day for 8 weeks, while mice in the vehicle control
group were administered with an equal dose of the vehicle solution (blank quartz filters
extraction). Urine was collected using metabolic cages in the eighth week of exposure.
After exposure, blood was collected, the mice were sacrificed, and the kidneys were also
collected and weighed, three of which from two groups were fixed using tissue fixation
solution (n = 3).

2.3. Kidney Function Tests

Serum levels of creatinine (CRE), blood urea nitrogen (BUN), and uric acid (UA),
as well as the levels of CRE and BUN in the urine, were determined using commercial
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China). The estimated
glomerular filtration rate (e-GFR) was calculated using the Cockcroft-Gault formula [28,29].

(140 — age) x weight x 0.85(if female)
72 X serum creatinine

e— GFR =

2.4. Measurements of ATP Content

Adenosine triphosphate (ATP) in the kidneys was determined using commercial kits
(Beyotime Biotechnology, Shanghai, China).

2.5. Histological Analyses

Kidneys were fixed in 4% paraformaldehyde and then embedded in paraffin to prepare
longitudinal kidney sections, which were stained with hematoxylin and eosin (H&E). The
sections were observed using a microscope (OLYMPUS, Tokyo, Japan). Glomerulus analysis
was performed to estimate the areas of the Bowman'’s capsule and glomerulus using the
freehand selection tool in Image] software. Thirty glomerular cross-sectional areas were
measured in each group. The Bowman's space was determined by subtracting the glomeruli
area from the Bowman’s capsule area.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of microalbumin in the urine and the levels of angiotensin II (Ang II)
in the serum were measured using commercial ELISA kits obtained from Animalunion
Biotechnology (Shanghai, China).

2.7. Quantitative RT-PCR

The extraction, reverse transcription, and storage of total RNA from the kidneys of
female mice were conducted as described previously [30]. The expression of genes was
determined on a qTOWER 2.2 real-time PCR system (Analytic Jena AG, Jena, Germany)
using TB Premix Ex Taq II kits (TaKaRa Bio, Shiga, Kyoto, Japan). The primers used are
shown in Table 2.
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Table 2. Primer sequences of the genes used in quantitative RT-PCR.

Gene Primer Sequence (5'-3')

F: CTCCGCTCTTGATGCTGTC

Ace R: TTCTCCTCCGTGATGTTGGT
F: ATGTTTCTTGGTGGCTTGGTT
Atlr R: CAGCAGCGTCTGATGATGAG
F: CAATGTGGGGGTATCCTGCTG
Kik-1 R: GGGTATTCATATTTGACGGGTGT
F: TCCTTCTGCGTTCCGTCAA
Blr R: TTCAACTCCACCATCCTTACAA
F: AGGTGCTGAGGAACAACGA
B2r R: AGGAAGGTGCTGATCTGGAA
F: TGATGGATGCTACCAAACTGGA
Ir-6 R: TGTGACTCCAGCTTATCTCTTGG
Tt F: CCACGCTCTTCTGTCTACTGA
R: GTTTGTGAGTGTGAGGGTCTG
Sgh 1 F: GGCACAAGGCAGAAGAAGTATT
R: GGTCTGGAATGAGAAGTGAAGG
inf 1 F: GACCTGACCGAGTTGCCTAAT
R: CCGGCTCTTTCAGAATGGGT
gl F: CTCTTCGTCATCAGCGTCATC
R: TCCTCCTCCTCCTTAGTCATCT
S F: TCAGAACCAATAGAGGCACAGT
R: CGGACAGGTAGAGGCGAATA
F: GTCACACCAGCATACACAACA
Glut2 R: ACTTCGTCCAGCAATGATGAG
F: ATCCTGGCTCTGCTTGCTATT
Alar R: GGCTTGTTCCACCTCACTCA
— F: ACCTTCATCGGAAACTCCAAAG
R: CTCTTAGGCTGGGAAAAGTTAGG
Gapdh F: AGAAGGTGGTGAAGCAGGCATC
R: GATGGACTTCGGGAACGGACAG
& Actin F: GCTTCTTTGCAGCTCCTTCGT

R: ATATCGTCATCCATGGCGAAC

2.8. Data Analysis

Data are expressed as the mean =+ standard error (SEM) and were analyzed using
GraphPad Prism 8. Normal distribution was confirmed by the Shapiro-Wilk test (p > 0.05).
Unpaired two-tailed t-tests were used to examine differences between the exposure group
and the vehicle group. Differences were considered statistically significant when p < 0.05.

3. Results and Discussion
3.1. PM; 5 Exposure Causes Early Renal Injury in Female Mice

CRE, BUN, and UA are metabolites excreted mainly through the kidneys and are all
important indicators for assessing renal function and glomerular filtration [31,32]. Variation
in GFR is a well-known phenomenon and the natural evolution of the glomerular damage
observed during chronic degenerative diseases or after exposure to nephrotoxic substances.
Similarly, changes in renal function and GFR induced by PM; 5 exposure vary among
existing studies [11,33-35]. In our study, the levels of serum CRE (p = 0.0429), BUN
(p = 0.0002), and UA (p = 0.0052) were significantly lower in PM; 5-exposed female mice
than they were in the vehicle group, whereas the levels of CRE (p = 0.0080) and BUN
(p =0.0161) in the urine were significantly elevated (Figure 2A-E), which suggests increased
glomerular filtration. A significant increase in glomerular filtration levels was calculated
in female mice but not in male mice (p = 0.0290) (Figure 2F). This indicates that female
mice were more susceptible to kidney damage caused by subchronic exposure to PM; 5
than males.
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Increased GFR implied that the kidney might be in a compensatory state, accompanied
by increased glomerular capillary pressure, damaged endothelial cells, and increased
capillary permeability, subsequently causing increased glomerular volume and proximal
tubular load. Mehmet Kanbay et al. found that elevated GFR occurs in the early stages
of kidney injury [36]. Urinary microalbumin is the most sensitive and reliable index for
early diagnosis of renal function [37,38]. Importantly, the level of urinary microalbumin
increased significantly in female mice exposed to PM; 5 (p = 0.0026) (Figure 2G), proving
that PM, 5 exposure caused early kidney injury in female mice.
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Figure 2. Effects of PM; 5 on the renal function in mice. (A—C) Serum levels of CRE, BUN, and UA in
mice. (D,E) Urine levels of CRE and BUN in mice. (F) Estimated glomerular filtration rate (e-GFR) of
kidneys in mice. (G) Level of urinary microalbumin in female mice. The values are expressed as the
mean + SEM (n > 6). * p < 0.05, ** p < 0.01, *** p < 0.001. Veh, vehicle.

3.2. PM; 5 Exposure Alters Renal Pathomorphology in Female Mice

Function influences structure and vice versa. Following eight-week exposure to PM; 5,
we found that female mice had a significantly decreased body weight (p = 0.0327), whereas
the body weight of male mice did not exhibit any changes (Figure 3A). Furthermore,
although both genders of mice showed no obvious alteration in kidney weight, the kid-
ney/body weight ratio (%) of female mice showed a notable upward trend (p = 0.0129)
(Figure 3B,C). Therefore, we supposed that the kidneys of female mice underwent compen-
satory enlargement following early injury. Similarly, Aurora Pérez-Gomez et al. discovered
that the kidney activates hypertrophic molecular mechanisms that counteract the loss of
renal function in the early stages [39]. Furthermore, early in the onset of diabetes, the
kidneys enlarge due to glomerular enlargement [40].

According to previous studies, the enlargement of glomerular volume is one of the rea-
sons for hyperfiltration. Glomerular hypertrophy has been implicated in the pathogenesis
of several renal diseases, including diabetes mellitus, obesity-associated nephropathy, and
focal segmental glomerulosclerosis [36,40-42]. The histological staining of kidney sections
showed that PM; 5-exposed female mice exhibited enlarged glomerulus that filled the entire
Bowman’s capsule, and the renal tubular cells were enlarged and tightly packed, whereas
no changes were found in the kidneys of PM, 5-exposed male mice (Figure 4A,B). It was
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statistically verified that the glomerular area was significantly elevated (p = 0.0431) and the
Bowman's capsule area was unchanged in female mice after PM; 5 exposure, resulting in a
remarkable decrease in the Bowman'’s space area (p < 0.0001), whereas none of the males
were changed (Figure 4C-E). Octavio Gamaliel Aztatzi-Aguilar et al. found that glomerular
hypertrophy may be caused by glomerular inflammation, an imbalance of the RAS and
KKS, and changes in blood pressure [11]. In addition, elevated blood glucose could also
cause microvascular and podocyte damage, which in turn causes glomerular hypertrophy
and kidney damage [43,44].
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Figure 3. Effects of PM; 5 exposure on (A) body weight, (B) kidney weight, and (C) kidney/body
weight ratio. The values are expressed as the mean £ SEM (n = 10-12). * p < 0.05. Veh, vehicle.
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Figure 4. Effects of PM, 5 exposure on renal pathomorphology in mice. (A) HE staining of the kidneys
in female mice (magnification: 400x), and (B) HE staining of the kidneys in male mice (magnification:
400x). (C) Glomerular area. (D) Bowman’s capsule area. (E) Bowman'’s space area. The values are
expressed as the mean & SEM (1 = 30). * p < 0.05, *** p < 0.001. Veh, vehicle.

3.3. PM; 5 Exposure Causes Early Kidney Damage by Inducing the Imbalance of the
Renin—Angiotensin System (RAS) and the Kallikrein—Kinin System (KKS)

In addition to increased glomerular volume, an increase in glomerular capillary pres-
sure can also result in glomerular hyperfiltration. The RAS and KKS play a crucial role
in maintaining renal hemodynamics and transport function, as well as sodium and water
reabsorption in distal renal units [34,35]. Increased activity and overexpression of relevant
genes in the RAS and its imbalance with the KKS are among the most widely associated
mechanisms of kidney disease. PM; 5 exposure leads to elevated inflammation and altered
endocrine signaling in the lung, which in turn trigger an imbalance between the renal
RAS and KKS, affects glomerular filtration, and causes kidney damage [10,11,45,46]. In
our past studies, we found that PM; 5 exposure causes lung inflammation in mice [47].
Vasodilatation of the afferent arterioles and/or vasoconstriction of the efferent arterioles
can increase the hydrostatic pressure in the glomerular capillaries, leading to glomerular
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hyperfiltration [36]. In the RAS, renin acts on plasma angiotensinogen, producing inac-
tive angiotensin I (Ang I). Ang I is hydrolyzed by Ace to active Ang II, which can cause
vasoconstriction of small arteries and increase blood pressure. In the KKS, Klk-1 converts
kininogen to bradykinin, the latter binds to bradykinin receptors, exerting vasodilation
and blood pressure-lowering effects. At the same time, Ace acts on bradykinin to convert
it into inactive fragments [45,48]. These two systems are interdependent and function in
regulating blood pressure and renal function (Figure 5A) [49-51].
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Figure 5. Effects of PM, 5 exposure on the RAS in the kidney of mice. (A) Interactions of the RAS and
KKS. (B,C) mRNA expression of RAS-related genes. (D) Serum levels of angiotensin II (Ang II) in
female mice. The values are expressed as the mean &= SEM (n > 6). * p < 0.05. Veh, vehicle.

Octavio Gamaliel Aztatzi-Aguilar et al. found that acute and subchronic exposure to
PM; 5 induces the activation of the RAS and KKS [52]. However, the gender dependence of
the expression of this endocrine signaling for indirect renal effects remains unclear. Conse-
quently, we first determined the mRNA expression of angiotensin-converting enzyme (Ace)
and angiotensin II type 1 receptor (AtIr) in the RAS (Figure 5B,C). These genes are engaged
in the endocrine pathway and angiotensin production. The results showed that the expres-
sion of Atlr and Ace increased by 57.3% (p = 0.0438) and 42.5% (p = 0.0452), respectively,
in PM; 5-exposed female mice compared with those in vehicle female mice, whereas no
changes were observed in male mice. Consistent with our findings, the expression of Ace
and Atlr was increased in human kidney-2 (HK-2) cells exposed to PM; 5 and the kidneys
of acutely exposed male rats [11,53]. Following this observation, we examined Ang Il in the
serum of female mice and found that elevated expression of Ace did increase Ang Il in the
serum (p = 0.0406) (Figure 5D), which can bind to At1r and cause vasoconstriction of the
efferent arterioles, thus contributing to glomerular hyperfiltration [54]. On the other hand,
Ang II can result in a high GFR by weakening the structural integrity of the slit diaphragm
and affecting glomerular permeability [55,56].

Moreover, we examined the mRNA expression of kallikrein 1 (KIk-1), bradykinin
1 receptor (B1r), and bradykinin 2 receptor (B2r) in the KKS (Figure 6A—C), which are
important mediators of vasodilation and inflammatory responses. Under pathological
conditions, B1r expression increases in inflamed tissues [45]. The results demonstrated
that the mRNA level of KIk-1 in female mice was reduced by 37.8% (p = 0.0294) after PM; 5
exposure, and the mRNA levels of BIr and B2r were not dramatically altered. In male mice,
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all of them underwent non-significant changes. At the same time, we examined the mRNA
expression of interleukin 6 (II-6) and tumor necrosis factor-« (Tnf-x) (Figure S1A,B), which
exhibited few alterations in these two genes, suggesting that PM, 5 exposure did not cause
inflammation in the kidneys. Decreased Klk-1 expression with increased Ace expression
results in decreased bradykinin production and increased consumption, which further
leads to elevated glomerular capillary blood pressure. Similarly, O. G. Aztatzi-Aguilar et al.
found that PM; 5 exposure induces early renal injury in rats by inducing an imbalance
between the RAS and the KKS [45]. Kallikrein—kinin inhibits apoptosis, inflammation,
hypertrophy, and fibrosis but promotes angiogenesis and neuroregeneration in the heart,
kidney, brain, and blood vessels. It is worth noting that decreased kallikrein expression can
reduce this unique ability of kallikrein—kinin to repair renal tubular injury [43].
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Figure 6. Effects of PM; 5 exposure on the KKS and inflammation in the kidneys of female mice.
(A—C) mRNA expression of KIk-1, B1r, and B2r. The values are expressed as the mean & SEM (1 > 6).
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In summary, PM, 5 exposure may increase the glomerular capillary hydrostatic pres-
sure by causing an imbalance of the RAS and KKS, which in turn leads to mild glomeru-
lar damage.

3.4. PM; 5 Exposure Causes Early Kidney Damage by Impacting TGF

Tubuloglomerular feedback (TGF) is one of the essential mechanisms in the self-
regulation of renal blood flow and GFR, and it is highly dependent on ATP and adenosine.
When macula densa cells sense an increase in sodium chloride concentration in the renal
tubular fluid, it stimulates the hydrolysis of ATP to adenosine, which is then released
extracellularly and acts on the A1 adenosine receptor (Alar) in the afferent arterioles, acti-
vating TGF and leading to the constriction of the afferent arterioles and a lower glomerular
filtration rate [57,58].

3.4.1. PM; 5 Exposure Influences TGF by Enhancing Renal Tubule Reabsorption of Glucose

Epidemiological studies have shown that for each 1 pg/ m? increase in PM, 5, the odds
of impaired fasting blood glucose increase by 10.20% in non-diabetic adolescents [59]. Toxi-
cological studies have demonstrated that PM; 5 specifically affects insulin sensitivity and
hepatic lipid metabolism in female mice [60]. In our work, there was a significant increase
in blood glucose in female mice (p = 0.0240) but not in male mice (Figure 7A). Research
has indicated that during the initial phases of diabetic nephropathy, there is an increase
in the GFR [40]. Elevated blood glucose can increase renal blood flow and intraglomeru-
lar pressure through osmotic pressure, which increases the amount of glucose filtered
through the glomerulus, thereby increasing glucose load, exposure, and reabsorption in
the renal tubules.

The process of glucose reabsorption in the renal tubules is mainly dependent on
sodium-dependent glucose transporters (Sglts) and glucose transporters (Gluts). Under hy-
perglycemia, serum- and glucocorticoid-inducible kinase 1 (Sgk-1) and hepatocyte nuclear
factor-1oc (Hnf-1a) can upregulate the expression of Sglt1 and Sglt2, respectively, thereby
increasing glucose reabsorption [61,62]. In our study, we found significantly upregulated
expression of Hnf-1a (p = 0.0376), Sgk-1 (p = 0.0414), Sglt2 (p = 0.0167), and Glut2 (p = 0.0368)
in female mice following PM, 5 exposure, whereas no significant change was found in the
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expression of Sglt1 (Figure 7B-F), but Sglt2 plays a greater role than Sglt1 during reabsorp-
tion [63]. These results indicated that glucose reabsorption was elevated in the renal tubules
of PM, 5-exposed female mice. When the glomeruli are exposed to high concentrations of
blood glucose, the glucose content in glomerular filtrate increases, which causes increased
reabsorption of glucose from the proximal tubule, accompanied by increased reabsorption
of sodium chloride in the proximal tubules, leading to a decrease in the concentration of
sodium chloride in the distal tubule, as perceived by the macula densa cells; in this case,
TGF was attenuated, thus leading to glomerular hyperfiltration [64,65]. SGLT2 inhibitors
inhibit sodium and glucose reabsorption, leading to increased sodium in the macula densa,
TGF activation, decreased glomerular hyperperfusion, high blood pressure, hyperfiltration,
and recovery of renal function [66].
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Figure 7. Effects of PM; 5 exposure on renal tubular reabsorption of glucose in female mice. (A) Blood
glucose levels in mice. (B-F) mRNA expression of reabsorption-related genes. The values are
expressed as the mean &= SEM (n > 6). * p < 0.05. Veh, vehicle.

3.4.2. PMy 5 Exposure Influences TGF by Inducing Renal Hypoxia and Decreased
ATP Synthesis

As explained above, the concentration of sodium chloride in the macula densa was
reduced, leading to an elevation in renin release, which further increased the production
of Ang II and enhanced the vasoconstrictor effects [67]. Vasoconstriction, as well as
enhanced tubular reabsorption, consumes large amounts of oxygen and ATP, resulting in
renal hypoxic/ischemic injury [68]. Alberto Valdés et al. proved that exposure of renal
proximal tubular cells to high glucose and hypoxic conditions decreases the synthesis
of ATP [69]. Kiefer W Kious et al. indicated that chronic intermittent hypoxia leads to
a higher glomerular filtration rate in rats [70]. Hypoxia-inducible factor 1« (Hif-1x) is a
key mediator that adapts cells to hypoxia [71]. In this study, the mRNA level of Hif-1x
in the kidneys of female mice was elevated (p = 0.0224) (Figure 8A), indicating that the
kidney might be hypoxic. Renal hypoxia can cause mitochondrial dysfunction and affect
ATP synthesis. Furthermore, we verified that PM; 5 exposure significantly reduced the
ATP content in the kidney of female mice (p = 0.0123) (Figure 8B), which could affect TGF
and cause glomerular hyperfiltration. Notably, the mRNA levels of renal Alar increased
significantly in female mice after PM, 5 exposure (p = 0.0019) (Figure 8C). This may be
a compensatory increase in the inhibition of TGF action. Therefore, we concluded that
PMj; 5 could cause mild kidney damage by affecting TGF, mainly because of enhanced renal
tubule reabsorption of glucose and renal hypoxia.
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Figure 8. Effects of PM, 5 exposure on renal hypoxia and ATP synthesis in female mice. (A) mRNA
expression of Hif-1a. (B) ATP levels. (C) mRNA expression of Alar. The values are expressed as the
mean + SEM (n > 6). * p < 0.05, ** p < 0.01. Veh, vehicle.

4. Conclusions

In the current study, we proved that eight weeks of PM; 5 exposure induced early renal
injury in female mice, manifested as glomerular hyperfiltration. The underlying reason for
this was, on the one hand, that PM; 5 induced an imbalance of the RAS and KKS in female
mice. On the other hand, PM, 5 caused elevated blood glucose in female mice, which in
turn enhanced the reabsorption of glucose by the renal tubules, affected TGF, and resulted
in renal hypoxia and decreased ATP (Figure 9). Our study provides valuable experimental
evidence for the nephrotoxicity of PM; 5 and elucidates the possible mechanisms underlying
the renal effects of subchronic exposure to PM,5. However, as a typical outdoor air
pollutant, exposure to PM; 5 via oropharyngeal aspiration does not fully and accurately
reflect its effects on the kidneys in the real environment. Therefore, it is of interest to
explore the renal effects of PM; 5 exposure in real environments. Additionally, due to the
heterogeneity of PM; 5, there is a need for a deeper exploration of the effects of specific
components of PM; 5 on kidney damage and their contribution to gender differences.
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(A,B) The mRNA expression of inflammatory factor, I1-6 and Tnf-«. The values are expressed as
the mean 4+ SEM (n > 6). Veh, vehicle, Table S1. The contents of elements and polycyclic aromatic
hydrocarbons in PM; 5 samples.
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