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ways involving telomere maintenance
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ABSTRACT

Epidemiological and epigenetic studies have acknowledged ambient ozone exposure associated with inflam-
matory and cardiovascular disease. However, the molecular mechanisms still remained unclear, and epigenome-
wide analysis in cohort were lacking, especially in Chinese. We included blood-derived DNA methylation for
3365 Chinese participants from the NSPT cohort and estimated individual ozone exposure level of short-, in-
termediate- and long-term, based on a validated prediction model. We performed epigenome-wide association
studies which identified 59 CpGs and 30 DMRSs at a strict genome-wide significance (P < 5 x107%). We also
conducted comparison on the DNA methylation alteration corresponding to different time windows, and
observed an enhanced differentiated methylation trend for intermediate- and long-term exposure, while the
short-term exposure associated methylation changes did not retain. The targeted genes of methylation alteration
were involved in mechanism related to aging, inflammation disease, metabolic syndrome, neurodevelopmental
disorders, and oncogenesis. Underlying pathways were enriched in biological activities including telomere
maintenance process, DNA damage response and megakaryocyte differentiation. In conclusion, our study is the
first EWAS on ozone exposure conducted in large-scale Han Chinese cohort and identified associated DNA

methylation change on CpGs and regions, as well as related gene functions and pathways.

1. Introduction

Ambient air pollution gave estimated contribution to approximately
9 million deaths per year, corresponding to one sixth deaths worldwide,
and ranked fifth in the leading risk factors for global mortality and
disease [5]. Ozone, a potent photochemical oxidant in the ambient air
pollution, is a major concern to human disease and death [26]. Recent
study by Global Burden of Disease acknowledged that exposure to ozone
pollution has caused 365,222 premature deaths per year globally [48]. It
has been reported that oxidate stress pathway and pulmonary inflam-
mation attribute the impact of ozone on chronic respiratory disease such
as cardiovascular and respiratory system exerts. Other associated health
risk included reproductive outcomes such as premature birth, and low
birthweight [36].

Although many prior studies focused on the effect of ozone exposure
on the risk of mortality and morbidity, much unknown remained on the
underlying mechanisms for these association. DNA methylation (DNAm)
is acknowledged as a regulator of transposable element and genes,
characterizing the status of gene expression without altering DNA
sequence [13]. DNAm has been identified as epigenetic factors to be
altered by ozone exposure [8], as well as mediate the effects of air
pollution exposure [35]. Investigation on the epigenetic effect might
reveal the relationship between ozone exposure and health outcomes.

One limitation of former epigenetic studies on ozone exposure was
that those studies mainly focused on the methylation change on a
number of biomarkers of specific health outcome, such as coding region
or regulatory elements. For instance, [43] measured
Angiotensin-converting enzyme (ACE) and Endothelin 1 (EDNT) as core
components in regulating blood pressure. Niu et al., [27] evaluated the
methylation change on Nitric oxide synthase 2 (NOS2A) and Arginase 2
(ARG2) in the arginase-nitric oxide synthase pathway inducing respi-
ratory inflammatory response. Bind et al., [2] investigated the five genes
related to cardiovascular pathways, including tissue factor (F3), inter-
feron gamma (IFN-y), interleukin 6 (IL-6), toll-like receptor 2 (TLR-2),
and intercellular adhesion molecule 1 (ICAM-1). Unlike the above
hypothesis-driven schemes, an epigenome-wide association study made
it possible for a comprehensive screen to capture the genome-wide
DNAm alteration induced by ozone exposure. To the best of our
knowledge, two recent studies have conducted genome-wide scans to
detect differentially methylated loci associated with either prenatal
exposure [20] or twelve-hours-before exposure in two hours duration
[3], and a total of 5 CpGs and 4 differential methylation regions (DMRs)
were identified. However, these studies focused on ozone exposure
scenes far different from routine exposure of common population in
daily lives, and were also limited by relatively small sample size. To this
point, there is a lack of large-scale cohort-based epigenome wide
methylation research on ozone exposure.

To elucidate mechanism underlying ozone exposure, we performed
EWASs on ozone exposure and identified differential methylation probes
on a large cohort of Han Chinese population in this study. The individual
ozone exposure level was predicted by a validated model and we cate-
gorized the ozone exposure into three exposure time windows, including
short- (1 month), intermediate- (1 year), and long-term (10 years). We
identified differential DNAm variants associated with ozone exposure
and proposed several potential underlying molecular mechanisms of
ozone exposure, including oxidative stress, DNA damage repairment and
megakaryocyte differentiation.

2. Material and methods
2.1. Study population

The Nation Survey of Physical Traits (NSPT) cohort was a
population-based cohort study which enrolled participants of Chinese
nationality in four sampling times from different suburban regions of
China: Taizhou, Jiangsu in August 2015; Zhengzhou, Henan in July
2017; Nanning, Guangxi in March 2018 and Taizhou, Jiangsu in March
2019. Individuals were recruited as volunteers by random selection, and
those with any critical illness were excluded from recruitment. Resi-
dential street address of each participant at the time point of recruitment
was collected by questionnaire (Supplementary Table S1) and used for
ozone prediction.

The individual DNAm level was obtained using the Illumina Infinium
Methylation EPIC BeadChips from blood samples, with 811,876 CpG
probes retained after quality control. Outputs were the beta values that
represent the percentage of methylation for every CpG probe (detailed in
Supplementary). All covariates incorporated in our study were also
collected by the personal questionnaire which includes sex, age, smok-
ing status, smoke pack year, passive smoking, alcohol consumption,
education and household income. BMI was derived from on-site
measured height and weight. Genetic principal components (PCs)
were calculated by principal component analysis on genotypes, to reveal
and adjust for potential population structure. Blood leukocytes fractions
(B cells, CD4 + and CD8 + T cells, NK cells, monocytes and neutrophils)
were estimated based on DNAm measurement using EpiDISH [47]. A
total of 3413 individuals with complete street address, matched DNAm
data and other individual information were included for follow-up
analysis (Fig. S1). The study was approved by the Ethics Committees
of Fudan University (14117) and the Shanghai Institutes for Biological
Sciences (ER-SIBS-261410), and all participants provided written
informed consents.
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2.2, Ozone Exposure assessment

2.2.1. Ozone predictions

The maximum daily 8-hour average (MDAS8) ozone concentrations
were predicted by the random forest method at a daily level and 1 km x
1 km resolution during 2005-2019 in mainland China with full spatio-
temporal coverage. The details of model development and evaluation
process were described and published in previous study [25] and sum-
marized here. Random forest models were trained with ground-level
MDAS ozone measurements served as a dependent variable, and ozone
simulations from the Community Multiscale Air Quality (CMAQ) mul-
tiscale chemical transport model, meteorological parameters, popula-
tion density, elevation, and road network data served as independent
variables. The overall cross validation R? and root-mean-square error
(RMSE) values between modeled and observed ozone concentrations at
daily level of random forest models were 0.80 and 20.93 pg/m?
respectively. The monthly and annual mean ozone concentrations were
calculated for each grid cell at 1-km spatial resolution.

2.2.2. Derived short-, intermediate- and long-term Ozone exposure

Monthly and annual mean ozone concentrations of grid cells were
provided for each participant according to the individual residential
information. Monthly ozone exposure levels were defined as estimated
concentrations of the same month as the blood sampling time, and the
prior 1-12 months to the sampling times. Annual ozone exposure levels
were defined as the estimated concentrations of each year from 2005 to
2019. Based on the monthly and annual ozone exposure prediction, we
divided the ozone exposure into three levels by the duration of exposure.
2 short-term ozone exposure levels were defined as ozone exposure of
one-month, which includes the exposure level i) in the month (described
as “the current month” in following) and ii) the previous month of the
sampling points. 4 intermediate-term ozone exposure levels were
defined as ozone exposure iii) in the year and iv) previous year
(described as “the current year” and “the previous year™), as well as the
v) mean and vi) maximum values of the 12 months prior to the sampling
points (described as “12 months mean” and “12 months max™). 2 long-
term exposure levels were defined as the vii) mean and viii) maximum
value of the previous 10 years before the sampling points (described as
“10 years mean” and “10 years max”). EWASs were conducted sepa-
rately for 8 exposures level of short-, intermediate- and long-term.

For higher resolution in time windows, we calculated the mean value
of each ascending time windows, from the current month, to the pre-
vious 11 months by a one-month step, and the average from current to
previous X months was described as “X months prior” in the following.

2.3. Statistical analysis

2.3.1. Epigenome-wide association analysis (EWAS)

EWAS was performed to capture the association between ozone
exposure and DNAm level at single CpG with generalized linear model
using limma R package [37], with the percentage of methylation (beta
value) as the response and the ozone exposure level as the predictor
variable (R scripts available in Supplementary). To adjust for con-
founding, age, sex, smoking status (not, former or current smoker),
smoke pack year, BMI, sampling point index (Taizhou2015, Zhengz-
hou2017, Nanning 2018 and Taizhou2019), blood leukocytes fractions
and the first ten genetic PCs were incorporated as covariates in the
EWAS model. The genome-wide significance threshold (P. Value < 5
%x10"®) was used to identify the CpGs significantly associated with
ozone. The same EWAS model was performed in every subgroup to
explore the heterogeneity (detailed in Supplementary). We also con-
ducted sensitivity analysis to investigate the confounding effect of the
covariate choice in EWAS model, by comparing the estimated effect
sizes from regression models which excluded each covariate from the
primary model, as well as additionally included potential factors to the
primary model (detailed in Supplementary).
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2.3.2. Comparison between different time windows

We extended the EWAS on a higher time-window solution to reveal
any DNAm alteration pattern as exposed to ozone in a longer period.
Specifically, with the estimated monthly ozone exposure in the prior 12
months, we calculated the mean value of each ascending time windows,
from the current month to the previous 12 months by a one-month step.
We then conducted EWAS on ozone exposure of each time window, with
the same covariates set as the main EWAS model. Effect sizes and p-
values were compared between EWAS on different time windows.

2.3.3. Differential methylation region analyses

In addition to the analyses of effect on individual CpG, we performed
DMR analyses to investigate the effect of ozone exposure on locally
dependent CpGs. To reduce false positive rates, we applied two algo-
rithms to identify DMRs, DMRcate [33] and comb-p [31]. Both methods
used the result of summary statistic data of EWAS on single probe level
as input. DMRcate identified DMRs by applying tunable kernel
smoothing process, whereas comb-p clustered local regions from the low
p-value and examined the correlation to discover DMRs. We followed
the same criteria as [21] to discover DMRs in both DMRcate and comb-p.
First, more than three probes should be included in a DMR. Second, the
length of a differential methylation region should not be over 500 base
pairs (bp). Third, the multiple corrected p-value of differential methyl-
ation region should under 0.01 for both method: Benjamini-Hochberg
FDR in DMRcate and Sidak -corrected p-value in comb-p.

2.3.4. Global and functional region analyses

To test whether ozone exposure altered the overall profile of DNAm,
we examinate the change of global DNAm distribution using GAMP
package in R [46]. We approximated the density and cumulative dis-
tribution of the DNAm using B-spline basis functions and obtained the
B-spline coefficients as representatives of overall DNAm distribution. A
joint test was carried out for significant association with ozone exposure.
We also calculated the arithmetic mean value of methylation level of all
probes and tested for association between global DNAm level and ozone
exposure.

On a regional aspect, we classified the CpGs into several functional
regions, by assigning each CpG to functional annotation using annotatr
[4]. Arithmetic mean methylation level of CpGs at each functional re-
gion were calculated separately, and linear regression was performed to
test the association between regional average methylation and ozone
exposure. Association tests above were adjusted for sex, BMI, blood cell
proportion and smoking.

2.4. Functional analysis on identified markers

Ozone associated CpGs were assigned to genes using annotatr R
package. To facilitate additional epigenome-phenotypes associations,
CpGs were queried against association studies databases, EWAS atlas
(https://ngdc.cncb.ac.cn/ewas/atlas) and EWAS catalog (https://ewas
catalog.org/), to expanding the associated phenotypic spectra. CpGs-
and DMRs- mapped genes were annotated with airborne pollution
related traits in a reverse phenotyping approach [42], by querying the
mapped genes against EWAS databases as well as GWAS catalog
(https://www.ebl.ac.uk/gwas/). We furtherly performed enrichment
analysis to identify functional characteristics for the mapped genes by
Metascape (https://metascape.org/).

3. Results

The NSPT cohort consisted of a total of 3413 Han Chinese individuals
in 4 subgroups, 529 recruited in Taizhou in 2015, 961 in Zhengzhou in
2017, 1432 in Nanning in 2018 and 491 in Taizhou 2019. Matched
Ozone exposure level, blood sample and other personal information
were available for all participants. 1297 (38.00%) participants were
males and 2116 (62.00%) were females, and the population aged from
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18 to 83 years old (mean + SD = 50.37 + 12.63). 484 (37.32%) of the Table 1
male participants and 2088 (98.68%) female participants were non- Characteristics summary of individual in NSPT cohort.
smoker. Characteristics summary of all personal information were Total

Taizhou, Zhengzhou, Nanning, Taizhou,
shown in Table 1. (N= 2015 (N 2017 (N = 2018 (N 2019 (N
3413)  =529) 961) = 1432) = 491)
3.1. Distribution of ozone exposure across all time window Sex, N (%)
Male 1297 212 393 (40.9) 541 151
The distribution of derived short-, intermediate- and long-term (38.0)  (40.1) (37.8) (30.8)
P . Female 2116 317 568 (59.1) 891 340
ozone exposure level were shown in Fig. 1. The variations were rela- 620)  (59.9) (62.2) (69.2)
tively high for short-term exposure, as well as the maximum metrics of Age, Mean (sd)
12 months max and 10 years max. When stratified by sample subgroups, Mean (SD) 50 48 (13) 44 (13) 55(11) 53 (9.2)
the intra-group distribution revealed relatively minor variations in each (13)
time window for all subgroups, compared to the high inter-group vari- BMI, Mean (sd)
. ’ ¢ Mean (SD) 25 25(3.7)  25(3.7) 24 (3.3) 25 (3.4)
ants. Such difference of ozone exposure level and low inter-group (3.5)
overlap demonstrated an inter-group heterogeneity and spatially Smoke status,
differed seasonal patterns, which could be explained by the seasonal, Mean (sd)
years and geographical difference. While the exposure levels peaked Never Smoker 2572 385 723(75.2) 108 379
during April and September and decreased sharply in December to (734)  (72.8) 758 {77.2)
g Ap o€p - and d arply ! Formermoker 160  33(6.2) 41 (4.3) 7049  16(3.3)
January in all region, the distribution showed unsynchronized peaks (4.7)
according to the recruitment time, as well as different levels according to Current Smoker ~ 681 m 197 (20.5) 277 96 (19.6)
geographical regions and years (Fig. 1A and B, and Fig. 52). Compared (2000 (210 (19.3)
to the international guideline, the ozone concentrations in peak seasons Sm‘:‘: :;:n
in Taizhou 2015, Zhengzhou 2017, and Taizhou 2019 were all higher fsd}
than the WHO recommended air quality guideline levels of peak season Mean (SD) 0.54 0.57 0.52(1.1) 0.52(1.3)  0.61(1.3)
[30] Interim target 1 (100 pg/m>), while lower than the Interim target 1 . L2y (12
and higher than the Interim target 2 (70 pg/m®) in Nanning 2018 pass“’;.
K . . . smokin;
(Suppler.nentary anFl Fig. S%). Als.o, we ob.osel.'ved a relatwe.:ly higher Yes & 1798 285 442 (46.0) 794 977
correlation across different time windows mﬂq}n 4 m{.mr_hs prior as well (52.7)  (53.9) (55.4) (56.4)
as above 8 months, but not between the two sides (Fig. 1C). No 1615 244 519 (54.0) 638 214
(47.3)  (46.1) (44.6) (43.6)
. . Alcohol
3.2. Epigenome-wide analyses consumption,
N (%)

In total, EWAS identified 59 differentially methylated CpGs where Rarely 2669 383 788 (82.0) 1114 384
methylation levels were associated with ozone exposure at a genome- (78.2) (724 (77.8) (78.2)
wide significance (P. Value < 5 x108), of which 8 CpGs associated Once a week 193 26(49)  82(85) 73610 12024
with one-month short-term sure, 48 CpGs associated with one-year 6.7)

! ! exposure, 46 LpLs ! y 2.3 times a 81 0(0.0)  32(33) 37(26)  12(24)
intermediate-term exposure and 12 CpGs associated with ten-years long- week (2.4)
term exposure (Fig. 2 and Table 52). Of the 8 short-term exposure > 3 times a 305 95 (18.0)  25(2.6) 115(8.0) 70 (14.3)
associated CpGs, 1 and 7 were associated with exposure in the month week (8.9)
and previous month of sampling point, respectively. Of the 48 CpGs NA [1‘:’58) »@n - 3469 93(6.5) 1326
associated with intermediate-term exposure, 41 and 13 CpGs associated Education. N ’
with maximum and mean exposure level derived from previous 12 (%)
months measurement, and 1 CpG from the previous year average pre- Uneducated 285 86(16.3) 22(2.3) 92 (6.4) 85(17.3)
diction. The 12 long-term exposure related CpGs were found associated . (8.4)

. . . Primary 830 127 108 (11.2) 443 152
with maximum exposure level of the previous 10 years. (243)  (24.0) 30.9) (31.0)

26 out of the 59 identified CPGS were validated in multiple sub- Junior 1229 182 298 (31.0) 567 182
groups, with effects in consistent direction and at a nominal significance secondary (36.0)  (34.4) (39.6) (37.1)
(P. Value < 0.05). Meanwhile, several CpGs showed diverse methylation Senior ; ?12513) 62(11.7) 207 (21.5) ?1155 0 37(7.5)

= e = secondary . .
alteratpn.across the 4 .subgr.oups. Specifically, a Proportlon of CpGs Tertiary and 297 @89  300(31.2) 28 (2.0) 22 (45)
were significantly associated in samples from Nanning 2018 subgroup, above (11.6)
while showed negligible or reversed effect in other subgroups (Fig. 53). NA 151 25 (4.7) 26 (2.7) 87 (6.1) 13 (2.6)

Sensitivity analysis demonstrated that the effect sizes on the identi- 4.4
fied CpGs were robust to intrinsic and extrinsic factors including age, Annual

king (both active and passive smoking), PM2.5 sure Household
sex, smoking (bof ind p g), FVls.o €Xposure, income in
alcohol consumption, education level and household income. On the CNY, N (%)
other hand, the effect sizes were sensitive to blood leukocytes fractions, < 2500 45 7(1.3) 3(0.3) 34 (2.4) 1(0.2)
which implies that different blood cells may exhibit varying patterns of (1.3)
methylation changes on the identified CpGs, in response to ozone 2500-4999 ‘[513 8 7.3 1D 53(3.7) 204
exposure, suggesting a blood-cell-type specific effect of ozone exposure 5000.9.999 161 1732 2324 115(8.0) 6(1.2)
(Fig. 54). (4.7)

For independent replication, we aligned the 59 CpGs with the two 10,000-19999 269 21(40)  51(53) 177 20 (4.1)
previous EWAS studies on prenatal ozone exposure [20] and two hours (7.9) (12.4)

- : : , . 20,000-34,999 461 60 (11.3) 123 (12.8) 226 52 (10.6)
ozone exposure in randomized controlled trial study [3], along with 3 (13.5) (15.8)

gene-specific association studies [2,27,43] for cross-study validation,
but the identified CpGs did not overlap with the reported variants from
previous EWASs. We further tested for significance of the reported CpGs

(continued on next page)
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Table 1 (continued )

Total Taizhou, Zhengzhou, Nanning, Taizhou,
(N = 2015 (N 2017 (N = 2018 (N 2019 (N
3413) = 529) 961) = 1432) = 491)
= 35,000 1903 388 723 (75.2) 462 330
(55.8) (73.3) (32.3) (67.2)
NA 511 29 (5.5) 37 (3.9) 365 80. 16.3)
(15.0) (25.5)

in our EWAS. 75 out of 278 CpGs reached nominal significance and the
permutation analysis determined that the reported CpGs were merely
replicated by EWAS on the current month and were not replicated by the
remaining EWASs (Supplementary and Fig. S5). However, we reasoned
that the cross-study inconsistency could be result from that the previous
studies measured ozone exposure utterly different from the ambient
ozone exposure scenario in this study.

3.3. Comparison on methylation effect between short-, intermediate- and
long-term ozone exposure

52 of 59 associated CpGs were nominal significant (P. Value < 0.05)
in all three exposure durations. And one CpG, cg16369592, showed
consistent hypomethylation effect across all exposure terms at genome-
wide significance. Those CpGs identified in the intermediate-term
exposure EWAS were all associated with long-term exposure at a nom-
inal significance, 7 out of which were simultaneously acknowledged as
“long-term exposure associated” at a genome-wide significance. Among
the intermediate-term exposure associated CpGs, 28 CpGs showed an
increasing hypomethylation effect for exposure of longer period. As for
the 4 CpGs exclusively associated with long-term ozone exposure, 3
hypomethylated and 1 hypermethylated, all showed an enhanced
methylation effect from short- to long-term ozone exposure.

Meanwhile, of the remaining 7 CpGs exclusively identified in short-
term exposure EWAS, effect sizes were not different from zero and even
tend to reverse in direction in intermediate- and long-term exposure
results. By a further comparison on the short-term exposure associated
CpGs across moving time windows, we found that the significance of
CpGs decrease sharply in results of longer exposure duration. As for
exposure approaching intermediate-term, results were coherent with
intermediate- and long-term exposure, with approximate effect sizes and
significance.

In general, the effect sizes of CpGs in intermediate- and long-term
exposure revealed a gradually enhanced differentiated methylation
trend with the extension of time scale, while the short-term exposure
associated methylation changes did not retain in response to longer
exposure (Fig. 3).

(A}

Exposure (pgim3)

=

]
¢%+¢4$#¢$

Journal of Hazardous Materials 463 (2024) 132780
3.4. Differentially methylated regions analysis

We applied the two cluster-based DMR analyses, and identified 104
significant (FDR-P. Value < 0.01) DMRs from DMRcate, and 164 sig-
nificant (Sidak p < 0.01) DMRs from comb-p, associated with any ozone
exposure. To reduce false positive, we considered the DMRs shared by
the results from both methods as validated findings (Table 54C). Of the
30 overlapped DMRs, 2 were associated with short-term ozone exposure,
27 with intermediate-term exposure and 4 with long-term exposure.
Notably, only 1 DMRs (chr15:83240550-83240792) overlapped with
the significant CpG (cg03152456), while the other 29 DMRs were novel
to the EWAS identified CpGs. While we attempted to validate the DMRs
with independent studies, the DMRs did not overlap with the identified
variants from two previous EWAS studies [3,20].

Moreover, we carried out an analysis based on genomic regions to
investigate the association between ozone exposure and global or
regional methylation levels. Our findings indicated no significant asso-
ciation (P. value > 0.05) between global methylation and any level of
ozone exposure. However, we did observe a modification in the
methylation level of both the gene body and promoter region
(Table 54D). These functional regions displayed a hypomethylated
pattern under intermediate- and long-term ozone exposure, suggesting a
possible association with the upregulation of gene expression. Further-
more, although we found a significant association between regional
methylation change and short-term exposure, the direction of the
methylation effect was inconsistent between exposure in the previous
and current month.

3.5. Gene annotation and enrichment analysis

We mapped the 59 CpGs and 30 DMRs to a total of 102 genes by
annotatr, and these genes were deduced as the potential regulatory
target. To investigate the potential function of the targeted genes, we
leveraged databases of association studies, and overlapped the genes
with traits reported by previous GWAS and EWAS (Fig. 4 and Table S5).
Consistency in associations was found in the suggested genes approxi-
mate to the top CpG sites, with other pollutants exposures such as PM, 5
NO,, and smoking, as well as other contaminants. Specifically, 39 genes
had been previously reported related to PM; 5 or PM; s element expo-
sure, 21 genes related to NO. exposure, and 14 genes were simulta-
neously identified to be related to both air pollution exposure.

In addition, 54 genes were associated with exposure to a substantial
number of environmental contaminants including inorganic contami-
nant (mercury and arsenic) and organic contaminant (e.g., poly-
chlorinated biphenyls, perfluorooctanoate and bisphenol A), and 57
genes were identified associated with smoking. Moreover, 56 genes were

5 5
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Fig. 1. Distribution of ozone exposure level across time windows. (A) Bar plot of the overall distribution of ozone exposure level. (B) Bar plot of the distribution of
ozone exposure level in each subgroup. (C) Correlation of ozone exposure level across time windows.
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The current month
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The previous month
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Fig. 2. Manhattan plot of EWAS on Ozone exposure. The red line corresponds to the genome-wide significant threshold (P < 5 x10~®). Significant CpGs were plotted

in red. Yellow and green represented chromosomes.

previously implicated in association with aging, 28 genes in association
with diabetes and metabolic syndrome, and 24 genes in association with
neurodevelopmental, congenital or mental disorders. Remarkably, there
is a notable overlap of 67 genes with findings from studies on immune-
related traits and inflammation disease, including asthma, allergic
sensitization, atopic dermatitis, systemic lupus erythematosus and acute
lymphoblastic leukemia. 58 genes were involved in oncogenesis process
of certain cancers or identified as pan-cancer biomarkers.

Specifically, cg16369592 and its mapped gene UBE2GZ2, which were
associated with any-term ozone exposure (Fig. 3), were reported in as-
sociation studies on PMs 5 [2], smoking [18] and SETD1B-related syn-
drome [19].

We conduct enrichment analysis for the assigned genes, to investi-
gate the coordination of gene functions at pathway level. The top
enriched GO pathways involved in cellular events of telomere mainte-
nance, chromosome regulation, embryonic development, TGF-p
signaling and regulation of transcription by RNA polymerase II (Fig. 5).
In detail, XRCC3, ERCC1 and TERFZ participated in regulating telomere
maintenance process and DNA damage response, including telomere
loop disassemble, telomere trimming, telomeric circle formation and

protection against non-homologous end-joining. Genes including
HOXB3, HOXB6, PRMT1 and TERFZ involved in embryonic develop-
ment. The telomere maintenance and chromosome regulation pathways,
as well as the embryonic development pathways were also confirmed in
REACTOME. CREBBP, RBBP4, CHST11 and PMEPAI participated in
TGF-p signaling pathways. And a gene set of CREBBP, CBFB, ATF7IP,
ERCC1 and TAF12 were enriched in DNA-templated transcription initi-
ation (Table S6). Additionally, PF4, GPIBA, PRMT1 and CBFB were
enriched in megakaryocyte differentiation pathways in Reactome,
playing a role in hematopoiesis by regulating megakaryocyte
differentiation.

4. Discussion

We proposed a paradigm with a) prediction on individual level ozone
exposure measurements based on cohort data of healthy participants, b)
epigenome wide association study to identify related DNAm change at
both CpG and genomic region levels, c) sensitivity analysis to investigate
robustness and heterogeneity, d) follow-up functional analysis to reveal
underlying biological mechanism. With a relatively large sample size,
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we identified differentially methylated CpGs and genomic region asso-
ciated with short-, intermediate- and long-term ambient ozone exposure,
reaching epigenome-wide significance. To our knowledge, this study is
the first cohort-based EWAS on ozone exposure, as well as the first EWAS
on a wide range of exposure time windows. With a relatively large
sample size, we identified epigenome-wide significant CpGs and DMRs,
using the model-predicted ozone exposure level.

ping with previous association studies. Superscripts indicated that the gene was

Gene annotation revealed that the methylation change on several
genes were simultaneously affected by ozone exposure as well as
exposure to other air pollution, including PM, 5. NO,, multiple chemical
component and smoking. The overlap targeted genes suggested that air
pollution exposure of various contaminants might share commonality in
epigenomic effect and trigger similar biological response likewise, or
even share certain risks on health outcomes. Moreover, combined with
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Fig. 5. Enriched GO pathways of identified ozone exposure related genes. Enrichment analysis was conducted on the mapped genes. The p-value was derived by
comparing the observed frequency of genes involving in a pathway term with the frequency expected by chance.

previous association studies, the ozone exposure related genes were
implicated to be involved in aging and a wide range of diseases,
including diabetes and metabolic syndrome, neurodevelopmental,
congenital or mental disorders, immune-related traits and inflammation
disease, and oncogenesis. It has been acknowledged by various evidence
that air pollution exposure accelerates aging and have impact on mo-
lecular phenotypes such as telomere length and mitochondrial DNA
copy number [15,38,41]. Particularly, exposure to ambient ozone was
associated with shortened telomere length and decreased mitochondrial
copy number, which as aging biomarkers, mediated the increase risk of
atherosclerotic cardiovascular diseases [22]. Consistently, our studies
also linked ozone exposure to telomere maintenance and aging, and
highlighted that ozone exposure associated DNAm alteration might
participate in the accelerated aging process. Moreover, inflammatory
response was found to be significant health outcomes induced by ozone
exposure, even in short-term and low-concentrations [44].
Ozone-induced inflammation can lead to the production of reactive
oxygen species (ROS) and oxidative stress, causing damage to cells and
tissues. This oxidative stress can trigger the activation of signaling
pathways involved in inflammation, such as nuclear factor-kappa B
(NF-xB) and activator protein-1 (AP-1), leading to the production of
various inflammatory mediators [11]. In this study, we observed that
epigenomic effect of ozone exposure aligned with genes related to im-
mune system and inflammation response, and the inflammatory
response to ozone exposure could be responsible to the increased risk of
inflammation symptoms including asthma and allergic sensitization, or
even metabolic [40] and neurological symptoms [11]. More impor-
tantly, chronic exposure to ozone and the resulting persistent inflam-
mation may contribute to the development or progression of respiratory
diseases. Prolonged inflammation can lead to structural changes in the
airways, remodeling, and fibrosis, which can impair lung function over
time [12].

On top of the evidence from previous association studies, we also
identified a gene sets (XRCC3, ERCC1 and TERFZ2) enriched in coordi-
nated pathways involved in telomere maintenance process and DNA
damage response, including telomere loop disassemble, telomere trim-
ming, telomeric circle formation and protection against non-
homologous end-joining, which might help reveal the underly mecha-
nism of biological response induced by ozone exposure. As mentioned
above, ozone exposure has been acknowledged as inducing ROS and
oxidative stress, furtherly leading to DNA damage and resulting in

premature telomere shortening and cellular aging. It is worth
mentioning that, firstly, such impact on telomere length is not exclusive
for ozone exposure, but common for various air pollution exposure.
Many studies have reported the association between telomere length
and air pollutants including NO,, NO,, PM; 5 and PM;, [14,39], black
carbon [24], and polycyclic aromatic hydrocarbons [32]. Secondly,
regulation on telomere maintenance is a complex process influenced by
various factors, especially may differ across cell types and tissues.
Oxidative stress is just one of the many factors that can contribute to
telomere attrition, and it is much not likely caused by ozone exposure
solely. Another interesting finding from enrichment analysis is we
identified a gene set (PF4, GP1BA, PRMT1 and CBFB) participating in
hematopoiesis by regulating megakaryocyte differentiation. Megakar-
yocyte differentiation is responsible for the production of blood platelets
and functions in both health (hemostasis) and disease (thrombosis) [29].
ROS affects megakaryocyte differentiation, maturation, polyploidy and
proplatelet fragmentation [9] and the relation between acute ozone
exposure and prothrombosis has been proposed based on proteomic
alteration [28]. As the gene set identified by our study were significantly
associated with short-term ozone exposure, we believed these finding
provided further evidence on epigenomics and gene regulation
involving megakaryocyte differentiation, linking short-term ozone
exposure to thrombosis.

Sensitivity analysis revealed that some of the identified CpGs were
sensitive to regional heterogeneity (Fig. 53, S4A). We reasoned that
there were disparate distributions of ozone exposure levels across sub-
groups (Fig. 1B), and the subtle overlapping might result in regional
heterogeneity and led to divergent effects on methylome, even though
we have adjusted the group index as covariance. Similar heterogeneity
were also brought up by a previous EWAS on PM, 5 exposure in Italy and
Nederland [34]. Also, the effect sizes of several CpGs were sensitive to
blood leukocytes fractions (Fig. S4A), which implies that different blood
cells may exhibit varying patterns of methylation changes on the iden-
tified CpGs, in response to ozone exposure, suggesting a blood-cell-type
specific effect of ozone exposure. On the other hand, the findings were
robust to intrinsic and extrinsic factors including age, sex, smoking (both
active and passive smoking), alcohol consumption, education level and
household income (Fig. 54). Lastly, despite that we spotted overlapped
genes in response to both ozone and PM2.5 exposure, the ozone-related
DNAm was not confounded by PM2.5 (Fig. S4. B), which suggested
shared biological mechanism between ozone exposure and other air
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pollutant.

On top of the identified genes and pathways, our study provided
insight in the effect of ozone exposure on DNAm across different time
windows. To date, most of the studies focused on ozone exposure of
single period, and our study proposed a comprehensive investigation on
the shared and differed pattern across ozone exposure in different time
windows based on the broadest range of time windows from short- to
long-term, including monthly, annual and 10-years exposure. We found
that the methylation alteration on the identified CpGs showed diverse
patterns between intermediate- to long-term zone exposure and short-
term exposure, with one exception is cgl6369592 (UBE2GZ2), which
were concordantly hypomethylated in response to all-time ozone
exposure. The consistency between effects of intermediate- to long-term
ozone exposure, might to some extent result from highly correlated
ozone exposure level in intermediate- to long-term (Fig. 1C). On the
other hand, such concordance suggested an imprinting of long-lasting
ozone exposure on epigenome through methylation. As for the short-
term associated CpGs, the effects ceased with the expansion of the
time windows (Fig. 3), which suggest that the methylome effect of short-
term ozone exposure was mostly sensitive to the exposure level and did
not retain over time. Previous studies have proved that two-hours ozone
exposure could induce the differentiated expression of genes and pro-
teins [8,28], and within 24-hours exposure could cause inflammatory
effects [1,10,6]. These findings, together with our EWAS results, sug-
gested that the short-term exposure and intermediate- to long-term
exposure may induce divergent methylation alteration.

The results showed EWAS on maximum exposure levels (12 months
max and 10 years max) identified the most signals than the mean
exposure levels. Initially, we obtained both the mean and maximum
exposure level to investigate whether the most severe exposure and/or
the average exposure within the period effects the methylation change.
As the previous studies suggested, metrics of peak exposure might better
reflect the health damage caused by ozone exposure, and WHO
concluded that there was higher certainty on the relationship between
all-cause mortality and “warm-season average” exposure (peak of the
year) than annual average exposure [16,23,45,7]. Hence, the contro-
versy between EWAS on mean and max groups was generally consistent
with the previous understanding. However, the controversy could be
caused by both biological response and statistics. The maximum metrics
showed larger variation than the average metrics (Fig. 1), which might
bring in statistics bias issue in the significance.

Several limitations of this study should be acknowledged. First of all,
we only collected the residential address at the time point of recruit-
ment, but not the whole address history for the past 10 years. Therefore,
there was a potential misclassification risk for the residence-based ozone
prediction, especially for long-term, as the prediction might be less ac-
curate if an individual was based at multiple places during the period.
Although the findings of long-term exposures were overall consistent
with the findings of 1 year mid-term exposure, and thus we believed it
was unlikely to be false positive results, we might miss additional
methylome hits suffered from the misclassification risk. If possible,
future studies are warranted to keep track of residential information and
improve the precision of exposure level. Also, the discrepancy between
ambient ozone measurement and individual ozone exposure level could
be induced by the frequency of outdoor activity, as those who were more
outdoor active would expose to more severe ambient ozone, which
might bring error to exposure measurement. Secondly, gene expression
and immune markers were not available in the current stage of NSPT
cohort, and thus we were not capable to examine the role of identified
CpGs in gene expression regulation or immune reaction with paired
omics data. Thirdly, DNAm was profiled in blood leukocytes; the iden-
tified CpGs, genes or pathways may not be shared across all ozone
exposure associated health outcomes, especially tissue-specific diseases.
Last but not least, the inconsistency across subgroups and time windows,
as well as the lack of cross-study replication implied a potential risk of
false positive finding. More valid studies are expected to cross examinate
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the methylation effect of short-, intermediate- and long-term ozone
exposure.

We would like to elucidate a few notable strengths of our study. For
one, the proposed ambient ozone prediction model provided a cost-
efficient way to elevate individual-level ozone exposure in cohort
study. Using this method, it guaranteed a further feasibility in con-
ducting epigenome-wide association study with a relatively large sample
and statistical power. Besides, it provided higher spatial resolution than
station monitoring measurement-based imputation methods on
deducting individual exposure [17] and thus beneficial for better pre-
cision. Last but not least, this study not only is the first report on the
association between ambient ozone exposure and DNAm in genome
wide, but also made comparison on the exposure in a series of time
windows, and investigated the dynamic changes of differentiated
methylation across short-, intermediate- and long-term exposure.

5. Conclusions

To sum up, this study conducted the first EWASs on short-, inter-
mediate- and long-term ozone exposure in a Han Chinese cohort, with
relatively large sample size. In total 59 CpGs and 30 DMRs were iden-
tified to be associated with ozone exposure. The targeted genes of
methylation alteration were involved in mechanism related to aging,
immune-related traits and inflammation disease, metabolic syndrome,
neurodevelopmental, congenital or mental disorders, and oncogenesis.
Underlying pathways were enriched in biological activities including
telomere maintenance process, DNA damage response and megakaryo-
cyte differentiation.
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Environmental Implication

Ozone, is considered as a potent photochemical oxidant in the
ambient air pollution and a major concern to human disease and death.
This study explored the methylome effect of short-, intermediate- and
long-term ambient ozone exposure in Chinese population. Gene function
analysis suggested that ozone exposure is associated with various health
condition involving aging, inflammation disease, metabolic syndrome,
neurodevelopmental disorders, and oncogenesis. Pathway analysis also
highlighted that ozone exposure effected DNA damage repairment and
thrombosis. This study brought novel insight on the epigenetic effect of
ozone exposure, and hopefully raised awareness on the health risk of
ambient ozone exposure.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/].jhazmat.2023.132780.
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