
RESEARCH PAPER

Long-term ambient fine particulate matter and DNA methylation in
inflammation pathways: results from the Sister Study
Cuicui Wanga,b, Katie M. O’Brien a,c, Zongli Xuc, Dale P. Sandlerc, Jack A. Taylorc, and Clarice R. Weinberga

aBiostatistics and Computational Biology Branch, National Institute of Environmental Health Sciences, Research Triangle Park, NC, USA;
bDepartment of Environmental Health, Harvard T.H. Chan School of Public Health, Boston, MA, USA; cEpidemiology Branch, National Institute
of Environmental Health Sciences, Research Triangle Park, NC, USA

ABSTRACT
Although underlying mechanisms of long-term exposure to air pollution and cardiovascular disease
remain obscure, effects might partially act through changes in DNA methylation. We examined the
associations between long-term ambient fine particulate matter (PM2.5) and methylation, considering
both a globalmeasure andmethylation at several specific inflammation-related loci, in two random sub-
cohorts selected from a nationwide prospective study of US women. In one sub-cohort we measured
long interspersed nucleotide element (LINE-1); in the other, we measured methylation at three candidates
CpG loci related to inflammatory pathways [tumour necrosis factor-alpha (TNF-α) and toll-like receptor-2
(TLR-2)]. Annual average contemporaneous ambient PM2.5 concentrations were estimated for the
current residence. We used both classical least-squares and quantile regression models to estimate
the long-term effects. The women in sub-cohorts 1 (n = 491) and 2 (n = 882) hadmean ages of 55.8 and
56.7, respectively. Neither modelling approach showed an association between long-term PM2.5 and
LINE-1 methylation or between PM2.5 and either of the two CpG sites in TLR-2. Using linear regression,
there was an estimated change of −6.5% (95% confidence interval CI: −13.34%, 0.35%) in mean
methylation of TNF-α per 5 µg/m3 increase in PM2.5. Quantile regression showed that the downward
shift wasmainly in the lower half of the distribution of DNAmethylation. Long-term residence in regions
with higher ambient PM2.5 may be associated with increased TNF-α through a reduction in methylation,
particularly in the lower tail. Epigenetic markers and quantile regression might provide insight into
mechanisms underlying the relationship between air pollution and cardiovascular disease.
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Introduction

The Global Burden of Disease study has estimated
that long-term exposure to ambient fine particulate
air pollution (particulate matter with aerodynamic
diameter less than or equal to 2.5 µm, PM2.5) caused
4.2 million deaths and 103.1 million lost years of
healthy life in 2015, representing 7.6% of total global
mortality, and making it the fifth-ranked global risk
factor in 2015 [1]. Cardiovascular disease accounted
for most excess deaths [1]. Previous studies provided
compelling evidence that long-term exposure to par-
ticulate matter air pollution is associated with cardi-
ovascular morbidity and mortality [2–5].

Although the precise mechanisms underlying this
association remain unclear, the induction of sys-
temic inflammation following particle inhalation is
regarded as a plausible pathway [6–9]. Increases in
inflammatory biomarkers [e.g., tumour necrosis

factor-alpha (TNF-α), C-reactive protein] have
been linked to cardiovascular disease [10,11]. In
considering biological pathways by which air pollu-
tion could induce inflammation, changes in DNA
methylation in the inflammatory system could play
an important role [12–18], as such changes are also
associated with cardiovascular diseases [19–22].

DNAmethylation involves the addition of amethyl
group to cytosine and predominantly occurs at cyto-
sine-guanine dinucleotide (CpG) sites [23]. The
degree of methylation is quantified as methylated
cytosines over the sum of methylated and unmethy-
lated cytosines at the position of 5-cytosine, ranging
from 0 to 1. Reduced methylation in inflammatory
genes is often associated with increased expression.
Evidence directly linking air pollution exposure with
DNA methylation is limited, and primarily focused
on short-term effects [12–15,18,24]. Previously, we
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carried out a panel study [18,24] to evaluate short-
term associations between PM2.5 and LINE-1 methy-
lation and DNA methylation of several inflammation
genes, whose regulatory proteins were targets in other
environmental health studies [14,25–29]. The panel
study examined biomarkers including TNF-α (two
loci). intercellular adhesion molecule-1 (ICAM-1,
three loci), cluster of differentiation 40 ligand (CD40l,
two loci), interleukin-6 (two loci), and Toll-like recep-
tor-2 (TLR-2, five loci) (Details provided in supple-
mentary material, Table S1). We found that acute
increases in PM2.5 corresponded to significant
decreases in LINE-1 methylation and DNA methyla-
tion for TNF-α, ICAM-1 and TLR-2 at specific loci.
Few have investigated health effects on DNA methy-
lation of medium- or long-term time intervals of
exposure [16,17].

Hence, we were interested in looking at the long-
term associations between PM2.5 and LINE-1
methylation and DNA methylation of the same
genes at the same loci. Our panel study used perso-
nal monitors to measure PM2.5 concentration, but it
is not feasible to ask participants to wear the moni-
tors for a long time. Therefore, we conducted the
long-term association analyses in the Sister Study,
which already had available annual PM2.5 estimates
and DNA methylation levels (Illumina’s Infinium
HumanMethylation450 BeadChip) as well. After
comparison, we only found three common CpG
sites (TNF-α at cg21370522; TLR-2 at cg16547110
and cg06405222). Moreover, methylation level of
LINE-1 was also available in the Sister Study [30].
We hypothesized that long-term exposure to
air pollution is associated with changes in methyla-
tion globally, and at cg21370522 of TNF-α, at
cg16547110, cg06405222 of TLR-2. Such effects
could cause an overall shift in the distribution or
could vary by quantiles, reflecting heterogeneity in
susceptibility. Thus, we carried out both classical
regression to assess the association between mean
methylation and the annual average ambient PM2.5

exposure, and quantile regression [31].

Materials and methods

Study population

The Sister Study is a nationwide prospective cohort
of 50,884 women, aged 35–74 years, who each had

a sister with breast cancer but were free of breast
cancer themselves (https://sisterstudy.niehs.nih.gov/
English/index1.htm). Participants enrolled in this
study between 2003 and 2009, when they completed
computer-assisted telephone interviews and were
visited at home by a trained examiner. The visit
included blood collection and measurements of
height and weight. The Sister Study was approved
by the Institutional Review Boards of the National
Institute of Environmental Health Sciences and the
Copernicus Group. All women provided written
informed consent. Because effects and methylation
patterns could differ by race/ethnicity [32], we
restricted our analysis to the major subpopulation,
i.e., non-Hispanic white women.

Study sample

The study samples were from two random sub-
cohorts, which were originally designed to study the
association between DNA methylation and breast
cancer. The first sub-cohort [30] was identified earlier,
and included smaller number of participants. It was
used in study of the association between global
methylation and breast cancer. The second sub-
cohort [33] included more participants and was used
to study the association between breast cancer and
individual CpGs. Here we have utilized the methyla-
tion data from these two studies to investigate the
effect of air pollution on DNA methylation changes.

LINE-1 analysis
The original random sub-cohort selected for
LINE-1 analyses included 721 participants. We
then excluded women if they had lived in their
current residence less than 5 years, or if they were
current smokers or past smokers who had quit
smoking less than 5 years prior to baseline. After
those exclusions, 491 participants remained.

Locus-specific analyses
The original random sub-cohort selected for gene-
specific methylation analyses included 1,295
women. After applying the same exclusion criteria
as above for duration of residence and smoking
status, 882 participants remained. There were 151
women selected in both sub-cohorts. The flow-
chart in Figure 1 describes the selection of parti-
cipants for the current analyses.
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DNA methylation measures

LINE-1 methylation
Global DNA methylation was assessed by LINE-1
methylation pyrosequencing. Briefly, genomic
DNA was extracted from frozen whole blood sam-
ples and bisulphite converted. Then the bisulphite-
converted DNA was amplified and bound to
a single-strand template. The pyrosequencing run
was carried out using the PSQ HS 96 System
(Biotage, Charlotte, North Carolina, USA).
Further details are provided elsewhere [30]. The
methylation level was expressed as the proportion
of methylated cytosines over the sum of methy-
lated and unmethylated cytosines at position
5-cytosine, as described above.

Locus-specific methylation
We used Illumina’s Infinium HumanMethylation450
BeadChip, which measures methylation levels at
485,577 CpG sites, with an average coverage of 17
CpG sites per gene. For this analysis, we targeted
three specific CpG sites that had been measured in
both the HumanMethylation450 BeadChip and our
previous panel study [18]. We selected the candidate
loci based on published literature [34–36]. They
included one locus in TNF-α (cg21370522) and two
loci (cg16547110 and cg06405222) in TLR-2. The
details of methods for methylation measurements
have been previously described [37]. We list the
genes and each CpG position in our previous panel

study in the supplementary material, Table S1, where
we marked the three specific CpG sites in the present
study (see supplementary material, Table S1).

Exposure assessment

We applied a regionalized national universal kri-
ging model using partial least squares to estimate
annual PM2.5 concentrations [38] for residences.
We assigned the concentration of PM2.5 in the year
preceding blood draw to approximate long-term
residential exposure to PM2.5. More specifically,
for women who had their blood draw in the first
half of the year, the PM2.5 level was taken to be the
annual average of the preceding year; otherwise,
the PM2.5 level was taken as the annual average in
the enrolment year.

Statistical analyses

DNAmethylation levels were log-transformed to bet-
ter approximate normal distributions. For the DNA
methylation distribution, see supplementary material,
Figure S1. First, we used least-squares regression to
examine the associations of long-term ambient PM2.5

exposure and LINE-1, andmethylation at our selected
inflammation-related loci. Second, we applied quan-
tile regression to estimate the associations between
PM2.5 and quantiles of LINE-1, and methylation at
gene-specific loci, applying the model:

Figure 1. Flowchart of the study participants.
LINE-1: long interspersed nucleotide element.

526 C. WANG ET AL.



Y τð Þ ¼ β0 τð Þ þ β1 τð Þ � PM2:5 þ β2 τð Þ � X2

þ β3 τð Þ � X3 þ . . .þ ε;

where Y τð Þ is the τ th quantile of the ln(DNAmethy-
lation) distribution; τ is between 0 and 100. Also,
PM2.5 is the one-year average concentration, as speci-
fied above, X2, X3,… are covariates, and ε is an error
term. We specified nine quantiles, which were 10th,
20th, 30th, 40th, 50th, 60th, 70th, 80th, and 90th.

In both regression models, we adjusted for sev-
eral covariates: age at baseline, body mass index
[BMI, computed as weight (in kilograms) divided
by height (in metres squared)], alcohol consump-
tion (never/former drinker, current drinker <1
drink/day, and current drinker ≥1 drink/day),
education (high school or less, some college,
bachelor’s degree, graduate degree), mother’s
smoking status when participant was in utero
(definitely or probably, definitely not or probably
not), and cell-type proportions (CD8 + T-cells,
CD4 + T-cells, B-cells, granulocytes, monocytes,
and natural killer cells), which were estimated
using a method described by Houseman et al. [39].

We report the linear and quantile regression
coefficient as the percentage change associated
with a 5 µg/m3 difference in PM2.5. We provide
the corresponding 95% confidence intervals, with-
out correction for multiple testing. All analyses
were conducted with SAS (version 9.4), using the
‘glm’ (for linear regression), and ‘quantreg’ (for
quantile regression) packages.

Sensitivity analyses were performed to investi-
gate whether the associations between PM2.5 expo-
sure and DNA methylation were sensitive to time
spent outdoors and age. We stratified by age based
on the median in each sub-cohort.

Results

Main results

Table 1 summarizes characteristics of the sub-
cohorts. At baseline, more than two-thirds were
current drinkers who drank less than 1 drink
per day, and more than half had a bachelor’s
degree or higher.

Characteristics of the methylation levels and one-
year mean PM2.5 are presented in Table 2. LINE-1
mean methylation level was 0.763. The methylation

levels of TNF-α and TLR-2 had means of 0.082,
0.020, and 0.042 for cg21370522, cg16547110, and
cg06405222, respectively. The variation in TNF-α
methylation at cg21370522 was higher than that
for other loci and LINE-1. The mean annual PM2.5

level was 9.3 µg/m3 in both sub-cohorts, with low
coefficients of variation across participants (see sup-
plementary material, Figure S2).

Least-squares regression showed that the long-term
ambient PM2.5 level was associatedwith a small reduc-
tion in TNF-α methylation at cg21370522 (−6.50%,
95% CI: −13.34%, 0.35%, per 5 μg/m3 increase in
ambient PM2.5). The estimated associations between
PM2.5 and LINE-1, cg16547110 (TLR-2), and
cg06405222 (TLR-2) were weaker (Figure 2(a)), with
estimated changes of −0.13% (95% CI: −0.51%,
0.25%), −2.62% (95% CI: −7.25%, 2.00%), and 0.91%
(95% CI: −3.46%, 5.28%), respectively.

The quantile analysis yielded a range of estimates:
the associations between PM2.5 and LINE-1methyla-
tion and gene-specific methylation varied some
across quantiles (Figure 2(b)). The association of
PM2.5 with quantiles of TNF-α methylation at
cg21370522 showed a trending pattern of that was
consistent with the results of linear regression. The
associations of PM2.5 with LINE-1 and TLR-2

Table 1. Demographic characteristics of the two random sub-
cohorts in the Sister Study.

Characteristics

Random
sub-cohort 1
(N = 491)

Random
sub-cohort 2
(N = 882)

Age (year)
Mean ± SD 55.8 ± 8.9 56.7 ± 8.8
Missing 0 0

Body mass index (kg/m2)
Mean ± SD 27.0 ± 5.5 27.4 ± 6.0
Missing 0 0

Alcohol consumption in
last year; N (%)
Never/former drinker 82 (16.7) 139 (15.8)
Current drinker, <1 drink/d 336 (68.4) 623 (70.9)
Current drinker, ≥1 drink/d 73 (14.9) 117 (13.3)
Missing 0 3

Education level; N (%)
High school or less 61 (12.5) 146 (16.6)
Some college 154 (31.4) 284 (32.2)
Bachelor’s degree 142 (29.0) 243 (27.6)
Graduate degree 133 (27.1) 209 (23.7)
Missing 1 0

Maternal Smoking; N (%)
Yes (Definitely or probably) 142 (29.8) 265 (31.5)
No (Definitely or probably) 334 (70.2) 576 (68.5)
Missing 15 41

SD: standard deviation.
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showed more irregular fluctuation across deciles of
the corresponding outcomes. All estimated effects
from linear and quantile regressions are shown in
supplementary material, Table S1.

Sensitivity analyses

As secondary analysis, we examined the associations
after restricting to women who reported spending
more than 4 h per week outdoors. As shown in
Figure 3(a), PM2.5 exposure was associated with
a 7.33% decrease in methylation for TNF-α at
cg21370522 (95% CI: −14.63%, −0.03%) per 5 μg/m3

increase in ambient PM2.5. Figure S3A shows the
corresponding results from quantile regression (see
supplementary material, Figure S3A).

We also assessed the associations between one-
year average PM2.5 and DNA methylation for
women older and younger than the median age, in
the two random sub-cohorts, separately, shown in
Figure 3(b). PM2.5 was not strongly associated with
our measures of DNAmethylation either in younger
or older women. Considering quantiles, the relation-
ship between PM2.5 and DNA methylation was
inverse in older women across almost all percentiles
(see supplementary material, Figure S3B).

Discussion

We examined the associations between long-term
PM2.5 exposure and LINE-1 methylation and DNA
methylation at specific loci associated with inflam-
mation, using both linear and quantile regression.
Our findings suggest that the prior year’s exposure
to ambient PM2.5 may be negatively associated with
TNF-α methylation at cg21370522, with displace-
ment showing predominantly in the lower tail. We

did not find compelling evidence of associations
between long-term PM2.5 and methylation of
LINE-1 or CpGs in TLR-2, though older women
were estimated to be more susceptible than younger
women to reduction in methylation associated with
increased PM2.5 at cg06405222 (TLR-2).

Acute exposure to air pollution and DNAmethy-
lation been reported in both the environmental
[12], and the occupational literature [40,41]. For
instance, in the Normative Ageing Study, which
included a large sample of elderly men, LINE-1
methylation was inversely associated with ambient
levels of black carbon and PM2.5 measured across
the 7 days before the examination [12]. However,
few studies have examined whether medium- or
long-term exposure to air pollution influences
LINE-1 methylation, and the results have been
somewhat inconsistent [16,17]. For example,
Madrigano et al., found that an interquartile range
(0.25 μg/m3) increase in black carbon over a 60-day
period was associated with a decrease of 0.0029
(95% confidence interval (CI): −0.0056, −0.0002)
in long interspersed nucleotide element (LINE-1)
[17], whereas Gloria et al., did not find substantial
changes in LINE-1 associated with the previous
1 year of air pollution exposure [16].

To date, no studies have estimated chronic effects
of air pollution on DNA methylation of inflamma-
tion-specific genes such as TNF-α and TLR-2. Our
findings only showed associations between long-
term PM2.5 and TNF-α at cg21370522, which is
located upstream of the TNF-α promoter, and has
been targeted in several studies [42,43]. For example,
Shinozake et al. found that the DNA methylation
level at cg21370522 had a negative correlation with
chronological age in the Grady Trauma Project
cohort, which suggested that it is involved in gene

Table 2. Distribution of DNA methylation and prior year mean PM2.5 concentration.
Percentiles

Variables Mean Min 10th 30th 50th 70th 90th Max SD

DNA methylation
LINE-1 0.763 0.719 0.749 0.757 0.762 0.768 0.776 0.811 0.01
TNF-α (cg21370522) 0.082 0.015 0.042 0.062 0.077 0.095 0.126 0.242 0.03
TLR-2 (cg16547110) 0.020 0.006 0.014 0.017 0.019 0.022 0.027 0.040 0.01
TLR-2 (cg06405222) 0.042 0.018 0.029 0.035 0.040 0.046 0.058 0.098 0.01

Annual PM2.5 (μg/m
3)

LINE-1 Sub-cohort 9.336 2.974 6.537 8.301 9.378 10.466 11.746 14.172 2.09
Locus-specific Sub-cohort 9.258 3.043 6.537 8.301 9.378 10.466 11.746 13.930 2.03

LINE-1: long interspersed nucleotide element; TNF-α: tumour necrosis factor-alpha; TLR-2: Toll-like receptor-2;
PM2.5: particulate matter having an aerodynamic diameter less than or equal to 2.5 μm.
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expression regulation in ageing [42]. Moreover,
lower TNF-α methylation at cg21370522 was
shown to be significantly correlated with its mRNA
expression increment in several diseases, such as
pheochromocytoma and paraganglioma, based on

Broad Institute TCGA Genome Data Analysis
Centre [44–47].

Our null findings for LINE-1 are in line with some
scientific reports [16,48,49]. For instance, Chi et al.
found no association between one-year average

Figure 2. (a) Percentage change in DNA methylation associated with a 5 µg/m3 increase in ambient PM2.5, results from linear
regression. The X-axis refers to different genes; the Y-axis refers to the corresponding changes (mean and 95% confidence interval).
(b) Percentage change in DNA methylation associated with a 5 µg/m3 increase in ambient PM2.5 at each decile of the methylation.
The X-axis refers to different quantiles; the Y-axis refers to the corresponding changes (mean and 95% confidence interval). (Number
of subjects in LINE-1 analyses is 491; number of subjects in locus-specific analysis is 882).
LINE-1: long interspersed nucleotide element; TNF-α: tumour necrosis factor-alpha; TLR-2: toll-like receptor-2; PM2.5: particulate matter
with aerodynamic diameter less than or equal to 2.5 µm.
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Figure 3. (a) Percentage change in DNA methylation associated with a 5 µg/m3 increase in ambient PM2.5 in women who spent
more than 4 h per week outside, results from linear regression. The X-axis refers to different genes; the Y-axis refers to the
corresponding changes (mean and 95% confidence interval). (Number of women in LINE-1 analysis is 429; number of women in
locus-specific analyses is 786.). (b) The percentage changes in DNA methylation associated with a 5 µg/m3 increase in ambient PM2.5

in younger (age ≤ median) and older women (age > median), using linear regression. The X-axis refers to different genes; the Y-axis
refers to the corresponding changes (mean and 95% confidence interval). (The median age in LINE-1, and locus-specific analysis is
56.2, and 57.0, respectively,).
LINE-1: long interspersed nucleotide element; TNF-α: tumour necrosis factor-alpha; TLR-2: toll-like receptor-2; PM2.5: particulate matter
with aerodynamic diameter less than or equal to 2.5 µm.

530 C. WANG ET AL.



exposure to ambient air pollution and LINE-1
methylation in 1,207 participants in the Multi-
Ethnic Study of Atherosclerosis [16]. Using data
from the Italian and Dutch components of the
European Prospective Investigation into Cancer
andNutrition Cohort Study, Plusquin et al., reported
that long-term exposure to PM2.5 did not result in
statistically significant global changes in methylation
(as measured by the arithmetic mean of beta-values
across all somatic probes) [49]. However, some stu-
dies did find an association between medium- or
long-term air pollution and lower LINE-1 methyla-
tion [17,41,48]. For instance, based on 706 elderly
males in the Normative Ageing Study, Madrigano
et al., found that an interquartile range increase (0.83
μg/m3) in SO4 over a 90-day period was associated
with a small decrease of 0.0027 (95%CI: −0.0052,
−0.0002) in LINE-1 [17] (less than 1% of the
mean). In an electric furnace steel plant, Tarantini
et al., measured LINE-1 methylation in 63 workers,
and found that PM10 exposure levels were negatively
associated with methylation in LINE-1 (PM10

Coefficient −0.0034; p = 0.04), presumably reflecting
long-term PM10 effects [41]. Barchitta et al. enrolled
299 healthy women in a cross-sectional study, and
found that the monthly mean PM10 level was statis-
tically significantly and negatively associated with
LINE-1 methylation (PM10 Coefficient −0.0012; p =
0.037) [48].

Because of its high representation throughout
the genome, LINE-1 methylation has been shown
to correlate with global genomic DNA methylation
content [50], and is regarded as a measure of global
DNA methylation [51]. Some investigations have
linked changes in LINE-1methylation to inflamma-
tion [52,53]. Lower LINE-1 methylation was asso-
ciated with higher serum vascular Cell Adhesion
Molecule-1 [54], which has been identified as an
independent marker of cardiovascular disease [55].
Moreover, lower levels of LINE-1methylation were
associated with an adverse lipid profile – higher
levels of fasting low-density lipoprotein (and
lower levels of fasting high-density lipoprotein),
which is a risk factor for cardiovascular disease
[20]. Also, lower LINE-1 methylation has recently
been associated with incident ischaemic heart dis-
ease and stroke, and total mortality [19].

There is increasing evidence for a role of inflam-
mation in cardiovascular disease. For example,

higher levels of TNF-α protein have been shown
to correlate with severity of peripheral arterial dis-
ease [56], and are also linked with the degree of
early atherosclerosis in healthy middle-aged men
[11]. Although we did not measure the TNF-α
protein, hypo-methylation in TNF-α might lead to
an incremental increase in the levels of TNF-α
protein, as we saw in our previous panel study
[18]. Our sensitivity analysis showed that methyla-
tion at a locus related to TNF-α (cg21370522) was
particularly reduced in women who spent more
than 4 h outdoors per week (see Figure 3(a)).

We did not find any overall associations
between long-term PM2.5 and TLR-2 at two spe-
cific loci (cg16547110 and cg06405222) in our
main analyses. In our previous panel study, we
also did not find associations between short-term
PM2.5 and TLR-2 at those loci. But in that panel
study, we did find a statistically significant
decrease of DNA methylation in two other CpG
sites (not available for the current analysis) near
TLR-2 [18]. No previous study has examined the
long-term influence of PM2.5 on TLR-2 DNA
methylation. But several studies investigated
short-term effects. For example, Bind et al. found
that the previous 4-week exposure to black carbon
was associated with a statistically significant mean
decrease in TLR-2 methylation, which would lead
to higher TLR-2 protein levels [14]. TLR-2 is
a member of the Toll-like receptor family, which
serves as first-line defence in innate immunity.
They interpreted these findings as evidence that
TLR-2 might play an important role in the devel-
opment and/or progression of atherosclero-
sis [57].

In contrast to linear regression, quantile regres-
sion can be used to estimate the associations
between air pollution and specific percentiles of
the outcome distribution. It allows one to identify
whether the associations suggest that responses are
heterogeneous, increasing the spread in the methy-
lation distribution. Another advantage of quantile
regression is that it does not require one to assume
normality for the residuals and can therefore be
used to estimate associations between air pollution
and biomarkers that are not normally distributed.
For consistency with the linear regression, we also
log-transformed methylation in quantile regres-
sion in the present study. The larger reductions
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in methylation at cg21370522 that we saw in the
lower quantiles of TNF-α methylation distribution,
are consistent with the possibility that a subpopu-
lation responds to chronic exposure to PM2.5 (and
perhaps to other noxious exposures) by reducing
methylation at this site.

One major limitation in our study is that we used
the individual’s home address as basis for ambient
PM2.5 exposure estimates, which inevitably causes
some degree of exposure misclassification at the
individual level. Although most people spend
85–90% of their time indoors [48], our sensitivity
analyses excluding individuals with very limited out-
door time did not show pronounced changes.
Another serious limitation is that our study popula-
tion comprised individuals living in the United
States, which has relatively low air pollution con-
centrations compared to many parts of the world.
The variation of PM2.5 across the women in our
sub-cohorts was also very low in our study period,
which makes it difficult to detect any association.
Finally, this was a cross-sectional study, and we were
unable to infer causality between PM2.5 and DNA
methylation. Studies of migrants would be particu-
larly useful for confirming the temporal effects that
would be needed to infer causality.

This study was, to our knowledge, the first to
examine the associations between long-term PM2.5

and DNA methylation using quantile regression.
Unlike linear regression analysis, quantile regres-
sion allows one to explore effects on the overall
shape of the outcome distribution, rather than
shifts in the mean only. Another strength of our
study was that we had a complete residential his-
tory for all participants, allowing us to exclude
woman who had recently changed their address.

Conclusions

Though we did not observe clear associations
between estimated PM2.5 exposure and methylation
levels of LINE-1 or specific inflammation-related
genes, our results suggest that long-term ambient
PM2.5 exposure may influence TNF-α through
reduced methylation at cg21370522, especially in
the lower quantiles of that distribution. It is possible
that detrimental effects of PM2.5 are more pro-
nounced for women who already have reduced
methylation at that locus, perhaps due to other

exposures, health conditions or inherent suscept-
ibility. These results require replication, ideally in
a population with a greater range of chronic expo-
sure to PM2.5.
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