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Introduction
Shorter telomere length (TL) and air pollution are both associated
with higher risk of aging-related diseases.1,2 Oxidative stress may
mediate the adverse effects of air pollution and also accelerate telo-
mere attrition. Therefore, some of the adverse effects of air pollution
could be mediated through an effect on TL. A few small studies,
summarized in a recent systematic review and meta-analysis,3 sug-
gested a possible association of exposure to particulate matter (PM)
with an aerodynamic diameter of≤2:5 lm (PM2:5) with shorter leu-
kocyte TL (LTL), but overall findings were inconclusive.4 Here, we
have leveraged our recentmeasurement of LTL in over 474,000 par-
ticipants in the UK Biobank (UKB)5 and available individual-level
estimates of exposures to particulates [PM2:5; PM2:5–10, PMwith an
aerodynamic diameter range of from 2.5 to 10 lm (referred to as
PMcoarse); PM10, PM with an aerodynamic diameter of ≤10 lm;
PM2:5absorbance, a proxy for elemental carbon] and gaseous [nitrogen
oxides (NOx) and nitrogen dioxide (NO2)] air pollutants in UKB
participants4 to undertake a large-scale study of the associations of
air pollutantswith LTL.

Methods
Recruitment and phenotyping of UKB participants have been
described in detail previously.6 LTL was measured using a quanti-
tative polymerase chain reaction method and expressed as a ratio
(the T/S ratio) between the telomere repeat copy number (T) and
that of a single copy gene (S). Details of the LTL measurements
(UKB field code 22192) and their quality control are reported in
full elsewhere.5 Air pollution estimates for the year 2010 were
modeled for each address using land use regression models devel-
oped and validated as part of the European Study of Cohorts for
Air Pollution Effects (ESCAPE).7,8 The data are available in the
following UKB field codes: 24006 (PM2:5), 24007 (PMabsorbance),
24008 (PMcoarse), 24005 (PM10), 24004 (NOx), and 24003 (NO2).

From the participants with LTL measurements in the UKB
(n=474,074), we excluded participants without information on
ethnicity, or white blood cell (WBC) count (n=14,836) and
randomly excluded one of any genetically related (Kinship
K >0:088) participant pairs (n=36,441). Of the remaining
422,797 participants, complete data on air pollution markers,
socioeconomic status (SES) indicators and smoking variables
were available in 299,786 participants (the available data).

Those with complete data tended to be younger, male, of White
ethnic background, and have longer LTL than those without.
To account for any selective bias, we undertook analyses in
imputed data generated through multiple imputation by chained
equations (MICE)9 with 10 imputed data sets (n=422,927; the
imputed data).

Correlation coefficients between air pollutants and with SES
were assessed with Pearson’s correlation coefficient (r). The asso-
ciation between each individual pollutant with LTL was investi-
gated using linear regression models in R (version 4.2.1; R
Development Core Team), adjusted for age, sex, ethnic back-
ground [defined by the UKB as Asian (including Asian or Asian
British, Indian, Pakistani, Bangladeshi, and any other Asian back-
ground), Black (including Black or Black British, Caribbean,
African, and any other Black background), Chinese, Mixed
(including White and Black African, White and Black Caribbean,
White and Asian, and any other Mixed background), Other, and
White (including British, Irish, and any other White background)],
and WBC (all determinants of LTL6; i.e., the base model).
Nonlinearity was assessed via the inclusion of a quadratic term
for the pollutant.

The fully adjusted model was additionally adjusted for the area-
level Townsend deprivation index (UKB field code 189), annual
gross family income (738), ever smoked (20160) and passive smok-
ing (1269 and 1279), using UKB-defined category levels, and for
highest educational level (6138), which was recategorized into None
(no qualification), Compulsory (O-levels/CSE/GCSE), Advanced
(A-levels/nonvocational/other professional), andDegree (university/
college degree). To avoid the potential for collider bias between LTL
and air pollution with SES, we further examined the association
between individual air pollutants and LTL within substrata of the
Townsend index. The UKB has ethical approval from the North
West Centre for Research Ethics Committee (application 11/NW/
0382), which covers the UK. The UKB obtained informed consent
from all participants. The generation and analysis of the data pre-
sented in this paper was approved by the UK Biobank access com-
mittee underUKBiobank application no. 6007.

Results
Participants were 40–69 years of age at recruitment [mean±
standard deviation ðSDÞ=56:3±8:0 y] with more women (52.3%)
and predominantly ofWhite ethnic background (95.2%).Mean±SD
exposures for NO2, NOx, PM10, PM2:5, and PMcoarse were 26.3 ±
7.6, 43.4 ± 15.5, 16.2 ± 1.9, 10.0 ± 1.1, and 6.4 ± 0.90 lg=m3,
respectively, and 1.2 ± 0.27 × 10−5=m for PM2:5 absorbance.
There was a strong correlation (r=0:92) between NO2 and NOx
levels. The correlations between the gaseous pollutants and the
particulate pollutants ranged from r=0:24 between NO2 and
PMcoarse to r=0:87 between NO2 and PM2:5. Among the particu-
late pollutants, the correlations ranged from r=0:22 between
PMcoarse and PM2:5 to r=0:82 between PMcoarse and PM10 (all
p<1×10−300).

Accounting for all major determinants of LTL, there was a
nominal (p=0:03) inverse association of PM2:5 with LTL
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(Table 1, base models). However, allowing for multiple testing
(Bonferroni p=0:008), no pollutant showed a significant asso-
ciation with LTL in the available data. The findings were
unchanged after adjustment for SES indicators and smoking
(Table 1, adjusted models). In the imputed data, there was a
small but significant inverse association of PM2:5 and NO2 with
LTL in the base models that became nonsignificant when
adjusted for SES and smoking (Table 2). There was no strong
evidence of nonlinear associations between the air pollutants
and LTL or evidence of a threshold effect.

As expected, there were highly significant correlations (all
p<1× 10−300) between air pollution markers and the Townsend
index (NO2: 0.496; NOx: 0.436; PM10: 0.219; PM2:5: 0.448;
PM2:5absorbance: 0.406; and PMcoarse: 0.111). In analyses stratified
by level of deprivation, higher PM2:5absorbance, NOx, and NO2 con-
centrations were positively associated with LTL in the most
deprived areas in the base model (Figure 1). However, further
adjustment for additional SES factors and smoking attenuated the
observed associations.

Discussion
In this large-scale analysis in a contemporary cohort, we found
no evidence for a significant association between several air pol-
lutants and LTL, with similar findings in both available and
imputed data. The findings are surprising given prior, albeit
weak, evidence suggesting that higher air pollution levels are
associated with shorter LTL.3 Furthermore, in the same data set
we have been able to replicate associations of several traits
with LTL and identify novel associations.5,10 Similarly, the
ESCAPE air pollution models have been extensively used,
including in >60 studies in the UKB, demonstrating adverse
associations with air pollution.4

Given that air pollution exposure is strongly linked with SES,
as we also show here, we further examined the association
between air pollution markers and LTL in groups stratified by the
Townsend index, but this did not alter the findings.

Although our findings suggest that it is unlikely that the
adverse health effects of several major air pollutants are substan-
tially mediated through accelerated attrition of TL, several limita-
tions of our study need to be considered. First, the analyses were
cross-sectional owing to the availability of only single time point
measurements for both LTL and air pollution. Second, we have
analyzed only a single cohort, albeit large, of predominantly
White ethnicity, living in a high-income country with lower am-
bient air pollution. Therefore, our findings may not be generaliz-
able to other settings. Furthermore, for the particulate pollutants,
because only particle concentrations are available, we are unable
to evaluate any association between LTL and particle composi-
tion or toxicity. Finally, our study does not exclude the possibility
that exposure to other pollutants, including those from indoor
exposures, affect TL.
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Table 1. Association of individual air pollution markers with leukocyte telomere length using the complete available data (n=299,786).

Exposure response estimate per 1 SD

Base model Fully adjusted model

Beta (95% CI) p-Value Beta (95% CI) p-Value pInteraction
NO2, per 7.6 lg=m3 −0:001 (−0:004, 0.003) 0.71 −0:004 (−0:011, 0.002) 0.18 8:25× 10−4

NOx, per 15.5 lg=m3 −0:003 (−0:006, 0.001) 0.11 −0:005 (−0:011, 0.002) 0.15 0.004
PM10, per 1:9 lg=m3 −0:001 (−0:005, 0.002) 0.47 −0:002 (−0:008, 0.003) 0.41 0.11
PM2:5, per 1:1 lg=m3 −0:004 (−0:007, 0.000) 0.03 −0:004 (−0:011, 0.003) 0.27 0.19
PM2:5absorbance, per 0:27× 10−5=m 0.003 (−0:001, 0.006) 0.15 −0:007 (−0:014, 0.000) 0.05 1:33× 10−6

PMcoarse, per 0:9 lg=m3 −0:002 (−0:005, 0.002) 0.31 −0:004 (−0:009, 0.002) 0.20 0.03

Note: The base linear regression model was adjusted for age, sex, ethnicity, and white blood cell count. The fully adjusted model was further adjusted for markers of socioeconomic
status (SES) and smoking. SES includes quintiles of the 2011 Townsend deprivation index, gross annual family income, and higher educational qualifications. Smoking factors include
ever and passive smoking. pInteraction gives the global p-value for interaction, obtained through a Wald-test, where terms of pollution markers with SES markers were tested. In the pres-
ence of a pollution marker ×Townsend interaction index, the interactions with income and education were not significant and removed from the models. CI, confidence interval; NO2,
nitrogen dioxide; NOx, nitrogen oxides; PM2:5, particulate matter with an aerodynamic diameter of ≤2:5 lm; PM10, particulate matter with an aerodynamic diameter of ≤10 lm;
PM2:5absorbance, a proxy for elemental carbon; PMcoarse, particulate matter with an aerodynamic diameter range of from 2.5 to 10 lm; SD, standard deviation.

Table 2. Association of individual air pollution markers with leukocyte telomere length using the imputed data (n=422,797).

Exposure response estimate per 1 SD

Base model Fully adjusted model

Beta (95% CI) p-Value Beta (95% CI) p-Value pInteraction
NO2, per 7.6 lg=m3 −0:003 (−0:006, 0.000) 0.02 −0:002 (−0:008, 0.004) 0.46 0.0105
NOx, per 15.5 lg=m3 −0:005 (−0:008, −0:002) 3:74× 10−4 −0:003 (−0:009, 0.003) 0.30 0.04
PM10, per 1:9 lg=m3 −0:002 (−0:005, 0.002) 0.32 −0:001 (−0:006, 0.004) 0.65 0.04
PM2:5, per 1:1 lg=m3 −0:006 (−0:009, −0:003) 5:62× 10−5 −0:001 (−0:007, 0.005) 0.70 0.47
PM2:5absorbance, per 0:27× 10−5=m 0.000 (−0:003, 0.003) 0.86 −0:006 (−0:013, 0.000) 0.04 1:38× 10−6

PMcoarse, per 0:9 lg=m3 −0:002 (−0:005, 0.001) 0.27 −0:004 (−0:009, 0.001) 0.11 0.02

Note: The base linear regression model was adjusted for age, sex, ethnicity, and white blood cell count. The fully adjusted model was further adjusted for markers of socioeconomic
status (SES) and smoking. SES includes quintiles of the 2011 Townsend deprivation index, gross annual family income, and higher educational qualifications. Smoking factors include
ever and passive smoking. pInteraction gives the global p-value for interaction, obtained through a Wald-test, where terms of pollution markers with SES markers were tested. In the pres-
ence of a pollution marker ×Townsend index interaction, the interactions with income and education were not significant and removed from the models. Imputed data were generated
through multiple imputation by chained equations (MICE)9 with 10 imputed data sets (n=422,927). CI, confidence interval; NO2, nitrogen dioxide; NOx, nitrogen oxides; PM2:5, par-
ticulate matter with an aerodynamic diameter of ≤2:5 lm; PM10, particulate matter with an aerodynamic diameter of ≤10 lm; PM2:5absorbance, a proxy for elemental carbon; PMcoarse,
particulate matter with an aerodynamic diameter range of from 2.5 to 10 lm; SD, standard deviation.
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PM2:5absorbance, a proxy for elemental carbon; PMcoarse, particulate matter with an aerodynamic diameter range of from 2.5 to 10 lm; WBC, white blood cell.
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