ENVIRONMENTAL
EPIDEMIOLOGY

(ISDL)

{ OPEN J

Hazardous air pollutants and telomere length in

the Sister Study

Nicole M. Niehoff®, Marilie D. Gammon?, Alexander P. Keil?, Hazel B. Nichols?, Lawrence S. Engel?,

Jack A. Taylor®e, Alexandra J. White®, Dale P. Sandler®

Background: Telomeres are vital for genomic integrity, and telomere length has been linked to many adverse health outcomes. \
Some hazardous air pollutants or air toxics increase oxidative stress and inflammation, two possible determinants of shortened tel-
omere length. No studies have examined air toxic-telomere length associations in a nonoccupational setting.

Methods: This study included 731 Sister Study participants (enrolled 2003-2007) who were randomly selected to assess telomere
length in baseline blood samples. Multiplex gPCR was used to determine telomere to single copy gene (T/S) ratios. Census tract con-
centration estimates of 29 air toxics from the 2005 National Air Toxics Assessment were linked to baseline residential addresses. Air
toxics were classified into tertile-based categories of the exposure. Multivariable linear regression was used to estimate 5 coefficients
and 95% confidence intervals (Cls) in single-pollutant models. Multipollutant groups were identified with regression trees.

Results: The average T/S ratio was 1.24. Benzidine (T3 versus T1 = —0.08; 95% Cl = —-0.14, —0.01) and 1,4-dioxane (T3 versus
T1 g =-0.06; 95% ClI = -0.13, 0.00) in particular, as well as carbon tetrachloride, chloroprene, ethylene dibromide, and propylene
dichloride, were associated with shorter relative telomere length. Benzidine (P = 0.02) and 1,4-dioxane (P = 0.06) demonstrated
some evidence of a monotonic trend. The regression tree identified age, BMI, physical activity, ethylene oxide, acrylonitrile, ethylidene
dichloride, propylene dichloride, and styrene in multipollutant groups related to telomere length.

Conclusions: In this first study of air toxics and telomere length in a nonoccupational setting, several air toxics, particularly

1,4-dioxane and benzidine, were associated with shorter relative telomere length.
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Introduction

Telomeres cap the ends of deoxyribonucleic acid (DNA) strands
and protect chromosomes from degradation.! Telomere attrition
has been linked to a number of adverse health outcomes, in-
cluding chronic kidney disease,? heart disease,’ diabetes,® and
some cancers,’ that represent a large public health burden in the
United States and worldwide.

In addition to age,® oxidative stress and inflammation are
two factors that may lead to telomere shortening.”!® Therefore,
studying environmental exposures, such as hazardous air pol-
lutants, that may operate through oxidative stress and inflam-
mation pathways is of interest.!! Hazardous air pollutants or
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air toxics include 187 pollutants under the jurisdiction of the
Environmental Protection Agency (EPA) that are thought to be
carcinogenic or to cause other serious health or environmental
effects.'”? Millions of tons of air toxics are released annually in
the United States from a variety of sources such as large indus-
tries, gas stations, power plants, vehicular traffic, and dry clean-
ers.!>* Air toxics are a distinct group of air pollutants that
differ from the criteria air pollutants (e.g., particulate matter
[PM], ozone, and nitrogen dioxide [NO,]). Criteria air pollut-
ants are widely monitored and have human health-based crite-
ria for ambient air set by the EPA that every state must meet.'
In contrast, there are no national ambient air quality standards
for air toxics.

The relation between air toxics and telomere length is not es-
tablished. Studies reported in the past decade have been limited
to occupational settings with higher exposures than those expe-
rienced by the general population.!' A study of traffic officers
reported shorter telomere length with increasing airborne ben-
zene and toluene'é; a study of Swedish rubber industry workers
reported N-nitrosamines and Pp-toluidine were associated with
shorter telomere length'’; and a study of coke oven workers found
an inverse association between polycyclic aromatic hydrocarbons

What this study adds

Hazardous air pollutants or air toxics are ubiquitous envi-
ronmental contaminants, and shorter telomere length is a bi-
omarker associated with a variety of adverse health outcomes.
This was the first study to examine specific air toxics in relation
to telomere length in a nonoccupational setting and to use a
multipollutant approach to explore whether combinations of
air toxics were related to telomere length. We found that cer-
tain individual air toxics were associated with shorter telomere
length. The multipollutant approach did not suggest that high
levels of two or more pollutants in combination were associated
with shorter telomere length compared with single pollutants.

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


www.epidem.com

Niehoff et al. ® Environmental Epidemiology (2019) 3:e053

and telomere length.'® Other specific air toxics have not been
examined in relation to telomere length, and no study has exam-
ined air toxics and telomere length in a nonoccupational setting.

Obesity is associated with shorter telomere length,'2! and
physical activity is associated with longer telomere length.?>-%*
Thus, these factors could modify the air toxic—telomere length
associations, particularly through their influence on oxidative
stress and inflammation.?2® Increased physical activity could
also lead to greater exposure through increased ventilation and a
higher respiratory rate.” In addition, because individuals breathe
mixtures of pollutants, it is important to understand the poten-
tially complex relations between air toxics that may vary by per-
sonal characteristics and may be related to telomere length.

The objectives of this study were to (a) evaluate the association
between ambient air toxics and relative telomere length; (b) ex-
amine whether BMI or physical activity modify air toxic—telomere
length associations; and (c) to explore whether there are combina-
tions of air toxics that are particularly related to telomere length.

Methods

Study design and population

The Sister Study cohort consists of 50,884 US women, 35-74
years of age, who had a sister who had been diagnosed with
breast cancer, but no prior breast cancer themselves at base-
line.’® Enrollment occurred between 2003 and 2009. At the
baseline home visit, a 45-ml fasting blood sample was collected
by trained examiners from an in-home phlebotomy service. A
subcohort of 736 women (from among 29,026 who completed
their home visit by 1 June 2007) was randomly selected to assess
telomere length using their baseline blood sample.?!

All women provided informed written consent, and this
study was approved by the Institutional Review Boards of the
National Institute of Environmental Health Sciences (NIEHS)
and the Copernicus Group. Sister Study data release 6.0 (NIEHS,
Research Triangle Park, NC) was used for this study.

Air toxics exposure assessment

The National Air Toxics Assessment (NATA) estimates created by
the EPA are the only nationwide data available on air toxic lev-
els in the United States. The NATA database has been previously
used to evaluate associations between air toxics and a number of
health outcomes.’>*® Versions of NATA have been released for
1996, 1999, 2002, 2005, 2011, and 2014. We used the 2005 ver-
sion because it was in the middle of the enrollment period for
the Sister Study and incorporated modeling improvements over
previous versions. The 2005 NATA estimation methods have
been described previously.*! Briefly, point (e.g., large factories/
waste incinerators/airports), nonpoint (e.g., small manufacturers/
gas stations/dry cleaners), and on-road (e.g., cars/buses/trucks)
and non-road mobile (e.g., boats/trains) source emissions are
compiled in the National Emissions Inventory.* These emissions
are used as inputs in two dispersion models, Human Exposure
Model-3 (HEM-3) AMS/EPA Regulatory Model (AERMOD)
version (American Meteorological Society (AMS) and EPA)
(point and mobile sources) and Assessment System for Population
Exposure Nationwide (ASPEN) (EPA, Research Triangle Park,
NC) (nonpoint sources), which have previously been described in
detail 444 HEM-3 AERMOD was developed by the American
Meteorological Society and the EPA as a steady-state plume
model.* HEM-3 modeling incorporates elevation/terrain data
and characteristics of each emission point source, such as stack
height and exit gas rate and temperature, and estimated average
emission heights and vertical dispersion coefficients for mobile
sources and aircraft. Hourly meteorology data used by HEM-3
came from the closest meteorologic station to each source.
ASPEN is a steady-state Gaussian model developed by the EPA.#
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For nonpoint sources, it incorporates characteristics such as rate
and height of gas release, wind speed from the closest meteoro-
logic station, reactive decay, and deposition. The concentrations
for a nonpoint source from ASPEN are represented as a polar
grid. The concentration within the tract that the source resides
is estimated by spatial averaging at all grid receptors in the tract.
The concentration from the source that disperse into neighboring
tracts is determined from interpolation. Background levels (from
long-range transport or persistence from previous years) and sec-
ondary formation (from reaction of air toxics in the atmosphere)
are also incorporated. The output of the dispersion models is the
census tract-level total concentration estimate of each air toxic.
The NATA concentration estimates represent an annual average.
This information was linked to the Sister Study through the
census tract number of the geocoded baseline residential address
of participants. Five individuals’ baseline residential addresses
were not able to be geocoded at the census tract level, leaving 731
women for inclusion in this analysis.

The 2005 NATA contains information on 177 air toxics. A
subset of 37 was chosen for this study because they had been
classified as mammary gland carcinogens in a review of animal
studies* and some are suspected to cause oxidative stress*->
or inflammation,**¢ which are biologically relevant for telo-
mere length. Eight of these 37 air toxics had extensive missing
information due to incomplete NATA modeling, leaving 29 for
analysis in this study. For 1,4-dioxane, 2-chloroacetophenone,
and acrylamide, which were among the 29 toxics examined
in this study, 14 (1.9%), 2 (0.3%), and 55 (7.5%) women, re-
spectively, were missing air toxic concentrations because NATA
modeling was not complete for their baseline residential census
tract. Therefore, these women were not included in the analysis
of these individual pollutants or in the multipollutant analysis.

Telomere length measurement

Baseline blood samples were stored frozen at ~80°C until DNA
was extracted using Qiagen Autopure LS (Hilden, Germany)
at the National Institute of Environmental Health Sciences
(NIEHS) Molecular Genetics Core facility. Extracted DNA was
washed with Tris-EDTA (TE) Buffer, quantified with Quant-iT
PicoGreen dsDNA reagent (a fluorescent nucleic acid stain)
(Invitrogen, Carlsbad, CA), and stored at ~20°C.3! Finally, DNA
was plated robotically in duplicate using 10-ng aliquots onto
four replicate 384-well plates.

Telomere length was quantified from the extracted DNA using
monochrome multiplex quantitative polymerase chain reaction
(qPCR)*” which measures the factor by which the participant’s
sample differs from reference DNA in telomere repeat copy
number (T) and single copy gene copy number (S). The relative
ratio of these two measures, the T/S ratio, is proportional to the
average telomere length. Detailed laboratory parameters and rea-
gent components for the multiplex qPCR used in the Sister Study
have been described previously.?'*® The polymerase chain reac-
tion (PCR) cycling for each plate was conducted on the BioRad
CFX384 (Hercules, CA) machine. For each assay plate, a five-
point standard curve ranging from 1.9 to 75 ng was determined in
a 2.5-fold dilution run from a pooled sample of normal subjects
and was used to determine the T and S values of the subject sam-
ples. Each subject’s sample was run in duplicate on four plates, so
the final value was the average of up to eight replicate T/S ratio
values.?'*® The average coefficient of variation was 11%, and the
intraclass correlation coefficient of a single T/S ratio was 0.85.3

Covariates

Confounders were determined using a directed acyclic graph.¥-¢
The minimally sufficient adjustment set included age (contin-
uous), race (non-Hispanic white/non-Hispanic black/Hispanic/
other), residence type (urban/suburban/small town/rural),
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highest level of education attained (<high school/high school/
some college/>4-year degree), and cigarette smoking (never/
former/current). These confounders were assessed by self-re-
port during a Computer-Assisted Telephone Interview (CATI)
at study enrollment.

Body mass index (BMI) and physical activity were considered as
potential effect-measure modifiers of the air toxic—telomere length
associations. Height and weight measurements taken by trained
examiners at the baseline home visit were used to calculate BMI
(kg/m?). At the baseline interview, women were asked to report
all recreational sport/exercise activities they regularly participated
in during the previous 12 months and how many months, days/
week, and time/day they did each activity. Average hours/week of
physical activity was calculated from this information. To maxi-
mize statistical power for the stratified analyses, BMI was dichot-
omized as <25.0 and >25kg/m? and physical activity as <median
(£2.2 hours/week) and >median (>2.2 hours/week).

Statistical analysis

Single-pollutant analysis

To estimate associations between individual air toxics and tel-
omere length, telomere length was considered as a continuous
variable, each air toxic was categorized based on tertiles of the
exposure among the population with telomere length measure-
ments, and models were considered separately for each air toxic.
We considered air toxic exposures continuously, but associations
did not seem linear for most air toxics, so we only reported the
categorized results. Due to the minimal amount of missing data
(three of 731 women were missing information on a covariate),
a complete case analysis was used. Multivariable linear regres-
sion was used to estimate regression coefficients (8) and 95%
confidence intervals (Cls).°!

Effect-measure modification by BMI and physical activity, sepa-
rately, was assessed using an interaction term between the modifier
and air toxic (2median versus <median). This is presented as a
stratified analysis with a 8 coefficient (95 % CI) for each stratum of
the modifier and a 8 coefficient (95% CI) for the interaction term.

In sensitivity analyses, we examined whether the single-pol-
lutant associations with telomere length changed when the
study samples were (a) restricted to non-Hispanic whites; (b)
restricted to those who had lived in their baseline address >10
years; (c) restricted to those who enrolled in 2005 or later; or
when (d) models were additionally adjusted for residence region
(Northeast/Midwest/South/West). All analyses were completed
in SAS 9.4 (Cary, NC).

Multipollutant analysis

We used Classification and Regression Tree (CART) methods
to explore whether there are combinations of air toxics that are
particularly related to telomere length.®>¢3 CART is a supervised
forward-selection recursive partitioning technique. At each step,
the variable with the strongest association with the outcome is
selected to create a binary split. Further splits occur within the
previous splits to form “branches.” The branches characterize
the expected value of the outcome (average telomere length)
within the combinations of the variables in that branch. The
tree was allowed to split on the 29 air toxics, age at baseline,
BMI, and physical activity. Age, BMI, and physical activity were
included in the CART analysis to parallel the single-pollutant
analyses. The splitting criterion used for regression trees is the
sum of the squared deviations about the mean.®* For the stop-
ping criteria, we explored combinations of maximum depth of
the tree, minimum number of observations in a node, and total
number of terminal nodes to find a tree that did not grow too
large to lose interpretability, but still identified relevant groups
for telomere length. As a result, we specified the tree grow to a
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maximum depth of five levels and that the minimum number
of total observations in a node be 10. Cost-complexity prun-
ing®? was used to create a tree with a total of 10 terminal nodes.
CART was conducted using SAS function PROC HPSPLIT.

Results

Population characteristics

The average T/S ratio among the 731 women in this study was
1.24 (standard deviation [SD] = 0.35). At enrollment, partic-
ipants were on average 55 years of age, and mostly non-His-
panic white (92%), well educated (55% with a college degree
or higher), and never smokers (55%) (Table 1). Mean concen-
trations of the hazardous air pollutants ranged from 3.0x 107
pg/m? for benzidine to 2.2 pg/m? for toluene (Table 2). Tertile
cut-points for each air toxic are shown in Table 2.

Results from single-pollutant models

Across tertile-based categories of the air toxics, the shortest
mean relative telomere length of 1.17 (SD = 0.31) was observed

Baseline characteristics of 731 randomly selected women with
measured telomere length: The Sister Study

N (%)
Race/ethnicity
Non-Hispanic white 675 (92)
Non-Hispanic black 29 (4.0)
Hispanic 13(1.8)
Other 14(1.9)
Missing 0()
Highest level of education
Less than high school 6 (0.82)
High school graduate 86 (12)
Some college 233(32)
College degree or higher 405 (55)
Missing 1()
Residence type
Urban 139 (19)
Suburban 277 (38)
Small town 161 (22)
Rural 150 (21)
Other 2(0.27)
Missing 2()
Years lived in baseline address
<10 390 (53)
>10 341 (47)
Missing 0()
Cigarette smoking status
Never 402 (55)
Past 274 (37)
Current 55 (7.5)
Missing 0(-)
Body mass index (kg/m?)
<185 5(0.68)
18.5-<25.0 294 (40)
25.0-<30.0 242 (33)
>30.0 189 (26)
Missing 1()
Year of blood draw
2003 18 (2.5)
2004 66 (9.0)
2005 386 (53)
2006 196 (27)
2007 65 (8.9)
Missing 0()
Mean (SD)
Age (years) 55(9.1)
Hours per week of physical activity 3.0(3.0)

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Niehoff et al. ® Environmental Epidemiology (2019) 3:e053 Environmental Epidemiology

Estimated concentrations and tertile cut-points of the 29 selected hazardous air pollutants (1g/m? among the 731 women with
telomere length measurements: The Sister Study

Air Toxic Mean Standard deviation Tertile 1 Tertile 2 Tertile 3
1,2-Dibromo-3-chloropropane 46x10° 8.1x10° 0-1.3x10° >1.3x106-3.4x10°° >3.4x10°
1,3-Butadiene 6.6x107 4.0x107? 0-4.7x107? >4.7x102-7.2x107? >7.2x107
1,4-Dioxane? 1.0x10-* 9.3x10* 0 >0-1.2x10° >1.2x10°
2,4-Dinitrotoluene 1.4x10°° 3.9x10° 0-3.1x10° >3.1x10%-1.1x10"° >1.1x10°
2,4-Toluene diisocyanate 1.6x10* 8.0x10™ 0-1.7x10° >1.7x10°-4.8x107° >4.8x10°°
2-Chloroacetophenone? 2.2x107 7.2x107 0 >0-1.8x 1077 >1.8x107
Acrylamide? 1.2x10°° 8.0x10° 0 >0-3.1x107 >3.1x107
Acrylonitrile 5.8x1078 6.2x107° 0-2.6x107° >2.6x10°-6.1x 107 >6.1x107%
Benzene 0.98 0.53 0-0.75 >0.75-1.1 >1.1
Benzidine? 3.0x107 4.4x10° 9.9x107° >9.9%10°-6.4x 10°® >6.4x1078
Carbon tetrachloride 6.1x107" 1.0x10°° 0-6.1x10"" >6.1x107"'-6.1x 10" >6.1x10"
Chloroprene 7.5%x10° 9.8x10* 0-1.5x10° >1.5x107%-5.4x10-° >5.4x10
Ethylbenzene 2.0x 107" 2.1 %107 0-8.5x107 >8.5x102-2.1x 10" >2.1x10"
Ethylene dibromide 48x10* 3.2x10* 0-29x10* >2.9%x104-52x 10 >5.2x10
Ethylene dichloride 3.5x107° 2.6x107° 0-2.5x107° >2.5%x103-3.5x 107 >3.5x107
Ethylene oxide 6.3x107° 6.6x107° 0-2.5x10° 25x10°-6.6x10°° >6.6x10%
Ethylidene dichloride 6.9x10* 2.7x1078 0-3.7x10° >3.7x10°-1.4x10-* >1.4x10*
Hydrazine 45x107° 1.3x10° 0-1.3x10~ >1.3x107-7.6x 1077 >7.6x107
Methylene chloride 0.37 0.59 0-0.22 >0.22-0.33 >0.33
Nitrobenzene 1.2x10°° 9.6x10° 0-3.8x 107 >3.8x107-1.7x10-° >1.7x10
o-Toluidine 1.4x10°° 9.4x107° 0-1.8x107 >1.8x108-1.5x 107 >1.5%x107
Polycyclic organic matter 1.8x10°? 2.8x102 0-5.9x10° >5.9x103-1.3x10? >1.3x102
Propylene dichloride 1.7x10°° 2.1x1078 0-5.7x10* >57x10%-1.0x107° >1.0x107°
Propylene oxide 3.6x10* 7.9x10* 0-6.7x107° >6.7x105-2.8x 10 >2.8x10™
Styrene 49%x102 6.7x102 0-2.0x107? >2.0x102-4.6x10? >4.6x1072
Toluene 2.2 1.6 0-1.5 >1.5-2.4 >2.4

Vinyl chloride 2.0x1078 6.9x1078 0-1.1x10* >1.1x10%-5.2x10* >52x10*
Vinylidene chloride 1.7x10~ 3.8x10* 0-4.4x10° >4.4%x10°5-1.3x10~* >1.3x10™
Xylenes 0.94 0.96 0-0.45 >0.45-0.97 >0.97

2Air toxic categorized with a concentration of 0 (9.9 x 10-° for benzidine) as the referent and remaining values split >median versus =median.

among participants in the third category of benzidine, which  EPTHTRE]
was markedly shorter compared with the first category (1.25; -

SD =0.36) (Table 3). Scatterplots of T/S ratio values against 1,4-di-
oxane and benzidine concentrations are shown in Supplemental — _ - -
Digital Content, eFigure 1; http:/links.lww.com/EE/A47. Air toxic Tertile 1 Tertile 2 Tertile 3

Mean (SD) telomere length across tertiles of hazardous air
pollutant concentration estimates: The Sister Study

In the multivariable linga; regression analysis, the third 1 2_pibromo-3-chioropropane 1.21 (0.35) 1.27 (0.36) 1.23(0.34)
versus first category of benzidine (8 = -0.08; 95% CI = -0.14, 1,3-Butadiene 1.24 (0.37) 1.23(0.33) 1.24 (0.35)
-0.01) and 1,4-dioxane (8 = -0.06; 95% CI =-0.13,0.00) were  1,4-Dioxane* 1.24 (0.35) 1.24(0.32) 1.20 (0.35)
associated with shorter relative telomere length, with some ev-  2,4-Dinitrotoluene 1.23(0.34) 1.23 (0.36) 1.26 (0.34)
idence of an exposure-response trend (P = 0.02 and P = 0.06,  2,4-Toluene diisocyanate 1.24(0.37) 1.26 (0.37) 1.21(0.31)
respectively) (Table 4). Carbon tetrachloride, chloroprene, eth-  2-Chloroacetophenone* 1.21(0.34) 1.24(0.35) 1.26 (0.35)
ylene dibromide, and propylene dichloride were also inversely ~ Acrylamide® 1.22(0.39) 1.26(0.34) 1.28(0.37)
associated with telomere length. Acrylonitrile 1.23 (0.36) 1.26 (0.35) 1.22 (0.33)

crared, - : : Benzene 1.24 (0.37) 1.22 (0.31) 1.25 (0.36)

Air toxic—telomere length associations did not differ mean- Bonziding® 125 0.36) 126 0.35) 117 031)

ingfully across levels of BMI (Supplemental Digital Content, hori or N Tamn or

. . o Carbon tetrachloride 1.26 (0.37) 1.19(0.33) 1.26 (0.34)
eTable 1, http//hnkslwwcom/EE/A47) or phySlCEll acthlty Ch|0r0prene 1.25 (037) 1.22 (034) 1.24 (033)
(Supplemental Di'g'ita'll Content, eTable 2; http://lil}ks.lww.com/ Ethylbenzene 1.23 (0.36) 1.21(0.32) 1.27 (0.36)
EE/A47). In sensitivity analyses, results were similar when re-  Ethylene dibromide 1.26 (0.36) 1.22 (0.35) 1.23(0.33)
stricted to non-Hispanic whites or when additionally adjusted  Ethylene dichloride 1.24 (0.36) 1.25 (0.35) 1.22 (0.34)
for geographic region (data not shown). Results for a few air  Ethylene oxide 1.24 (0.35) 1.24 (0.36) 1.23(0.34)
toxics were slightly attenuated, although acrylamide demon-  Ethylidene dichloride 1.21(0.39) 1.26 (0.36) 1.24(0.34)
strated a positive association (third category = 0.12; 95% CI ~ Hydrazine . 1.23(0.39) 1.26(0.36) 1.22(0.33)
= 0.02, 0.22), when restricted to women who had lived in their ~ Methylene chioride 1.22(0.36) 1.27(0.39) 1.22(0.33)
baseline address >10 years (data not shown). Among those with Nitrobenzene 1.24(0.36) 1.23(0.39) 1.25(0.39

. ; . - W o-Toluidine 1.25 (0.36) 1.23(0.34) 1.23 (0.34)
their baseline blood draw in 2005 or later, results were similar ; .
£ . . . . Polycyclic organic matter 1.23 (0.36) 1.24(0.34) 1.24(0.39)

or most air toxics, apart from acrylamide which demonstrated Propylene dichioride 126 (0.39) 121 (0.34) 124 (0.33)
a positive association (third category 8 = 0.08; 95% CI = 0.00, Propylene oxide 1.23(0.37) 1.23(0.34) 1.25(0.33)
0.16) (data not shown). Styrene 1.22(0.35) 1.23 (0.34) 1.25 (0.36)

Toluene 1.23(0.36) 1.23(0.33) 1.25 (0.35)

) ) Vinyl chloride 1.22 (0.35) 1.27 (0.37) 122 (0.32)

Results from the multipollutant regression tree Vinylidene chloride 1.23(0.37) 1.23(0.34) 1.24 (0.34)
Xylenes 1.22 (0.36) 1.23(0.34) 1.26 (0.35)

In the regression tree, the primary split was on age >64.3 vs.
<64.3 years (Figure 1). Relative telomere length was shorter *Air toxic categorized with a concentration of 0 (9.9 x 10-° for benzidine) as the referent and
among those who were >64.3 compared with <64.3 years of  remaining values split >median versus <median.
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Regression g coefficients (95% Cls) for the associations? between hazardous air pollutants and telomere length

Air toxic Intercept Tertile 1 Tertile 2 Tertile 3 Ptrend
1,2-Dibromo-3-chloropropane 1.70 (1.37,2.03) Reference 0.04 (-0.02,0.10) 0.00 (-0.06, 0.06) 0.6
1,3-Butadiene 1.73 (1.39, 2.06) Reference —0.03 (-0.10, 0.04) —0.02 (-0.09, 0.06) 0.8
1,4-Dioxane® 1.73(1.40, 2.06) Reference 0.00 (-0.07, 0.06) -0.06 (-0.13, 0.00) 0.06
2,4-Dinitrotoluene 1.71 (1.38, 2.04) Reference —0.02 (-0.08, 0.04) 0.01 (-0.05, 0.08) 0.5
2,4-Toluene diisocyanate 1.75 (1.42,2.09) Reference 0.00 (-0.07, 0.06) —0.05 (-0.12,0.02) 0.1
2-Chloroacetophenone® 1.67 (1.34,2.00) Reference 0.02 (-0.04, 0.08) 0.03 (-0.03, 0.09) 0.4
Acrylamide® 1.71 (1.38, 2.04) Reference 0.01 (-0.06, 0.09) 0.05(-0.02,0.13) 0.1
Acrylonitrile 1.72(1.39, 2.05) Reference 0.02 (-0.05, 0.08) -0.02 (-0.08, 0.04) 0.4
Benzene 1.72 (1.39, 2.06) Reference —0.04 (-0.11,0.03) 0.00 (-0.08, 0.08) 0.8
Benzidine® 1.71 (1.38,2.04) Reference 0.00 (-0.07, 0.06) —0.08 (-0.14,-0.01) 0.02
Carbon tetrachloride 1.79(1.46,2.12) Reference —-0.09 (-0.16,-0.03) -0.03 (-0.09, 0.04) 0.9
Chloroprene 1.75(1.42,2.08) Reference —0.06 (-0.12, 0.00) —0.04 (-0.11,0.03) 0.5
Ethylbenzene 1.69 (1.35, 2.03) Reference —0.03 (-0.11,0.04) 0.03 (-0.05,0.11) 0.2
Ethylene dibromide 1.75(1.42,2.08) Reference —0.06 (-0.12, 0.00) -0.04 (-0.10, 0.02) 0.3
Ethylene dichloride 1.73 (1.40, 2.06) Reference 0.00 (-0.06, 0.06) —0.04 (-0.10, 0.03) 0.2
Ethylene oxide 1.74 (1.41,2.07) Reference 0.01 (-0.06, 0.07) —0.03 (-0.10, 0.03) 0.4
Ethylidene dichloride 1.67 (1.34,2.01) Reference 0.03 (-0.03, 0.09) 0.03 (-0.03, 0.09) 0.6
Hydrazine 1.71 (1.38, 2.04) Reference 0.01 (-0.05, 0.08) —0.01 (-0.07, 0.05) 0.5
Methylene chloride 1.70(1.36, 2.03) Reference 0.03 (-0.03,0.10) 0.01 (-0.06, 0.08) 0.9
Nitrobenzene 1.73 (1.40, 2.06) Reference —0.04 (-0.10, 0.03) —0.01 (-0.08, 0.05) 1.0
o-Toluidine 1.74 (1.41,2.07) Reference —-0.03 (-0.10, 0.03) —0.04 (-0.10, 0.02) 0.4
Polycyclic organic matter 1.72 (1.38, 2.05) Reference —-0.01 (-0.07, 0.06) 0.00 (-0.07, 0.06) 1.0
Propylene dichloride 1.74 (1.41, 2.06) Reference —0.06 (-0.12, 0.00) —-0.04 (-0.10, 0.02) 0.6
Propylene oxide 1.73(1.40, 2.06) Reference —0.02 (-0.09, 0.04) -0.01 (-0.08, 0.05) 0.9
Styrene 1.69 (1.36, 2.03) Reference 0.00 (-0.07,0.07) 0.02 (-0.05, 0.09) 0.6
Toluene 1.71 (1.38, 2.05) Reference —0.02 (-0.09, 0.05) 0.00 (-0.08, 0.08) 0.9
Vinyl chloride 1.66 (1.33, 2.00) Reference 0.05(-0.01,0.12) 0.01 (-0.06, 0.07) 0.5
Vinylidene chloride 1.74 (1.40, 2.07) Reference —0.03 (-0.09, 0.04) —0.01 (-0.08, 0.05) 0.9
Xylenes 1.69 (1.35,2.02) Reference 0.00 (-0.07,0.07) 0.03 (-0.05,0.11) 0.5
“Models adjusted for age, race, residence type, education, and smoking status.
"Air toxic categorized with a concentration of 0 (9.9 x 10-° for benzidine) as the referent and remaining values split >median versus <median.
0) N=665
Avg. TL=1.234
|
[ \
Age <64.3 Age 264.3
1) N=559 2) N=106
Avg. TL=1.26 Avg. TL=1.08
[ l | [ 1 |
BMI<19.3 BMI 219.3 Ethylene oxide <0.007 Ethylene oxide 20.007
3)N=13 4) N=546 5) N=79 6) N=559
Avg. TL=1.66 Avg. TL=1.25 Avg. TL=1.12 Avg. TL=0.96
1 [ l \
Age 145.8 Age l45.8 Acrylonitrile <0.001 Acrylonitrile 20.001
7) N=115 8) N=431 9) N=20 A) N=59
Avg. TL=1.33 Avg. TL=1.23 Avg. TL=0.99 Avg. TL=1.17
[ | ) [ l |
<0.9 hours/wk 20.9 hours/wk Ethylidene Ethylidene
physical activity physical activity dichloride <0.004 dichloride 20.004
B) N=35 C) N=80 D) N=413 E) N=18
Avg. TL=1.22 Avg. TL=1.38 Avg.TL=1.24 Avg.TL=1.03
y‘ l | [ l |
Propylene Propylene
dichloride <0.001 dichloride 20.001 Styrene <0.064 Styrene 20.064
F) N=16 G) N=64 H) N=328 1) N=85
Avg. TL=1.54 Avg. TL=1.34 Avg. TL=1.22 Avg. TL=1.33

Figure 1. Regression tree for hazardous air pollutants and telomere length (TL): The Sister Study.
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age. The subgroup with the shortest relative telomere length con-
sisted of those >64.3 years of age and with higher (=0.007 pg/m?)
ethylene oxide concentration. The longest relative telomere
length was observed in the subset younger than 64.3 years of age
and with a BMI <19.3 kg/m?. Other patterns included the fol-
lowing: (a) shorter telomere length with higher (20.001 pg/m?3)
propylene dichloride among those <45.8 years of age, with a
BMI >19.3 kg/m?, and who participated in 20.9 hours/week of
physical activity and (b) shorter telomere length with higher
(=0.004 pg/m?) ethylidene dichloride concentration among
those 45.8-64.3 years of age with a BMI >19.3 kg/m?. However,
among those with lower ethylidene dichloride, a longer average
telomere length was observed with higher (20.064 pg/m?) sty-
rene concentration. Based on the tree, high levels of two or
more chemicals in combination did not seem worse for telomere
length compared with single exposures.

Discussion

In this study of 731 US women, higher ambient 1,4-dioxane and
benzidine were associated with shorter relative telomere length
in single-pollutant models. Additionally, there was evidence
that carbon tetrachloride, chloroprene, ethylene dibromide, and
propylene dichloride were also associated with shorter telo-
mere length, but a monotonic exposure-response trend was not
observed. Body mass index and physical activity did not modify
the air toxic-telomere length associations. The regression tree
identified those 264.3 years of age and with higher (= 0.007ng/
m?) ethylene oxide exposure as the subgroup with the shortest
telomere length.

To our knowledge, ours is the first study to examine the as-
sociation between specific hazardous air pollutants and relative
telomere length in a nonoccupational setting. Therefore, direct
comparison with other investigations is difficult. In an occupa-
tional study of traffic officers and office workers, telomere length
was shorter in traffic officers compared with office workers.'
Further, an interquartile range increase in benzene and toluene
measured from personal air monitors in that population was as-
sociated with shorter relative telomere length (-6.4%; 95% CI =
-2.1,-10.4; and -6.2%; 95% CI = -1.7, -10.4, respectively).'¢
Air toxics found in vehicle exhaust include 1,3-butadiene, ben-
zene, polycyclic organic matter, ethylbenzene, styrene, toluene,
and xylene.®>*¢ In our study, these air toxics were not associated
with relative telomere length. In a study of rubber manufactur-
ers in Sweden, biomarkers of o-toluidines and polycyclic aro-
matic hydrocarbons (a component of polycyclic organic matter)
were not associated with telomere length'’; similarly, neither
was associated with telomere length in our study.

In the present study, the top category of benzidine was asso-
ciated with shorter relative telomere length, which also demon-
strated a monotonic trend. Benzidine, which in the past was used
in the manufacture of dyes and is persistent in the environment,
has been shown to be mutagenic and is metabolized through
an oxidation pathway that forms reactive oxygen species.®”
Given that oxidative stress has been shown to lead to telomere
shortening,'>® the association between benzidine and telomere
length is biologically plausible. 1,4-Dioxane is a solvent used in
the manufacture of certain chemicals and a variety of products.
Little is known about the toxicology of 1,4-dioxane’; therefore,
the biologic mechanisms for its association with telomere length
in our study are unclear. Finally, carbon tetrachloride and pro-
pylene dichloride, which demonstrated some association with
shorter telomere length, have been shown to induce oxidative
stress in animal studies.*"%72

We originally hypothesized BMI and physical activity to be
effect-measure modifiers of the air toxic—telomere length asso-
ciations. Overweight/obesity increases oxidative stress and
impairs the oxidant defense system, which could act synergis-
tically with the oxidative stress induced by some air toxics.?¢
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Higher levels of physical activity are associated with longer tel-
omere length,”>>% and it is possible that the benefits of physical
activity on lowering oxidative damage and inflammation could
counteract that of air toxics.?>*” On the other hand, physical
activity may increase exposure to air toxics.?’” However, neither
BMI nor physical activity modified observed associations, per-
haps because of opposing mechanisms (e.g., for physical activity)
or of limited power to detect a small magnitude of modification.

A regression tree was used in our study to explore relevant
subgroups based on complex joint relations across air toxics and
covariates of interest. As expected, due to its established associa-
tion with telomere length,® age was the top split in the tree. Among
those 264.3 years of age, those with ethylene oxide >0.007pug/m?
had the shortest telomere length on the tree. The tree did not
identify high levels of two or more chemicals in combination
that were associated with shorter relative telomere length. Of the
air toxics identified on the tree, only propylene dichloride was
associated with telomere length in the single-pollutant models.
Although results from a tree and from single-pollutant models
may identify similar factors as important, differences between
the two approaches should also be expected. The tree allows
for nonlinear and nonadditive associations involving multiple
air toxics and other covariates that are assumed not to exist for
traditional regression methods of single pollutants. Additionally,
the tree identifies the best cut-point at which to split a contin-
uous variable based on the sum of squared deviations about the
mean, but sometimes that cut-point was well into the third tertile
used in the single-pollutant models. However, we used CART in
an exploratory manner because it does not provide measures of
statistical precision and the size of the tree is set by investiga-
tor-specified parameters to enhance interpretability.

NATA air toxic estimates represent an annual average, so
for most women in our study, the 2005 NATA estimates corre-
sponded to the year of or 1-2 years before collection of the blood
samples used for assessing telomere length. In the context of an
outcome like telomere length, which is susceptible to changes
from exposures on the day or week before measurement,’>7* this
can be considered a long-term exposure. Although not specific to
air toxics, two studies of particulate matter (PM) (a criteria air
pollutant regulated through national ambient air quality stan-
dards) found that acute exposure on the day of or 1-3 days be-
fore telomere length measurement was associated with longer
telomere length,”>’* whereas a measure of PM representing
longer-term exposure over 2 weeks was associated with shorter
telomere length.” This supports our finding of generally inverse
associations using a longer-term annual exposure window.

A limitation of our study is the possibility of bias from exposure
measurement error using the NATA estimates. Concentrations at
the census tract level do not account for variability within that
census tract or in an individual’s daily activities. Also, although
outdoor ambient sources are a major contributor to air toxic ex-
posure, indoor sources, cigarette smoke, and diet are not included
in NATA estimates. NATA estimates may be less precise than
estimates derived from methods such as land use regression that
rely on monitored data.’> However, air monitors for air toxics
are sparse across the United States and do not measure most air
toxics. Therefore, monitored concentrations are not reliable esti-
mates for air toxics on a nationwide scale, which makes NATA a
unique and valuable resource. Further, we used the 2005 NATA
version which included modeling improvements and is more
complete than previous versions.*! California has a small number
of air monitors that measure select air toxics. A study examined
the agreement between monitored and NATA-modeled annual
concentrations of 12 air toxics.”> For the 2002 and 2005 NATA
estimates, the median monitored concentration fell between the
10th and 90th percentile of modeled concentrations for every
air toxic, except for three air toxics (chloroform, styrene, and
1,3-butadiene), and the 2005 NATA had the highest correlation
coefficients and less over- or underestimation of concentrations
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compared with previous versions. Therefore, although there was
some suggestion of underestimation of concentrations in the
modeled estimates of exposure, the results suggested that the
2002 and 2005 NATA versions would be useful for exposure
assessment in study populations with a wide geographic spread.”

In our study, relative telomere length was measured using
multiplex gPCR which is considered an improvement over the
previous singleplex qPCR method because it reduces varia-
tion in the amount of DNA pipetted for measuring the T and
S components.*”’ Multiplex qPCR also has a stronger correla-
tion with the gold standard Southern Blot technique than does
singleplex qPCR.” However, QPCR-based methods typically re-
sult in a higher coefficient of variation and lower reproducibility
compared with Southern Blot,”” which is time and resource in-
tensive and often impractical in large epidemiologic studies.”
Additionally, although a study using a subset of samples from
women in the Sister Study found that a telomere length meas-
urement with multiplex qPCR from a single time point had
good short-term reliability of an individual’s telomere length,”®
changes in telomeres are dynamic. Given that telomere length in
our study was measured at one time point, we were not able to
assess whether air toxics were associated with changes in telo-
mere length over time.

The women with measured telomere length included in this
study came from the 48 continental US states, which allowed
us to examine the associations using a larger range of exposure
than if a smaller area had been included. Further, ours is the first
study of telomere length to examine the role of air toxics at am-
bient levels of exposure in the general population, rather than
occupational levels. We explored complex joint associations
between air toxics and other covariates. This is an important
consideration because individuals are not exposed to air toxics
in isolation and complex patterns are not captured in standard
single-pollutant modeling techniques.

Conclusions

In summary, using ambient hazardous air pollutant concentra-
tion estimates, 1,4-dioxane and benzidine were associated with
shorter relative telomere length. Although the associations were
nonmonotonic, carbon tetrachloride, chloroprene, ethylene
dibromide, and propylene dichloride also showed some evidence
of associations with shorter relative telomere length. Our results
support a role for some air toxics in telomere length, an impor-
tant biologic marker associated with adverse disease outcomes.>”
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