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Abstract

Telomeres are repetitive DNA sequences that cap and protect the ends of chromosomes; critically
short telomeres may lead to cellular senescence or carcinogenic transformation. Previous findings
suggest a link between psychosocial stress, shorter telomeres, and chronic disease risk. This cross-
sectional study examined relative telomere length in relation to perceived stress and urinary stress
hormones in a sample of participants (n = 647) in the National Institute of Environmental Health
Sciences Sister Study, a cohort of women ages 35 to 74 years who have a sister with breast cancer.
Average leukocyte telomere length was determined by quantitative PCR. Current stress was assessed
using the Perceived Stress Scale and creatinine-adjusted neuroendocrine hormones in first morning
urines. Linear regression models estimated differences in telomere length base pairs (bp) associated
with stress measures adjusted for age, race, smoking, and obesity. Women with higher perceived
stress had somewhat shorter telomeres [adjusted difference of —129bp for being at or above moderate
stress levels; 95% confidence interval (CI), —292 to 33], but telomere length did not decrease
monotonically with higher stress levels. Shorter telomeres were independently associated with
increasing age (—27bp/year), obesity, and current smoking. Significant stress-related differences in
telomere length were seen in women ages 55 years and older (—289bp; 95% CI, —519 to —59), those
with recent major losses (—420bp; 95% CI, —814 to —27), and those with above-average urinary
catecholamines (e.g., epinephrine: —484bp; 95% CI, —709 to —259). Although current perceived
stress was only modestly associated with shorter telomeres in this broad sample of women, our
findings suggest the effect of stress on telomere length may vary depending on neuroendocrine
responsiveness, external stressors, and age.
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Introduction

Telomeres are repetitive DNA sequences that cap and protect chromosomal integrity. Average
leukocyte telomere length is thought to provide a cumulative marker of cellular aging that
integrates across multiple pathways, including DNA damage due to oxidative stress and the
replicative history of various populations of WBC. A cross-sectional study showed shorter
telomere length was associated with perceived stress among mothers of chronically ill children
and control mothers (1), suggesting a novel link between psychosocial stress and chronic
disease outcomes typically associated with aging. Shorter telomere length has been associated
with early mortality and outcomes such as cardiovascular and metabolic disease (2—4).
Critically short telomeres and resulting genome instability may also increase risk of
carcinogenic transformation (5-9). Much of this work has focused on telomere length in tumor
tissue, but studies suggest correlation between telomere length in different tissues, include
leukocytes (10).

Broadly defined, stress is a condition that occurs when environmental demands require
physiologic or behavioral changes to maintain balance and homeostasis. The Perceived Stress
Scale is a global measure commonly used to evaluate the internalized experience of stress and
reflect the extent to which life situations are perceived to be stressful (11). Although perceived
stress may be affected by external circumstances, it also reflects personality, learned coping
skills, and environmental resources. Although the Perceived Stress Scale typically refers to a
short-term period (e.g., the past 30 days), perceived stress is often used as a measure of
generalized stress response in epidemiologic studies. Epel et al. (1) found that that shorter
telomere length was related to higher perceived stress scores in both caregivers and controls
and posited that shorter telomeres were not simply due to the severe stress experienced by
many of the caregivers, but rather that this relationship exists across the continuum of normative
stress levels.

Telomere length was also associated with elevations in urinary catecholamines and cortisol in
a subset of the caregiver subjects (12). The neuroendocrine hormones, cortisol, epinephrine,
norepinephrine, and dopamine are released into plasma during activation of the hypothalamic-
pituitary-adrenal axis, sympathetic nervous system, and adrenal medulla. All serve to regulate
the physiologic stress response, and their urinary levels are often used as a cumulative measure
of plasma levels and physiologic stress responsiveness (13). In addition to the traditional “fight
or flight” stress hormones, norepinephrine and epinephrine, activation of the sympathetic
nervous system can also lead to dopamine secretion (14), and increased urinary dopamine has
been reported women with posttraumatic stress disorder (15). Elevated or lower urinary cortisol
levels (16), along with elevated epinephrine and norepinephrine, contribute to a composite
score known as allostatic load, which also includes measures of inflammation, and
cardiovascular and metabolic dysfunction (17). Elevations in urinary catecholamines have also
been linked to early mortality (18).

Telomere length may represent a novel intermediate along the pathway linking chronic stress
and the physiologic stress response to disease pathogenesis. The present cross-sectional study
investigated the association of current perceived stress and telomere length using baseline data
from a cohort of women who have a sister with breast cancer (19). Neuroendocrine hormones
in first morning urine specimens were also examined in relation to telomere length, overall and
as potential modifiers of the association of telomere length and perceived stress levels. We
hypothesized perceived stress would have the strongest relationship to telomere length in
women with higher urinary stress hormones, and also evaluated the possible modifying effects
of external stressors and potential confounding by covariates.

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Parks et al. Page 3

Materials and Methods

Study Sample

The National Institute of Environmental Health Sciences Sister Study is a prospective study
of a volunteer cohort of women ages 35 to 74 years with at least one sister diagnosed with
breast cancer, who themselves had no prior diagnosis of breast cancer (19). The Sister Study
was approved by the Institutional Review Board of the National Institute of Environmental
Health Science, NIH. Recruitment began in 2004 and is expected to be completed in 2008. A
sample for telomere analyses was derived from participants enrolled in the cohort and included
in the first annual health update follow-up as of June 2005. Of 2,086 identified women, 295
were ineligible due to one or more of the following reasons: missing or inadequate blood or
urine sample, urine sample that was not a first morning void, major dental procedure or surgery
within the past week, current shift work, chemotherapy or radiation treatment for cancer, or
missing value for race, perceived stress, or smoking status. A further 18 women were excluded
due to known breast cancer diagnosis before establishment of the sampling frame (November
2005), leaving 1,773 eligible for sampling. Because stress levels were low, we oversampled
women with higher perceived stress scores. The sample was also enriched to provide power
to examine an expected association of smoking and shorter telomeres, and to maximize the
number of non-Whites represented. Thus, we included all women known at the time to meet
one of three criteria: high or very high perceived stress (perceived stress score of 6 to 16), non-
White race, and current smokers. We then derived random sample of everyone else (women
with lower stress levels, nonsmokers, and Caucasians) for a final study sample size of 740.
Because the sampling frame was determined using preliminary data, some women had race
and smoking status reclassified and would have met the above criteria but were not included
based on known data at the time.

Characteristics of eligible participants and the final study sample are shown in Table 1.

Data Collection

Data on stress and covariates were collected through computer assisted telephone interview.
Biological specimens, and measured height and weight were collected during a home visit.

Perceived Stress—The short version of the Perceived Stress Scale consists of 4 questions
that assess the subject’s internal appraisal of stress in the past 30 d (11); for each question,

response categories ranged from a score of 0 (low) to 4 (high), which were summed to a total
of 0 to 16 points. The distribution of responses in the cohort was highly skewed, with a median
Perceived Stress Scale score of 2; so, 5 categories were constructed [very low (0 points), low
(1-2 points), moderate (3-5 points), high (6—7 points), and very high (8-16 points); Table 1].

External Stressors—The baseline study questionnaire did not include a life events scale.
However, we constructed a summary variable, major life losses, enumerating occurrence of
premature deaths of first degree relatives across three categories: death of a child of any age
or premature death (i.e., before age 65 y) of a parent or sibling. Another variable, recent major
stressors, identified the occurrence of one or more major losses in the past two y, including
death of a child, parent, or sibling, and loss of marital partnership (divorced, separated, or
widowed). Family breast cancer history was parameterized to reflect potential stress due to
increased burden of familial breast cancer risk; for this purpose, we created a variable summing
the number of breast cancer cases in first degree relatives (total n = mother, sisters, and
daughters with breast cancer) plus the sum of occurrences of early onset breast cancer across
the three generations (total n = 0-3 for a mother, sister, and/or daughter diagnosed younger
than age 45 y). Missing data on age at diagnosis (n = 30 sisters) were imputed as later onset to
reflect the distribution of the majority and based on the idea that younger onset disease
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identified by participants would be most relevant to the experience of chronic stress related to
familial breast cancer risk.

Covariates—Demaographic and socioeconomic variables included age (continuous and
categorical), race (White, African-American, and other, including Hispanic), education (4-
levels), and marital status (currently married or living as if married). Physiologic factors and
health behaviors included body mass index (BMI— continuous and categorical; calculated
based on measured height and weight), smoking history (never regularly smoked for 6 mo or
longer, former smoker, or currently smoke at least 1 cigarette per day for the past 12 mo),
average sleep duration in the past 6 wk (hours per night), regular exercise in the past 12 mo
(yes/no), menopausal status, and hormone replacement (ever/never). Medical history included
self-reported health status, diabetes diagnosed after age 25y, cardiovascular disease (including
heart attack, bypass surgery, angioplasty, congestive heart failure, cardiac arrhythmic,
medicated angina, stroke/TI1A) and history of clinical depression (ever/never).

Telomere Length

Whole blood was collected during the home visit, and shipped and stored at —80°C until DNA
extraction by standard methods. Total leukocyte DNA was used as a template for PCR-based
assays of relative telomere length conducted according to methodology previously described
(1,20). Briefly, each sample was amplified for telomeric DNA and a single copy gene using 1
pL aliquots containing 100 to 200 ng template DNA. Cycle threshold was transformed into
nanograms of DNA based on a standard curve. The quantitative assay determines the amount
of telomeric DNA (T) relative to the amount of single-copy control gene DNA (S) to obtain a
relative ratio (T/S ratio). Of the 740 specimens submitted for telomere assays, most were run
on duplicate plates including three additional known controls per plate (one each at high,
medium, and low T/S ratio), which were subsequently used to adjust sample T/S ratios for the
variation in known control values across plates. The coefficient of variation across adjusted
replicates (sample T/S ratios after adjusting for plate to plate variation) was 8.5% for 647
samples run on duplicate plates. Averaged T/S ratios of these adjusted replicates were used for
the final analysis sample; sensitivity analyses examined associations for unadjusted values and
including samples without complete assay replicates. The mean T/S ratio value for replicates
(n =647; 1.32; SD, 0.25) was normally distributed. The remaining 93 specimens assayed
included 10 specimens missing replicates (mean T/S ratio, 1.33; SD, 0.19), 29 with failed PCR-
reactions, and the initial batch (plate) of pilot assays, which did not include plate controls and
therefore was not combined with the adjusted replicates in the final analysis sample.

Urine Catecholamines and Cortisol

First morning urine specimens were collected by subjects the morning of the blood draw.
Women were instructed to collect the first urine of the day and record times of sleep onset, last
awakening, first morning void, and last urination before the collected specimen. Most
specimens were collected soon after waking (median, 5 min) and reflected overnight sampling
with a median of 6.5 h since time of last urination (interquartile range, 4-8 h). Specimens did
not include preservative, but subjects were asked to refrigerate specimens until they were
collected by the examiner. Samples were transported by examiners, who prepared and shipped
them on ice, and were subsequently aliquotted on receipt in the laboratory and stored at —80°
C.

Quantitative assessment of epinephrine, norepinephrine, and dopamine was conducted by
Enzyme Immunoassay (Total CAT EIA; Alpco Diagnostics), with results shown to be
comparable with high performance liquid chromatography (e.g., r = 0.88 for norepinephrine)
in pilot studies. Each specimen was run once, and each assay plate included two known controls
at high and low concentrations. The coefficient of variation for low and high controls across
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11 plates ranged from 12% and 19% for epinephrine, to 19% and 28% for norepinephrine, to
19% and 26% for dopamine. Despite these apparently high coefficient of variations, all controls
performed within expected ranges based on kit specifications, e.g., the observed range of the
epinephrine low control was 6.9 to 11.1 ng/mL versus 5 to 14 ng/mL expected. Urine samples
were aliquoted, refrozen, shipped overnight, and maintained at —80°C before evaluation of
urinary free cortisol by RIA (21). Each specimen was run once; known controls at high,
medium, and low concentration were included on each plate with percent coefficient of
variation (across 16 plates) ranging from 14% (high) to 31% (medium) and 29% (low) for the
controls.

Concentrations of urinary hormones are typically adjusted based on creatinine values to control
for urinary flow rate. Creatinine values were obtained on fresh urines upon initial receipt using
a semiquantitative method (dip stick) providing categorical values (10, 50, 100, 200, and 300
mg/dl). We also determined exact creatinine values on frozen samples shipped for
catecholamine assays using the automatic analyzer Cobras Mira (reagents from Roche). At the
low end, dip stick estimates tended to be lower than exact values; whereas at the high end, they
were higher. For specimens lacking exact creatinine values due to insufficient sample (n = 64),
quantitative values were imputed based on dipstick readings using the midpoint in the other
measured specimens (dipstick reading 10 = 32.5, 50 = 52, 100 = 88, 200 = 148, and 300 = 218
mg/dl). Urinary hormone values were directly adjusted for creatinine. Values were obtained
on the majority of the study sample, and distributions were similar when limited to the final
analysis sample with complete telomere data (data not shown). As expected, the individual
stress hormones were somewhat correlated with each other. For example, log-transformed
epinephrine values were significantly associated with cortisol levels (Pearson correlation
coefficient, r = 0.36; P < 0.0001) and with norepinephrine levels (r = 0.40; P < 0.0001).
However, stress hormone levels were not strongly or significantly correlated with perceived
stress scores (data not shown). Because of the high assay percent coefficient of variation,
creatinine-adjusted values were subsequently grouped using quartile cut-points across the full
sample for epinephrine, norepinephrine, and dopamine. Cortisol values were grouped into
quintiles to allow examination of low and high extremes compared with the middle of the
distribution.

Our final analysis sample was restricted to the 647 women for whom duplicate telomere data
were available. Telomere length in bp was estimated by multiplying 1 TS ratio unit by 4,270bp
(mean, 5,618; bp, SD1069; ref. 20). Statistical analyses were conducted using SAS (version
9.1). Tables included 95% confidence intervals (Cl), which were considered to indicate
statistical significance at a P value of <0.05 when they excluded the null (odds ratio, 1.0).
Supporting P values were generated for tests of trend and interaction.

Linear regression models were constructed to examine age-adjusted associations of telomere
length with perceived stress and covariates. Negative B coefficients correspond to associations
with shorter telomere length. Main effects examined included perceived stress level, urinary
stress hormones, external stressors, and covariates. Little evidence of confounding was
observed, and the final model adjusted for sample selection criteria (non-White race, current
smoking), age, and BMI (continuous). We also ran models excluding eight pairs of sisters in
the data set but saw no effect of these correlated data.

We constructed stratified models to explore potential modifiers of the association between
perceived stress and telomere length. These included urinary stress hormone levels, external
stressors, demographic factors, and health status. In stratified models, median cut-points were
used to group urinary hormone levels and perceived stress scores. For analyses suggesting a
difference in effects, models were constructed including both variables and a product term to
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test significance of the interaction on a multiplicative scale. Finally, a generalized linear model
was used to estimate the adjusted mean relative telomere lengths for selected categorical
covariates (race, smoking, and BMI) and perceived stress stratified across the four age
categories.

Compared with low or very low perceived stress, higher perceived stress (moderate, high, or
very high) was nonsignificantly associated with shorter telomeres (age-adjusted difference in
telomere length, —129bp; 95% CI, —290 to 33; Table 2). Shorter telomere length was observed
primarily for the moderately elevated stress categories with no additional shortening in the
highest stress category. The significant association of moderately elevated perceived stress and
shorter telomeres (—290bp) was somewhat attenuated in models adjusted for race, smoking,
and BMI. Urinary stress hormones seemed unrelated to telomere length, with the exception of
a trend toward shorter telomeres at higher and lower cortisol levels. None of the external
stressors examined (recent major stressors, major life losses, and familial breast cancer risk)
were significantly associated with shorter telomeres.

Analyses confirmed expected associations of shorter telomeres with increasing age (—27 bp
per year) with a clear dose-effect across decades, and with higher BMI, current smoking, lower
education, poor health, and cardiovascular or metabolic disease (Table 2). History of clinical
depression was not associated shorter telomeres in the fully adjusted model. Other factors
examined, but not significantly associated with telomere length, included average sleep
duration, regular exercise, high blood pressure/cholesterol or borderline diabetes, and use of
hormone replacement therapy (data not shown).

Stratified analyses are shown in Table 3. Higher perceived stress (moderate, high, or very high)
was associated with shorter telomeres in women with higher (above the median) epinephrine,
norepinephrine, and dopamine but not cortisol. For epinephrine, the interaction was significant
(interaction P < 0.0001), with shorter telomeres in women with higher urinary epinephrine
(—484 bp for higher versus lower perceived stress) but not in those with lower epinephrine (210
bp for higher versus lower stress). Higher perceived stress was also significantly associated
with shorter telomeres among women with a recent history of major stressors (—420 bp for
higher versus lower perceived stress) and trended toward a gradient difference in telomere
length across increasing stress levels (Pyeng = 0.07; data not shown). History of major life
losses and familial breast cancer risk did not seem to modify the telomere stress association.
Significant stress-related differences in telomere length (—289 bp) were seen in women age 55
years and older (interaction P = 0.10). Nonsignificant stress-related differences in telomere
length were also seen in women reporting CVD/diabetes or poor health, history of clinical
depression, and absence of a marital partnership.

Figure 1 to Figure 3 show telomere length differences associated with 4 levels of perceived
stress compared with the lowest category, stratified by stress hormone levels. Among women
with higher epinephring, shorter telomeres were seen for moderate and higher stress categories
(Ptrend = 0.001; Fig. 1). Although the effect difference for norepinephrine corresponded to a
nonsignificant interaction (P = 0.24), women with higher norepinephrine showed a clear
gradient with shorter telomere length across increasing perceived stress categories (Pireng =
0.03; Fig. 2). Results for dopamine were similar, with no significant interaction but a gradient
shortening of telomere length across the increasing stress categories (Pyend = 0.02; data not
shown). In women with lower cortisol levels, nonsignificantly shorter telomeres were seen for
moderate and high perceived stress (Pyenq = 0.09; Fig. 3).
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Figure 4 shows estimated relative telomere length in women with higher and lower perceived
stress across four age categories, juxtaposed with means across different categories of BMI,
smoking, and race.

Discussion

Our findings suggest a modest overall relationship between current perceived stress and shorter
telomere length in the study sample. Stratified analyses suggested significant associations of
perceived stress and shorter telomeres in some subgroups, namely women with higher urinary
catecholamines, those experiencing recent major stressors, and women age 55 years and older.
History of major life losses and degree of familial breast cancer risk were not associated with
telomere length overall, and did not seem to clearly modify the association of perceived stress
and telomere length.

Based on the observations by Epel et al. (1), we expected to see a stronger association and
dose-response relationship between perceived stress and telomere length. Differences in the
present study include a larger sample size, an older and broader age distribution, and lower
perceived stress scores. Because of the wide distribution of telomere length in the population,
cross-sectional studies require a large sample size to detect differences (22); compared with
Epel et al. (1), our sample size should have been sufficient to detect a difference of similar
magnitude. Despite a lack of additional specific stress scales, we identified groups of objective
stressors based on existing data (e.g., recent death of a first-degree relatives or spouse, divorce,
or separation), which modified the association between telomere length and perceived stress.

There are few published studies on psychosocial stress and telomere length. A recent study
reported shorter telomere length in caregivers of Alzheimer patients compared with age and
sex-matched controls (23). Caregivers in this study tended to be older (average age 65 years)
and were more likely than controls to report depressive symptoms. Another study reported
shorter telomeres in patients with major depression (24); in our data, history of depression was
associated with higher perceived stress but not significantly related to shorter telomeres.
Confidence in the present findings is increased by the replication of expected covariate
associations with telomere length, such as age, obesity, smoking, and cardiovascular disease
(25). The observed association of shorter telomeres and lower education supports an effect of
socioeconomic status described by others (26), although this association was attenuated in the
fully adjusted model, suggesting socioeconomic factors and other covariates may operate along
a shared causal pathway.

Urinary catecholamines and cortisol are often considered markers of current physiologic stress
response. Although overnight or first morning urines can be considered an “integrative”
measure of general stress levels (13), neuroendocrine hormones may vary with circadian and
seasonal rhythms and are influenced by acute and chronic stressors. We saw no clear
associations of urinary stress hormones with telomere length, in contrast to Epel’s previous
findings showing a significant association between elevated cortisol, epinephrine, and
norepineprine and telomere length in the caregiver study (12). The relatively high coefficient
of variation in our assays could have led to nondifferential misclassification, reducing the
likelihood of observing associations. Nevertheless, expected correlations between urinary
hormones were observed and adjustment for plate variation did not seem to alter the overall
lack of main effects (data not shown). Significant interactions between perceived stress and
neuroendocrine hormones were observed, however, supporting our premise that telomere
length may be affected by elevated perceived stress primarily in the context of an elevated
physiologic stress response, and consistent with a hypothesis that telomere length may
represent an intermediate on the pathway linking the biological stress response with disease
outcomes.
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Interpreting urinary cortisol data is complicated by the typical daily rhythm and rapid increase
in cortisol during and after awakening. First morning values may reflect basal hypothalamic-
pituitary-adrenal activity and responsiveness, minimizing the influence of daytime activities.
The U-shaped pattern showing shorter telomeres at lower and higher cortisol levels is
suggestive given evidence that chronic, traumatic, or early life stress may be associated with
increased or blunted hypothalamic-pituitary-adrenal activity (27-29). Dopamine has not been
previously studied in relation to telomere length. Although not traditionally considered a stress
hormone, dopamine is a precursor of norepinephrine and is released in response to stress
(14). Dopamine may also influence the immune system via paracrine or autocrine pathways,
along with the other catecholamines (30,31). In our data, epinephrine and norepinephrine levels
were generally higher in women with higher dopamine levels. However, these hormones did
not explain the association of perceived stress and shorter telomeres seen in women with
elevated dopamine.

We observed no overall dose-response for telomere length and higher perceived stress, except
inanalyses stratified by urinary catecholamines and recent major stressors. The perceived stress
scale reflects the influence of contemporary or recent stressors, general stress responsiveness,
and coping resources, so women with high scores likely included some experiencing atypical
or transient stressors, as well as those with a more typical high stress response to chronic or
daily stressors. We had limited data on external stressors or psychosocial determinants of
perceived stress. Although we saw no apparent main effects or confounding by recent major
stressors, higher perceived stress was significantly associated with shorter telomeres in women
with a history of a recent major stressor. This does not necessarily imply that brief, intense
stressors effect telomere length, however, as these events may have been preceded by years of
chronic stress. This finding may simply represent our ability to observe an effect in women
with more homogeneous levels of external stressors.

Cross-sectional data on perceived stress is a crude proxy for the lifetime burden of acute and
chronic stress. The low perceived stress scores in this cohort are likely due to the age-
distribution and psychosocial characteristics of these volunteer participants. Although older
women on average reported lower perceived stress, the stronger association with shorter
telomeres in older women may reflect the cumulative burden of stress over time. Alternatively,
aging may be related to differences in the physiologic stress response. Hormonal changes with
aging might remove a buffer against stress-related effects on telomere length, for example, as
suggested by experimental research showing altered negative feedback of the hypothalamic-
pituitary-adrenal-axis to acute stress in older women, and potentially modulating effects of
estrogen replacement therapy on feedback sensitivity (32). In our data, hormone replacement
therapy was not independently associated with telomere length and did not modify the
association of perceived stress and telomere length (data not shown). Our ability to examine
these effects was limited by sample size and the close relationship between age, menopausal
status, and hormone replacement therapy.

The high-throughput PCR-based assay of relative telomere length has attained popularity in
epidemiologic studies, and is thought to provide a reasonable estimate of average telomere
length in whatever tissue was used for DNA. Our study determined telomere length in total
leukocytes compared with peripheral blood mononuclear cells in the caregiver studies (1).
These studies did not show an influence of lymphocyte phenotypes that explained the
associations with telomere length (1,23). Differences in our findings might reflect differential
effects of stress on granulocytes (the predominant population of total leukocytes) compared
with lymphocytes (the majority of peripheral blood mononuclear cell). Effects in shorter lived
leukocytes may reflect to a greater extent the effects of stress on hematopoetic stem cells rather
than effects on the replication and expansion of longer lived lymphocytes. Stress has been
linked to systemic inflammation, i.e., induction of the acute phase response or inflammatory
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cytokines (33,34) but may have either stimulatory or suppressive effects on lymphocytes
depending on whether stress is acute or chronic (35) and the specific mechanisms examined
(36). Further studies examining immune phenotype and inflammatory biomarkers might help
elucidate pathways relating stress to leukocyte and lymphocyte telomere length.

Our data showed that age-related differences in telomere length surpassed the differences
associated with perceived stress and modifiable factors such as obesity and smoking. The
biological impact of effect sizes observed (e.g., older women with higher perceived stress had
5% shorter telomeres than low stress women) is also unclear given the broad range of variation
of telomere length in the population, and is part of the larger question relating telomere length
to aging and disease outcomes.

Although our cohort consists of volunteers with a sister with breast cancer, participants reported
a diverse range of health risk factors and conditions (data not shown), and most had only one
affected sister. The proportion with known breast cancer genes is expected to be low, and most
of the excess risk associated with family history is likely due to shared environment and
multiple gene polymorphisms that individually confer low risk. The fact that we saw expected
associations of telomere length with age, obesity, and smoking provides further reassurance
about the generality of our findings. We hypothesized that breast cancer family history would
comprise a potential stressor, but reported stress levels were low, so the sample was enriched
for higher perceived stress. The sample was also enriched for non-White race and smoking,
neither of which confounded the association of perceived stress and telomere length. Smoking
has inflammatory and immunosuppressive effects and may also be associated with
psychosocial factors and neuroendocrine stress responsiveness (37—-39). However, post hoc
analyses of the telomere/stress association did not show effect modification by current smoking
status.

In sum, although we did not observe a dramatic overall association of telomere length with
current stress measures, our findings suggest perceived stress effects on telomere length may
vary depending on neuroendocrine responsiveness and exposure to environmental stressors,
and may be stronger in older women. The observed subgroup findings may be notable. In older
women, for example, the difference in telomere length associated with a relatively small
elevation in perceived stress score was comparable with differences associated with being
obese, current smoking, or diagnosis of cardiovascular disease. Thus, even moderately elevated
stress levels in a low-stress population could have substantial effect on telomere length.
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Figure 1.
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Estimated telomere length difference in association with higher perceived stress: stratified by
urinary epinephrine levels. Linear regression models with telomere length as outcome for
higher levels of perceived stress compared with the lowest category; estimated p coefficient

and 95% CI corresponding to difference in bp average telomere length,

adjusting for age and

BMI (continuous),non-White race, and smoking history. Stratified using median cut-point for

creatinine-adjusted urinary epinephrine; high, above the median.
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Figure 2.

Estimated telomere length difference in association with higher perceived stress: stratified by
urinary norepinephrine levels. Linear regression models with telomere length as outcome for
higher levels of perceived stress compared with the lowest category; estimated p coefficient
and 95% CI corresponding to difference in bp average telomere length, adjusting for age and
BMI (continuous),non-White race,and smoking history. Stratified using median cut-point for
creatinine-adjusted urinary norepinephrine.
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Figure 3.

Estimated telomere length difference in association with higher perceived stress: stratified by
urinary cortisol levels. Linear regression models with telomere length as outcome for higher
levels of perceived stress compared with the lowest category; estimated 3 coefficient and 95%
ClI corresponding to difference in bp average telomere length, adjusting for age and BMI
(continuous),non-White race, and smoking history. Stratified using median cut-point for
creatinine-adjusted urinary cortisol.
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Estimated mean relative telomere length for perceived stress across age categories and
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covariates. Estimated means and 95% Cls in a general linear model including categories of
stress (above and below the median) by 10-y age groups, and adjusted for race, smoking, and

BMI categories.
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Table 1
Characteristics of eligible and selected study participants

Weighted, Eligible for
random sample sampling
n=740 n=1773
n (%) n (%)
Perceived stress
Very low (0) 134 (18) 427 (24)
Low (1-2) 182 (25) 590 (33)
Moderate (3-5) 133 (18) 465 (26)
High (6-7) 166 (22) 166 (9)
Very high (8-16) 125 (17) 125 (7)
Age (y)
35-44 134 (18) 263 (15)
45-54 279 (38) 649 (37)
55-64 212 (29) 565 (32)
65-74 115 (16) 295 (17)
Race/ethnicity t
Non-Hispanic White 624 (84) 1,641 (93)
African-American 50 (7) 50 (3)
Hispanic 17 (2) 33(2)
Other 49 (7) 49 (3)
Smoking ¥
Never 346 (47) 918 (52)
Former 216 (29) 672 (38)
Current 178 (24) 183 (10)
BMIS
<25 309 (42) 783 (44)
25-30 209 (28) 536 (30)
30-35 141 (19) 295 (17)
>35 77 (10) 150 (8)
History of cardiovascular disease and/or diabetes
137 (19) 289 (16)

*
Sampling frame determined using preliminary data on race (not ethnicity) and smoking. Age at enrollment missing on one eligible participant not sampled
for telomere study.

inspanic ethnicity includes all non-Black women who reported Hispanic ethnicity.
iOccasionaI smokers classified as never-smokers (n = 38 eligible, all sampled).

§Measured BMI, missing data on nine eligibles, four of whom were sampled.
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Table 3
Association of higher perceived stress and telomere length: stratified analyses

Stratification factor n Perceived stress Difference in telomere length
% moderate, high, or ﬂ* 95% CI lower,
very high stress level upper

Urinary hormone levels

Epinephrine
Low 328 59 210 —23, 442
High 315 54 —484 —709, —259
Norepinephrine
Low 322 55 =27 —263, 208
High 322 58 —246 —475,-17
Dopamine
Low 327 57 12 —230, 254
High 317 56 —257 —478, —37
Cortisol
Low 319 57 —206 —441, 29
High 320 56 -101 —331, 129
Major life events/stress
Recent major losses t
0 515 55 73 —253, 106
1 or more 131 61 -420 —814, —27
Major life losses ¥
0 287 60 —-143 -390, 105
1 280 52 -93 —349, 163
2 or more 80 60 —146 —600, 308
Familial breast cancerS
1 282 52 -2 —250, 247
2 263 61 —368 —635, —102
3 or more 102 57 101 —298, 501

Demographics and health

Age (y)
Under age 55 358 59 -8 —238, 222
55 and older 289 53 —-289 -519, -59

Current marital partnership

Yes 484 57 —69 —-260, 123
No 163 53 -290 -594, 15
Poor health, cardiovascular disease, or
diabetes
No 519 55 -97 —-273, 80
Yes 128 62 -183 —594, 227

Ever diagnosed with clinical depression
No 508 51 —-87 271,96
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Stratification factor n Perceived stress Difference in telomere length
% moderate, high, or ﬁ* 95% CI lower,
very high stress level upper
Yes 139 76 -216 611, 187

*

Linear regression models with telomere length as outcome for being at or above high-average levels of perceived stress; estimated p coefficient and 95%
Cls corresponding to difference in bp average telomere length, adjusting for age and BMI (continuous), non-White race, and smoking history. Stratified
using median cut-points for creatinine-adjusted urinary hormones.

7LRecent major losses, including death of parent, sister, or spouse, divorce, or separation in past 24 mo.

;‘Life losses (premature death of first degree relative), sum of occurrences across categories, including death of a child (any age), death of parent or sibling
before age 65 y.

§Summation of primary relatives diagnosed with breast cancer + occurrences of diagnoses before age 45 in a mother, sister, or daughter.
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