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ABSTRACT

Previous research has linked exposure to adverse social conditions with DNA damage and accelerated telomere
shortening, raising the possibility that chronic stress may impact biological aging pathways, ultimately in-
creasing risk for age-related diseases. Less clear, however, is whether these stress-related effects extend to ad-
ditional hallmarks of biological aging, including cellular senescence, a stable state of cell cycle arrest. The
present study aimed to investigate associations between psychosocial stress and two markers of cellular
aging—leukocyte telomere length (LTL) and cellular senescence signal p16™X4?. Seventy-three adults
(Mge = 43.0, SD = 7.2; 55% female) with children between 8-13 years of age completed interview-based and
questionnaire measures of their exposures to and experiences of stress, as well as daily reports of stress appraisals
over an 8-week diary period. Blood samples were used to assess markers of cellular aging: LTL and gene ex-
pression of senescent cell signal p16™¥4? (CDKN2A). Random effects models covarying for age, sex, ethnicity/
race, and BMI revealed that participants with greater chronic stress exposure over the previous 6 months
(b = 0.011, p = .04), perceived stress (b = 0.020,p < .001), and accumulated daily stress appraisals over the
8-week period (b = 0.013, p = .02) showed increased p16™%“?, No significant associations with LTL were
found. These findings extend previous work on the impact of stress on biological aging by linking chronic stress
exposure and daily stressful experiences to an accumulation of senescent cells. Findings also support the hy-
pothesis that chronic stress is associated with accelerated aging by inducing cellular senescence, a common
correlate of age-related diseases.

1. Introduction

has been proposed as a key driver of biological aging (Franceschi and
Campisi, 2014; Irwin and Cole, 2011; Marsland et al., 2017). Other key

An emergent literature suggests that exposure to adverse social
conditions is associated with accelerated biological aging, offering one
mechanism through which adversity may increase risk for age-related
diseases, including diabetes, atherosclerosis, neurodegeneration, and
cancer. Chronic stress, via prolonged or repeated activation of the
sympathoadrenal system, is thought to increase disease risk through its
cumulative impact on key biological aging pathways (Epel, 2009;
Robles and Carroll, 2011; Shalev et al., 2014). Most well established is
the connection between stress and inflammation, as the sympathoa-
drenal system directly regulates cellular inflammatory signaling, which

pathways, although less well characterized, include elevated DNA da-
mage (Forlenza et al., 2000) and shortened telomere length (Puterman
and Epel, 2012). Despite this growing literature, it remains unclear
whether these stress-related effects extend to other hallmarks of bio-
logical aging such as cellular senescence.

As one of the more extensively studied markers of biological aging,
leukocyte telomere length (LTL) is thought to indicate faster aging and
is associated with increased risk for morbidity and mortality (Epel and
Prather, 2018). A sizeable literature links various forms of chronic
stress exposure to shorter LTL, including childhood adversity (Kananen
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et al.,, 2010; Schaakxs et al., 2016), low socioeconomic status and
neighborhood quality (Cherkas et al., 2006; Park et al., 2015), and
caregiving (Damjanovic et al., 2007; Epel et al., 2004). Prospective
associations have also been observed, with the occurrence of major life
stressors over 1 year predicting greater telomere shortening (Puterman
et al., 2015). Other investigations have focused on psychological re-
sponses to stressful events rather than event exposure (Harkness and
Monroe, 2016). Several studies link appraisals of work-related ex-
haustion (Ahola et al., 2012) and perceived stress (Epel et al., 2004;
Mathur et al., 2016) to shorter LTL; however, others have not observed
such associations (Glass et al., 2010; O’Donovan et al., 2012). Together,
this body of evidence suggests that psychosocial stress may impact LTL
as one indicator of biological aging; however, other pathways involved
in the aging process remain relatively unexplored.

Another important hallmark of biological aging is cellular senes-
cence, a permanent state of cell cycle arrest (L6pez-Otin et al., 2013). A
growing literature links stress exposure to the secretion of catechola-
mines, which can lead to increased production of oxidants and DNA
damage (Aschbacher et al., 2013; Flint et al., 2007, 2005; Hara et al.,
2011; Knickelbein et al., 2008). DNA damage serves an important role
in biological aging as excess levels of DNA damage can initiate cellular
senescence (Campisi, 2005). DNA damage can also accelerate the
shortening of telomeres, which can result in cellular senescence when
telomeres reach a critically short length (Blackburn, 2000; Choi et al.,
2008; Fumagalli et al., 2012). Importantly, the senescent state has been
associated with a heightened release of pro-inflammatory factors,
which is thought to be a source of the increased inflammation observed
with chronological age, and is suspected to contribute to age-related
disease (Campisi and D’Adda Di Fagagna, 2007; Collado et al., 2007;
Coppé et al., 2010; Effros et al., 2005; Rodier and Campisi, 2011).

Recent research has identified cell cycle inhibitor p16™%** as one of
the most robust indicators of cellular senescence. Expression of p16™<42
in response to DNA damage and cell stress—termed “stress-induced” or
premature senescence—evolved as a protective mechanism to prevent
the replication of damaged cells that could develop into cancer or other
malignancies (Campisi and D’Adda Di Fagagna, 2007). However, per-
vasive cellular senescence via enhanced p16™<*? can itself become
damaging and accelerate aging through heightened inflammation and
reduced stem cell and tissue function (Campisi, 2005; Coppé et al.,
2010). Expression of p16™%** has been proposed as a biomarker of
aging, as it correlates highly with chronological age across several tis-
sues, and is linked to the highest number of age-related pathologies,
including cardiovascular disease, arthritis, diabetes, Alzheimer’s dis-
ease, and pre-malignant tumors (Liu et al., 2009; Lopez-Otin et al.,
2013; Ressler et al., 2006). Recent studies with mice demonstrated that
removal of p16™X*_positive cells prevented or slowed the deterioration
of several tissues and organs, and delayed tumor growth (Baker et al.,
2011), and reduced metastasis in mice exposed to cytotoxic cancer
treatments (Demaria et al., 2017). These studies suggest that senescent
cells contribute to the promotion and progression of age-related dete-
rioration and disease processes in mice. To date, however, only two
studies have investigated p16™** in humans, finding enhanced
p16™X4 in individuals with depression compared to controls (Teyssier
et al., 2012), and increased p16™<*? following partial sleep deprivation
in older adults (Carroll et al., 2016a). Importantly, the association be-
tween psychosocial stress and gene expression of p16™<? has not yet
been investigated.

The present study extends the literature on associations between
psychosocial stress and markers of biological aging in three important
ways. First, whereas the majority of previous research investigated as-
sociations between a single measure of stress and biomarker of aging,
we adopted an intensive repeated measures design that included an
interview-based assessment of chronic stress exposure, and two mea-
sures of stress responses: the Perceived Stress Scale (Cohen et al., 1983)
and daily reports of stress appraisals over a 56-day period. This design
allowed for a more comprehensive and ecologically valid assessment of
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stress exposure and responses than prior studies relying on single ret-
rospective measures. Second, this study examined two important
measures of biological aging: a more established marker, LTL, and a
more novel marker, p16™**?, Finally, we investigated psychosocial
stress in a sample of parents during mid-life, when stress-related vul-
nerability to age-associated disease may begin to emerge. Based on
previous research on stress and LTL, we hypothesized that parents with
greater exposure to chronic stress and reports of global and daily per-
ceived stress would have shorter LTL. In light of emerging evidence
about the role of p16™%*? in cellular aging, we hypothesized that these
stress-related effects would extend to cellular senescence, as evidenced
by greater p16™¥4® expression.

2. Material and methods
2.1. Participants

Participants were 73 adults from 40 heterosexual couples (55% fe-
male) with an average age of 43.0 years (SD = 7.2; range: 27.6-61.9)
and at least one child between 8 and 13 years of age." The majority of
participants were White/Non-Hispanic (42.5%), followed by Latino/
Hispanic (23.3%), African American (20.5%), Asian (11.0%), Native
American (1.4%), and self-identified mixed ethnicity (1.4%). Partici-
pants’ median education was 12.4 years, and median personal income
was within the $31,851-$64,250 tax bracket in 2009-2012
($34,001-$82,400 in the third year of data collection). At study entry,
the majority of participants were employed full-time (61.6%), with a
smaller proportion employed part-time (15.1%), or as homemakers
(12.3%). Most participants were married (97.3%) with an average re-
lationship length of 15.5 years (SD = 5.9; range: 1.3-27.6).

Participants were recruited as part of a larger study on the effects of
the family environment on immune function and risk for upper re-
spiratory infection (Robles et al., 2016, 2018). Families in the larger
study were recruited in the Los Angeles area from 2009 to 2012 through
advertising in local elementary and middle schools, libraries and re-
creation centers, medical clinics, newspapers, and direct mailings using
a marketing list of families within five miles of the University of Cali-
fornia, Los Angeles, that were selected based on zip-code level income.

2.2. Procedures

At study entry, participants completed an interview-based assess-
ment of their objective stress exposures, followed by an online ques-
tionnaire to assess their subjective stress responses. During a sub-
sequent 56-day daily diary period, participants completed online
surveys each evening before bedtime that included daily stress ap-
praisals and other items related to mood and family interactions. At the
end of the diary period, participants provided a blood sample that was
used to assess markers of cellular aging: LTL and cellular senescence
signal p16™¥42, If participants reported any of the following symptoms
on the day of the blood draw, the blood draw was rescheduled for a
later date: cold or flu-like symptoms such as sore throat, runny nose, or
cough, a fever, night sweats, nausea, vomiting, or diarrhea, blood in
stool or urine, frequent urination, and/or a skin rash or abscess. There
were no restrictions on what participants could not consumer prior to
the draw. Blood samples were collected between 12 p.m. and 7 p.m. at

! The present sample was comprised of one participant with a body mass
index of 44.5 that was 3.0 standard deviations above the sample mean, which is
the cutoff we used to identify outliers. When we excluded this participant from
the analyses, results from the random effects models were largely equivalent,
except that the coefficient for the adjusted model with accumulated daily stress
appraisals predicting p16™%? mRNA was reduced to marginal statistical sig-
nificance (b = .010, p = .06). Given that this participant’s scores on the main
criterion variables were within 3 standard deviations from the mean, we in-
cluded the participant in the analyses.
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the UCLA Clinical Laboratory through antecubital venipuncture in
PAXgene Blood RNA tubes (Qiagen), chilled, and transported to the
UCLA Health Psychology Laboratory for storage at -80° C. Given that
the diary protocol involved a significant time commitment for partici-
pants, the blood sample was not required for participation in the study;
therefore, the present sample includes 73 of the 86 enrolled adult
participants who chose to provide a blood sample. Participants who
provided blood samples did not differ significantly in their age, gender
distribution, education, employment status, income, or BMI from those
who did not provide samples. Blood samples were collected between 1
to 85 days after the end of the daily diary period (median = 15 days),
with the exception of one family that provided samples two days before
the end of the diary period.

2.3. Measures

2.3.1. Chronic stress exposure

Participants were separately administered the 60- to 90-minute
semi-structured UCLA Life Stress Interview (LSI; Hammen, 1991),
which was designed to assess exposure to chronic stressors in several
domains (e.g., family relationships, friendships, work, finances, health)
over the past six months, independent of the participants’ subjective
appraisals or emotional reactions to the stressors. Trained interviewers
asked a series of open-ended questions for each domain, with additional
probes as necessary to obtain sufficient information to score the domain
from 1 (exceptionally good conditions) to 5 (extreme adversity). The
present study utilized an adapted version of the interview, which in-
cluded questions that specifically asked about conflict and warmth in
the marital (e.g., “Do you ever argue or fight with your spouse?”) and
parent-child (e.g., “How do you feel about your time together with your
child?”) relationships (Robles et al., 2016). Ratings for the thirteen
domains were averaged to create a chronic stress exposure score for
each participant.

2.3.2. Perceived stress scale

After the initial visit, participants completed the 10-item version of
the Perceived Stress Scale (Cohen et al., 1983), a well-established and
validated measure of the degree to which an individual appraises his/
her life as stressful. Items on the scale assessed different aspects of
perceived stress, including feeling stressed, upset, or angry, and unable
to cope with or control important things in life, which participants
rated on a scale from 0 (never) to 4 (very often) over the previous week.
Items were summed to create a total score, with higher scores in-
dicating greater perceived stress.

2.3.3. Accumulated daily stress appraisals

During the subsequent 8-week daily diary period, participants pro-
vided reports of daily stress appraisals by rating how accurately the
adjectives “stressed” and “overwhelmed” described how they felt that
day on a scale from 1 (completely inaccurate) to 4 (completely accu-
rate). Items were designed to be consistent with and complementary to
daily positive and negative mood items utilized in this and previous
studies (Cohen et al., 2006; Doyle et al., 2006). In order to assess the
accumulation of stress appraisals over the 56-day period, we first cre-
ated a categorical variable in which participant responses of a “3”
(mostly accurate) or “4” (completely accurate) on either of the two
items for a given day represented a stress appraisal for that day. We
then calculated the total number (sum) of stressful days for each par-
ticipant over the 56-day period, divided by the number of diary days
each participant completed, and multiplied by 100 to create a percen-
tage score. On average, the percentage of days participants endorsed
feeling “stressed” was 18.56 (SD = 19.56) and “overwhelmed” was
12.90 (SD = 16.65), and the two items were highly correlated (r = .80,
p < .001). In addition, the average participant completed 52.37
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(SD = 7.48) out of 56 daily diaries.”

2.3.4. Leukocyte telomere length (LTL)

Assessment of LTL in whole blood was performed at the UCLA
Cousins Center for Psychoneuroimmunology Aging Biology and
Behavior Laboratory using established real-time quantitative poly-
merase chain reaction (PCR) methodology as described in previously
published protocols (Carroll et al., 2016b; Cawthon, 2002; Robles et al.,
2016). Briefly, genomic DNA was extracted from leukocytes using
PAXgene Blood DNA kits (Qiagen), and diluted to 5ng/10uL. Each
sample well included 5 ng of sample, iQ SYBR Green PCR Master Mix
(BioRad), and primers (Invitrogen) for Tellb and Tel2b for the telomere
plate (which amplify the repeating DNA sequences of the telomere), or
HGB1 and HGB2 for the single copy HGB plate. A no-template control
was included in all reactions and used for background subtraction. Real
time PCR was performed using the Biorad iCycler thermal cycler, which
is equipped to read fluorescence at each cycle. Standard curves were
generated on each plate using serial dilution of TagMan CTL Genomic
DNA (15ng-0.94 ng; Applied Biosystems). The standard curve was
used to confirm PCR efficiency of 90% to 105% for all plates, and to
control for plate-to-plate variation. Samples were run in triplicate on
two 96-well plates to confirm consistency between wells. Duplicate
values were used if one of the triplicates was found to be an outlier. If
the coefficient of variation (CV; ratio of the standard deviation to the
mean) was > 10% between duplicates, samples were re-run. Inter-assay
(i.e., between-plate) and intra-assay (i.e., within-person) CVs were
all < 5%; therefore, duplicate and triplicate values were averaged for
analysis. Using the standard curve method, cycle threshold (CT) values
were plotted on the standard curve to estimate a concentration value
for telomere DNA repeat sequences (T) or the HGB single-copy gene (S).
Telomere length values are expressed as the T/S ratio of the estimated
concentration of the telomere DNA repeats divided by the single-copy
gene. The T/S ratio served as the criterion variable in analyses invol-
ving LTL.

2.3.5. Cellular senescence marker p16™<#a

Following the procedures outlined above, peripheral blood was
collected and stored in PAXgene Blood RNA tubes (Qiagen). Specimens
were assayed in a single batch, with RNA extracted (Qiagen RNeasy),
tested for suitable mass (Nanodrop ND1000) and integrity (Agilent
Bioanalyzer), and converted to fluorescence-tagged cRNA (Ambion
TotalPrep). RNA samples were assayed by microarray-based genome-
wide transcriptional profiling (Illumina Human HT-12 v4 BeadArrays)
following the manufacturer’s standard protocol in the UCLA
Neuroscience Genomics Core Laboratory. All samples yielded valid re-
sults according to standard quality assurance methods (e.g., median
probe fluorescence intensity > 100 units; (Robles et al., 2018)). For the
present analyses, expression of mRNA for the p16™***encoding gene
CDKN2A served as the measure of cell senescence.

2.3.6. Covariates

Several variables that might affect estimates of LTL and pl
expression were considered as covariates in the main analyses based on
previous research (Cole et al., 2015; Epel and Prather, 2018; Fischer
and Riddle, 2018). Variables included participant age, biological sex,
Hispanic ethnicity, African American race, educational status, body

6INK4a

2In addition to this categorical accumulated daily stress appraisals variable,
we calculated a continuous variable in which we first averaged participants’
daily responses to the “stressed” and “overwhelmed” items, which were highly
correlated (r = .90, p < .001), and then averaged participants’ scores over the
56-day diary period. The pattern of results from the random effects models with
the continuous daily stress variable predicting telomere length and p16™¥4?
mRNA was equivalent. Results from the random effects model that included all
three psychosocial stress variables as predictors of p16™%42 mRNA were also
equivalent.
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mass index (BMI, kg/mz; M = 27.9, SD = 5.5), average number of al-
coholic drinks per day (M = 2.5, SD = 3.5), and smoking assessed over
the 56-day diary period: none (65.3%), fewer than 10 cigarettes per day
(30.1%), or more than 10 cigarettes per day (4.2%). We also considered
whether participants had met the criteria for an upper respiratory in-
fection during the diary period (28.8%), or were taking medication to
treat chronic medical conditions such as hypertension (n =5), in-
flammatory conditions (n = 5), hypothyroidism (n = 4), depression/
anxiety (n = 3), and attention-deficit/hyperactivity disorder (n = 1).
Covariates also included the percentage of neutrophil, lymphocyte,
monocyte, eosinophil, and basophil subsets of total white blood cells, as
recent research suggests that variations in leukocyte composition may
influence the estimation of and account for some of the age-related
differences in LTL (And and Lansdorp, 2008; Lin et al., 2015; Weng,
2001). Cell subsets were obtained by complete blood count with dif-
ferential assessed by the UCLA Clinical Laboratory and Pathology Ser-
vices using standard clinical laboratory methods. Finally, we also con-
sidered whether the number of days between the end of the daily diary
period and the blood draw might affect estimates of the biological aging
markers.

2.4. Data analysis

All continuous predictor variables and covariates were normally
distributed and were z-transformed prior to analysis. Given that the
present sample was comprised of 73 adults nested within 40 couples,
including two members of a couple in an ordinary least squares re-
gression model would violate statistical assumptions of independence.
The intra-class correlation coefficient (which is equivalent to the
Pearson correlation coefficient for distinguishable dyads) for LTL was
0.25 (p = .19), and p16™**? expression was 0.05 (p = .78). Although
a small proportion of the variation in the criterion variables was ac-
counted for by the particular dyad or couple in which a participant was
nested, we expected that partners’ stress scores might be more highly
correlated due to a shared environment, which could introduce another
potential source of non-independence in the data. We therefore con-
ducted a series of random effects (i.e., multilevel) models using the
mixed procedure in SPSS to account for the nesting of participants in
dyads (Krull, 2007), with measures of chronic stress exposure, per-
ceived stress, and accumulated daily stress appraisals entered as sepa-
rate predictor variables and LTL and p16™%4® expression as criterion
variables. As recommended by Kenny et al. (2006), models used re-
stricted maximum likelihood (REML) with a compound symmetry
covariance structure to estimate fixed effects and random intercepts.
Slopes were constrained to be equal across dyads (i.e., the random
component for slopes was omitted from the models), as there are not
enough lower units to allow the slopes to vary across dyads (Kenny
et al., 2006).

A set of preliminary analyses investigated associations between
potential covariates (Section 2.3.6) and the psychosocial stress and
cellular aging variables for inclusion in the main analyses. To test the
main hypotheses, we first conducted a set of unadjusted random effects
models to examine associations between each of the primary predictor
variables and the criterion variables, followed by adjusted models that
included covariates. To estimate the amount of variance in the criterion
variable that was accounted for by each of the primary predictor
variables in significant models, we calculated pseudo R? values using
the formula R? = 1 — [(ssq + $S.2)/(ssq’ + sse>)] where ss4 is the dyad
covariance and ss.> is the error covariance derived from the conditional
model and the prime indicates covariance derived from the uncondi-
tional model (Kenny et al., 2006). A follow-up analysis included the
primary predictor variables in a single model to examine the unique
contribution of each stress measure in models predicting LTL and
p16™K4? expression.
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Table 1
Descriptive statistics for psychosocial stress and cellular aging variables
(N =73).

Psychosocial stress variables M SD Range
Chronic stress exposure (1-5) 2.08 0.35 1.27-3.15
Perceived stress (0-40) 12.83 6.33 2.00-32.00
Accumulated daily stress (%) 21.40 20.86 0-79.63
Cellular aging variables

Leukocyte telomere length 1.05 0.30 0.46-1.80
Cellular senescence signal p16™ *? 6.81 0.04 6.72-6.93

Note. For perceived stress, N = 71, and for leukocyte telomere length, N = 69.
3. Results
3.1. Preliminary analyses

Descriptive statistics for the psychosocial stress and cellular aging
variables appear in Table 1. The distribution of chronic stress exposure
scores for the sample suggested mild to moderate levels of exposure and
was largely consistent with previous research (Miller et al., 2009; Miller
and Chen, 2006). In addition, the distribution of perceived stress scores
was consistent with previous studies of adults in this age group (Cohen
et al., 1983). Chronic stress exposure was moderately correlated with
both perceived stress, r(71) = .44, 95% CI [.27, .59], p < .001, and
accumulated daily stress, r(71) = .43 [.22 .62], p < .001, as were
perceived stress and accumulated daily stress, r(71) = .51, [.32, .67],
p < .001. LTL was marginally correlated with p16™ *? expression, r
(69) = .24, [-.03, .47],p = .05.

Participant age was inversely correlated with LTL, r(69) -.24,
[-.46, -.02], p = .05, such that older participants had shorter LTL;
however, age was not related to p16"™%4® expression, r(69) = .14, [-.11,
.391, p = .24. There were no gender differences in LTL, t(67) = 0.32,
95% CI for mean difference [-0.15, 0.14], p = .57, or p167%* ex-
pression, t(67) = -0.91, [-0.03, 0.01], p = .37. LTL did not vary by
Hispanic ethnicity, t(67) = 0.98, 95% CI for mean difference [-0.13,
0.22], p = .52, or African American race, t(67) = -1.39, [-0.29, 0.05],
p = .17. p16™¥* expression also did not vary by Hispanic ethnicity, t
(67) = -0.96, 95% CI for mean difference [-0.04, 0.01], p =. 34, or
African American race, t(67) = -0.40, [-0.03, 0.02], p = .69. Finally,
participants’ educational status, BMI, alcohol use, smoking, diagnosis of
upper respiratory infection, and medication use were not related to LTL
or p16™*2 expression (all ps > .23). Based on previous research and
theoretical considerations (Cole et al., 2015; Epel and Prather, 2018;
Fischer and Riddle, 2018), we elected to include participant age, bio-
logical sex, Hispanic ethnicity, African American race, and BMI as
covariates in the main analyses. With respect to cell subsets, the per-
centage of neutrophil, lymphocyte, monocyte, eosinophil, and basophil
subsets of total white blood cells were not significantly correlated with
LTL or p16™¥4? expression (Appendix A). However, the proportion of
eosinophils was marginally correlated with chronic stress exposure, r
(67) = .24, [-.04, .47], p = .05, and perceived stress, r(67) = .22,
[-.002, .41], p = .08, and was considered as a covariate in the main
analyses. In addition, the number of days between the daily diary
period and the blood draw was marginally correlated with LTL, r(67) =
-.21, p = .08, but not with expression, r(71) = .10, p = .37, and was
therefore considered as a covariate in the main analyses.

3.2. Psychosocial stress and LTL

To test the main hypotheses, unadjusted random effects models
examined associations between each of the primary predictor varia-
bles—chronic stress exposure, perceived stress, and accumulated daily
stress appraisals—and LTL, followed by adjusted models that accounted
for participant age, sex, BMI, Hispanic ethnicity, and African American
race (Table 2). Contrary to hypotheses, chronic stress exposure,
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Table 2
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Random effects models with psychosocial stress predicting leukocyte telomere length.

Unadjusted models (N = 69)

Adjusted models (N = 69)

Model b P 95% CI b P 95% CI
1. Chronic stress exposure —-0.023 .52 —0.095, 0.048 —0.028 .45 —0.103, 0.046
Age —0.050 .23 —0.133, 0.032
Sex 0.032 .65 —0.106, 0.170
Body mass index 0.020 .63 —0.064, 0.105
Hispanic ethnicity —0.036 71 —0.225, 0.154
African American race 0.081 .46 —0.138, 0.300
2. Perceived stress 0.060 .10 —-0.011, 0.131 0.047 .24 —0.032, 0.127
Age —0.066 12 —0.150, 0.018
Sex 0.019 .79 —0.122, 0.160
Body mass index 0.008 .85 —0.077, 0.093
Hispanic ethnicity —0.013 .90 —0.209, 0.183
African American race 0.082 .46 —0.143, 0.307
3. Accumulated daily stress 0.041 27 —0.032, 0.115 0.057 .14 —0.020, 0.133
Age —0.066 11 —0.147, 0.014
Sex -0.03 .97 —0.145, 0.140
Body mass index 0.016 .70 —0.066, 0.098
Hispanic ethnicity —0.025 .79 —0.211, 0.162
African American race 0.071 .50 —0.138, 0.280

Note. CI = confidence interval. All continuous variables are z-transformed. For models with perceived stress, N = 67.

Table 3

Random effects models with psychosocial stress predicting cellular senescence marker p16™ 42

Unadjusted models (N = 73) Adjusted models (N = 72)

Variables b p 95% CI b p 95% CI
1. Chronic stress exposure 0.013 .01 0.003, 0.023 0.011 .04 0.001, 0.022
Age 0.006 .29 —0.005, 0.017
Sex 0.007 .51 —0.014, 0.028
Body mass index 0.003 .56 —0.008, 0.015
Hispanic ethnicity 0.011 .43 —0.016, 0.037
African American race 0.007 .63 —0.021, 0.035
2. Perceived stress 0.017 .001 0.008, 0.027 0.020 < .001 0.010, 0.030
Age 0.008 11 —0.002, 0.018
Sex —0.002 .87 —0.023, 0.019
Body mass index 0.003 .57 —0.007, 0.013
Hispanic ethnicity 0.026 .04 0.001, 0.051
African American race 0.000 .98 —0.025, 0.025
3. Accumulated daily stress 0.013 .01 0.003, 0.023 0.013 .02 0.002, 0.023
Age 0.005 .37 —0.006, 0.016
Sex 0.005 .60 —0.015, 0.026
Body mass index 0.006 .29 —0.005, 0.017
Hispanic ethnicity 0.011 43 —0.016, 0.037
African American race 0.011 .45 —-0.017, 0.038

Note. CI = confidence interval. All continuous predictor variables are z-transformed. For perceived stress, N = 71 for unadjusted model and N = 70 for adjusted

model.

perceived stress, and accumulated daily stress appraisals were not sig-
nificantly associated with LTL. The addition of eosinophil percentages
and number of days between the daily diary period and blood draw as
covariates in the models did not change the pattern of findings and was
therefore omitted from Table 2.

3.3. Psychosocial stress and cellular senescence signal p16™<*

A second set of unadjusted and adjusted random effects models
examined associations between each of the primary predictor varia-
bles—chronic stress exposure, perceived stress, and accumulated daily
stress appraisals—and p16™*? expression (Table 3). Consistent with
hypotheses, individuals with greater chronic stress exposure during the
6 months prior to study entry had marked elevations in p16™ 4 ex-
pression, b = 0.011, 95% CI [0.001, 0.022], p = .04 (Fig. 1, left). We
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calculated the pseudo R? following the formula presented in the data
analysis Section (2.4). The pseudo R? for the unadjusted model sug-
gested that chronic stress exposure accounted for approximately 8% of
the variance in p16™**® expression. Follow-up analyses that explored
associations between specific domains of chronic stress exposure and
p16™%42 expression suggested that marital conflict, b = 0.011, 95% CI
[0.001, 0.022], p = .04, and work-related stress, b = 0.011, 95% CI
[0.0004, 0.021], p = .04, may have been driving the observed asso-
ciation between chronic stress and p16™<** mRNA. In addition, in-
dividuals who reported greater perceived stress in the week prior to
study entry had elevated p16™ mRNA, b = 0.020, 95% CI [0.010,
0.030] p < .001 (Fig. 1, middle). The pseudo R? for the unadjusted
model suggested that perceived stress accounted for approximately
14% of the variance in p16™<*? expression levels. Similarly, individuals
with greater accumulated daily stress over the 56-day diary period had
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Fig. 1. Scatterplots of the associations between cellular senescence signal p1

61NK4a

Perceived stress
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Accumulated daily stress

and chronic stress exposure (LS, left plot in green), perceived stress (PSS, middle
plot in orange), and accumulated daily stress (% of diary days reporting “stressed” or “overwhelmed” as “mostly accurate” or

“completely” accurate, right plot in

blue). Histograms depicting the sample distribution of each psychosocial stress measure are shown on the x-axis. A histogram depicting the sample distribution of
p16™K4a expression (log, units) is shown in the vertical margin on the right. Solid lines were plotted using parameter estimates from the unadjusted models in
Table 3. The grey shaded bands reflect the 95% CI for the best fit regression line computed from the raw data; colored shaded bands reflect areas bounded by
combinations of the upper and lower limits of the 95% ClIs for both intercept and slope parameter estimates from the unadjusted models (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

increased p16™<** expression, b = 0.013, 95% CI [0.002, 0.023], p =
.02 (Fig. 1, right).® The pseudo R? for the unadjusted model suggested
that accumulated daily stress accounted for approximately 8% of the
variance in p16™%4? expression. The addition of eosinophil percentages
and number of days between the daily diary and blood draw as cov-
ariates in the models did not change the pattern of findings and was
therefore omitted from Table 3.

A follow-up analysis included the primary predictor variables in a
single model to examine the unique contribution of each stress measure
in models predicting p16™<** expression (Appendix C). In the com-
bined adjusted model, the coefficient for perceived stress (b = 0.017,
95% CI [0.004, 0.029], p = .01) remained statistically significant,
whereas the coefficients for chronic stress exposure (b = 0.005, 95% CI
[-0.006, 0.016], p = .38) and accumulated daily stress (b = 0.002,
95% CI [-0.010, 0.014], p = .76) were reduced to statistical non-sig-
nificance. The pseudo R? for the unadjusted model suggested that the
psychosocial stress variables together accounted for approximately 15%
of the variance in p16™<** mRNA abundance.

4. Discussion

The present study investigated associations between mid-life par-
ents’ exposures and responses to psychosocial stress and two markers of

3To address the possibility that daily stress appraisals were capturing varia-
tions in daily negative mood more broadly, ancillary analyses examined accu-
mulated daily negative mood as a predictor of p16™*“* mRNA. During the diary
period, participants rated eight adjectives in total that represented four sub-
categories of negative mood: stress (stressed, overwhelmed), anxiety (tense, on
edge), anger (angry, hostile) and sadness (sad, unhappy). The other adjectives
were recoded following the same procedure as the accumulated daily stress
variable, in which participant responses of a “3” or “4” on any of the eight items
for a given day represented a negative mood rating for that day. We then cal-
culated the total number (sum) of negative mood days for each participant over
the 56-day period, divided by the number of diary days each participant
completed, and multiplied by 100 to create a percentage score. We also created
a percentage score for each of the negative mood subscales. The subscales were
significantly intercorrelated (Appendix B, Table B1). The accumulated daily
negative mood composite was significantly associated with p16™%4? expression
in the unadjusted model; however, the association was reduced to marginal
significance in the adjusted model. Follow-up analyses that included the four
daily negative mood subscales in a single model revealed that only the daily
anger subscale was marginally associated with p16™*** expression (Appendix
B, Table B2) in the unadjusted model; however, the association was reduced to
non-significance in the adjusted model.
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cellular aging—LTL and cellular senescence signal p16™%**—within an
intensive repeated measures design that combined interview-based,
questionnaire, and daily diary reports of stress. As expected, parents
with higher chronic stress exposure in the six months prior to study
entry showed elevated p16™%** expression, a robust indicator of cel-
lular senescence. In addition, parents who perceived their lives as more
stressful in the week prior to study entry and reported a greater per-
centage of stressful days over the 8-week diary period also showed
elevations in p16™**? expression (although the coefficient for accu-
mulated daily stress dropped below the threshold for statistical sig-
nificance when adjusting for covariates). A follow-up analysis suggested
that of the three stress measures, participants’ more global perceptions
of stress—including feeling stressed, upset, and unable to control im-
portant things in life —was most robustly associated with p16™<42
mRNA levels. Although we did not make a priori hypotheses about the
specificity of the stress measures as predictors of cellular aging, this
finding is consistent with the larger literature on stress and health (Epel
et al., 2018), which suggests that individuals’ cognitive and emotional
experience of a stressor may have a more profound impact on phy-
siology than exposure to the stressful situation alone. Together, the
findings related to p16™%** expression suggest that parents who are
exposed to higher levels of chronic stress or perceive their life experi-
ences as more stressful may show signs of accelerated biological aging
in mid-life that have not yet manifested as a disease process but may
place them on trajectories of increased risk, as cellular senescence is a
common pathophysiology of age-related disease. Indeed, recent re-
search suggests that cellular senescence, through heightened release of
pro-inflammatory factors and reduced stem cell and tissue function,
contributes to age-related deterioration and other malignancies such as
cardiovascular disease, arthritis, diabetes, and pre-malignant tumors
(Campisi and D’Adda Di Fagagna, 2007).

Contrary to expectations, chronic stress exposure, perceived stress,
and accumulated daily stress appraisals did not significantly relate to
LTL in this sample of parents. These findings are contrary to the ma-
jority of studies that demonstrated a link between stress and LTL, but
consistent with some studies that did not observe an association. The
lack of findings with LTL raises several important considerations with
respect to the measurement and potential significance of LTL in a
sample of parents during mid-life. First, recent research suggests that
the process of telomere maintenance is more dynamic than researchers
originally understood. For instance, research on basic telomere biology
suggests that, particularly under stress, LTL at a given measurement
time can depend on cell distribution, replication rate, exposure to
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damaging agents (e.g., oxidative stress, inflammation), and telomerase
activity, an enzyme that functions to elongate telomeres (Aviv, 2008).
The present analysis was able to adjust for cell distribution but unable
to account for telomerase activity. Future research will benefit from the
measurement of both LTL and telomerase, as short LTL with high tel-
omerase activity has been associated with heightened allostatic load
and impoverished psychosocial resources (Epel et al., 2004).

A second explanation for the lack of findings may relate to the de-
mographics of the present sample with respect to the severity or
duration of the reported stressors and the age of the study cohort.
Whereas several previous investigations of associations between stress
and LTL recruited participants based on their exposure to a chronic
stressor such as caregiving (Damjanovic et al., 2007; Epel et al., 2004),
the present study aimed to extend these findings to a more normative
population with common parenting stressors that typically occur during
middle adulthood. There is some evidence to suggest that individuals
may be more susceptible to telomere attrition during higher-risk de-
velopmental periods such as early childhood and older adulthood when
the immune system may not be as robust (Carroll et al., 2013; Kiecolt-
Glaser et al., 2011; Moffitt et al., 2013; Puterman et al., 2010; Robles
et al., 2016; Shalev et al., 2013). In a mid-life sample, it is possible that
the mild to moderate severity of the stressors reported in this study
were not severe enough to have a significant impact on telomere
biology. Although stress scores in this sample were largely consistent
with previous research (Cohen et al., 1983; Miller and Chen, 2006), the
studies were typically comprised of higher-risk populations and larger
samples than the present study. It is also possible that cumulative wear
and tear from chronic or repeated stressful experiences can lead to
premature replicative senescence in middle age; however, in a rela-
tively healthy sample, the effects of such cumulative stress exposure on
LTL may unfold over a longer period of time than the 8-month period
that was assessed in present study. Finally, recent research suggests that
the relation between psychosocial stress and LTL may be more nuanced
than the main effect models we tested. For example, previous studies
have found that participant sex and protective health behaviors such as
diet and exercise may moderate the effects of stress on LTL (Puterman
et al., 2015, 2010; Puterman and Epel, 2012). The present study was
not powered test moderators due to the relatively small sample of
adults. However, in the absence of main effects, we performed an ad-
hoc analysis to explore participant sex as a moderator in associations
between stress and LTL but no significant effects were observed. The
investigation of participant characteristics and health behaviors re-
mains an important area for future research.

Findings from this study should be considered in light of several
limitations, which suggest directions for future research. Most notably,
the sample size was relatively small, which reduced the statistical
power to detect potential moderating effects of participant sex, ethni-
city/race, and protective health behaviors in associations between
stress and biological aging. Future research would benefit from larger
samples to more fully address these questions. Second, although the
study included measures of stress that spanned several months, the
single-occasion measurement of cellular aging markers precluded the
investigation of change in LTL and the accumulation of senescent cells
over the course of the study. Prospective longitudinal designs that in-
clude repeated assessments of psychosocial stress and markers of bio-
logical aging will be important in future work to address questions
about the relative contribution of psychosocial stress to changes in
cellular aging dynamics over time. Third, it was somewhat surprising
that the study did not reveal a significant association between partici-
pants’ chronological age and p16™¥*? expression, given that two prior
studies did report a correlation (Liu et al., 2009; Teyssier et al., 2012).
This may be due in part to the present sample of participants, which
was comprised of healthy, middle-aged parents with a more restricted
age range than previous studies of healthy adults (i.e., Liu et al. (2009)
included adults aged 18-80 years), and it is possible that an association
may have been observed had the sample included a greater number of
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older adults (i.e., greater than 65 years). Regardless, the lack of asso-
ciation is consistent with the hypothesis that psychosocial stress may
lead to accelerated or premature cellular senescence (i.e., that is not
age-associated) in mid-life; however, future research to address this
question is warranted.

Finally, LTL and gene expression of cellular senescence signal
p16™%42 are only two (empirically distinct) markers of a dynamic and
multi-faceted biological aging process that also includes mechanisms
related to inflammation, DNA damage, cell stress, mitochondrial dys-
function, and altered DNA methylation (Lopez-Otin et al., 2013). This
study was unable to assess these mechanisms; however, several studies
with animal models of stress and in vitro work have demonstrated that
the activation of the sympathoadrenal system, or exposure to catecho-
lamine, can directly alter DNA damage and oxidative stress pathways.
In particular, mice that underwent a 2-hour restraint stress task showed
greater DNA damage-related gene expression compared to controls
(Flint et al.,, 2005) and mice infused with a synthetic analogue of
adrenaline for four weeks showed greater DNA damage compared to
mice infused with saline (Hara et al., 2011). In addition, murine cells
exposed to physiological concentrations of catecholamines (i.e., epi-
nephrine, norepinephrine) or cortisol showed five-fold increases in
DNA damage compared to untreated cells (Flint et al., 2007). In a
human study, young adults that participated in an acute stressor task
had greater oxidative damage than those in the control group
(Knickelbein et al., 2008). Another study found that postmenopausal
women'’s cortisol reactivity in response to an acute stressor task medi-
ated the association between perceived stress and oxidative damage for
those undergoing chronic caregiving stress but not age-matched con-
trols (Aschbacher et al., 2013). These findings provide preliminary
evidence that stress impacts DNA damage pathways through frequent
or sustained activation of the sympathoadrenal system, and other re-
search has linked DNA damage to the initiation of cellular senescence
and shortening of telomeres (Campisi, 2005; Fumagalli et al., 2012).
However, additional empirical investigations are warranted to more
fully elucidate this and other potential pathways through which stress
may affect accelerated biological aging and age-associated disease risk,
and to examine whether alterations in these pathways can inhibit the
impact of stress on biological aging.

Despite these limitations, the present study extends the existing
literature on the impact of psychosocial stress on biological aging
pathways in several important ways. First, it is the first to link measures
of psychosocial stress to gene expression of p16™<*?, a key molecular
indicator of cellular senescence. Although the present study did not
directly measure DNA damage or cell (i.e., oxidative) stress responses,
these findings provide preliminary evidence of a “stress-induced” se-
nescence pathway that is independent of telomere exhaustion (Campisi
and D’Adda Di Fagagna, 2007). This telomere-independent pathway
may be particularly meaningful in light of evidence suggesting that
telomeres can lengthen over time through activation of the enzyme
telomerase (Epel et al., 2009; Farzaneh-Far et al., 2010; Puterman and
Epel, 2012; Shalev, 2012), whereas p16™<**.induced cellular senes-
cence is typically an irreversible process (Campisi and D’Adda Di
Fagagna, 2007; Lopez-Otin et al., 2013). Recent research with animal
models suggests that the number of senescent cells in the body can be
reduced using a pharmaceutical agent that selectively initiates cell
death (Baker et al., 2011). Second, this study was the first to demon-
strate associations between daily stressful experiences and biological
aging processes. Moreover, the accumulated daily stress measure in this
study had a high degree of precision as it was derived from 56 days of
diary reports, making it particularly ecologically valid. Finally, on a
methodological level, despite the lack of findings with respect to LTL,
this study was well positioned to reliably assess telomere length while
accounting for the cell subsets that were present in the leukocyte pools
that, if unmeasured, have the potential to confound results. For in-
stance, lymphocytes show greater telomere attrition than other leuko-
cyte subsets (Lin et al., 2015) and it is critical that future research in
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this area account for these differences, either by measuring cell subset
percentages or investigating single cell TL.

5. Conclusions

There is now a sizeable literature which suggests that exposure to
various forms of chronic stressors and subjective experiences of stress
can impact key biological aging pathways, including increasing DNA
damage and shortening LTL (Aschbacher et al., 2013; Puterman et al.,
2015), which may increase risk for a variety of age-related diseases.
This study begins to fill a gap in the literature by extending these stress-
related effects to cellular senescence, a state of stable cell growth arrest.
Mid-life parents who reported greater chronic stress exposure, per-
ceived stress, and accumulated daily stress appraisals showed increased
gene expression of cellular senescent signal p16™<*?, Through its
comprehensive assessment of stress, this study also extends previous
work by complementing more traditional measures of stress exposure
and perceived stress with intensive repeated assessments of daily ex-
periences that increase the accuracy and ecological validity of partici-
pant reports, and linking these measures to an accumulation of senes-
cent cells. As such, findings support the hypothesis that chronic stress is
associated with accelerated aging by inducing cellular senescence, a
common pathophysiology in age-related diseases.
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Correlations between psychosocial stress and cellular aging variables and cell subsets (N = 71).

Cell subsets

Neutrophil Lymphocyte Monocyte Eosinophil Basophil

Psychosocial stress variables

Chronic stress exposure —.12 [-.38, .18] .05 [-.22, .30] .21 [-.02, .42] .23 [-.07, .47] —.08 [-.36, .22]
Perceived stress -.12 [-.37, .15] .10 [-.16, .34 .01 [-.28, .27] .22 [.01, .42] —.04 [-.26, .19]
Accumulated daily stress —.13 [-.37, .14] .08 [-.18, .31] .07 [-.18, .32] .19 [.04, .40] —.03 [-.29, .24]
Cellular aging variables

Leukocyte telomere length —.11 [-.36, .14] .11 [-.15, .36] .09 [-.14, .31] -.06 [-.27, .17] —.06 [-.28, .18]
Cellular senescence signal p16™ 42 —.01 [-.24, .23] —.04 [-.27, .20] .04 [-.20, .25] .16 [-.07, .36] —.02 [-.24, .21]

Note. Cell subsets refer to percentages of total white blood cells. Brackets indicate 95% confidence intervals based on 10,000 bootstrapped samples. Bold type

indicates marginally significant correlation coefficients, p < .10.

Appendix B
Table B1
Intercorrelations between accumulated daily negative mood subscales.
Variables 1. 2 3. 4
1. Daily stressed mood subscale - .80%* 70%* .36%*
2. Daily anxious mood subscale - 57%* .24*
3. Daily angry mood subscale - 27%

4. Daily sad mood subscale

Note. **p < .01, *p < .05.
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Table B2
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Random effects models with accumulated daily negative mood predicting cellular senescence marker p16™ 4=

Unadjusted models (N = 73)

Adjusted models (N = 72)

Models b p 95% CI b P 95% CI

1. Daily negative mood composite 0.012 .03 0.001, 0.022 0.011 .06 —0.0003, 0.022
2. Daily stressed mood subscale 0.001 .89 —0.017, 0.020 0.004 72 —0.016, 0.023
Daily anxious mood subscale 0.005 .54 —0.011, 0.022 0.004 .64 —0.013, 0.021
Daily angry mood subscale 0.012 .09 —0.002, 0.025 0.010 .19 —0.005, 0.024
Daily sad mood subscale —0.001 .89 —0.011, 0.010 —0.002 .68 —0.014, 0.009

Note. CI = confidence interval. All continuous predictor variables are z-transformed. Adjusted models account for participant age, biological sex, body mass index,

and Hispanic ethnicity, and African American race.
Appendix C

See Table C1

Table C1

Random effects model with psychosocial stress variables predicting cellular senescence marker p16™<*2

Unadjusted model (N = 71)

Adjusted model (N = 70)

B p 95% CI B P 95% CI

Chronic stress exposure 0.006 .24 —0.004, 0.017 0.005 .38 —0.006, 0.016
Perceived stress 0.012 .05 0.0003, 0.024 0.017 .01 0.004, 0.029

Accumulated daily stress 0.005 .43 —0.007, 0.016 0.002 .76 —0.010, 0.014
Age 0.007 .15 —0.003, 0.017
Sex —0.002 .84 —0.023, 0.019
Body mass index 0.002 .65 —0.008, 0.013
Hispanic ethnicity 0.025 .06 —0.001, 0.051
African American race —0.001 .95 —0.027, 0.025

Note. CI = confidence interval. All continuous predictor variables are z-transformed.
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