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Abstract

Chronic psychological stress appears to accelerate biological aging, and oxidative damage is an
important potential mediator of this process. However, the mechanisms by which psychological
stress promotes oxidative damage are poorly understood. This study investigates the theory that
cortisol increases in response to an acutely stressful event have the potential to either enhance or
undermine psychobiological resilience to oxidative damage, depending on the body's prior
exposure to chronic psychological stress. In order to achieve a range of chronic stress exposure,
forty-eight post-menopausal women were recruited in a case-control design that matched women
caring for spouses with dementia (a chronic stress model) with similarly aged control women
whose spouses were healthy. Participants completed a questionnaire assessing perceived stress
over the previous month and provided fasting blood. Three markers of oxidative damage were
assessed: 8-iso-prostaglandin F,o (IsoP), lipid peroxidation, 8-hydroxyguanosine (8-OxoG) and 8-
hydroxy-2’-deoxyguanosine (8-OHdG), reflecting oxidative damage to RNA/DNA respectively.
Within approximately one week, participants completed a standardized acute laboratory stress task
while salivary cortisol responses were measured. The increase from 0 to 30 min was defined as
“peak” cortisol reactivity, while the increase from 0 to 15 min was defined as “anticipatory”
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cortisol reactivity, representing a cortisol response that began while preparing for the stress task.
Women under chronic stress had higher 8-o0xoG, oxidative damage to RNA (p<.01). A moderated
mediation model was tested, in which it was hypothesized that heightened anticipatory cortisol
reactivity would mediate the relationship between perceived stress and elevated oxidative stress
damage, but only among women under chronic stress. Consistent with this model, bootstrapped
path analysis found significant indirect paths from perceived stress to 8-OxoG and IsoP (but not 8-
OHdQG) via anticipatory cortisol reactivity, showing the expected relations among chronically
stressed participants (p<.01.) Intriguingly, among those with low chronic stress exposure,
moderate (compared to low) levels of perceived stress were associated with reduced levels of
oxidative damage. Hence, this study supports the emerging model that chronic stress exposure
promotes oxidative damage through frequent and sustained activation of the Hypothalamic-
Pituitary-Adrenal axis. It also supports the less studied model of ‘eustress’ - that manageable
levels of life stress may enhance psychobiological resilience to oxidative damage.
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Introduction

During periods of intense stress, people are sometimes said to have “aged before your eyes.”
This popular idiom reflects the widespread cultural belief that chronic psychological stress
can accelerate the aging process. Moreover, it is consistent with accumulating evidence that
individuals exposed to chronic stress show signs of accelerated biological aging, such as
systemic inflammation and shorter telomere length (Epel et al., 2004; Damjanovic et al.,
2007; Gouin et al., 2008; Humphreys et al., 2012). Conversely, it implies the coveted
possibility that if we could uncover the mechanisms of this process, we might discover the
means to postpone the onset of diseases of aging.

The Free Radical Theory of Aging (Harman, 1956) proposed that accumulation of oxidative
damage over time causes cellular aging and contributes to the onset of age-related disease.
This implies that it might be possible to slow the physical and cognitive decline associated
with aging by mitigating oxidative damage. While oxidative damage is not the sole cause of
biological aging, it is widely believed to be an important player in the aging process (Muller
et al., 2007). Various oxidative damage markers are elevated or involved in age-related
diseases such as diabetes (Monnier et al., 2006; Poulsen et al., 2012), cancer (Valko et al.,
2006), neurodegenerative diseases (Nunomura et al., 2012; Poulsen et al., 2012) and
cardiovascular disease (Gutierrez et al., 2006). Oxidative damage is caused by reactive
oxygen species (ROS) unmitigated by antioxidants. Under healthy conditions, ROS
production is primarily a byproduct of daily mitochondrial respiration (Gutierrez et al.,
2006) that fuels basic metabolic processes. Oxidative stress reflects a state of cellular
imbalance, in which ROS production exceeds antioxidant mechanisms that neutralize ROS,
resulting in oxidative damage to nearby molecules, such as DNA, RNA and lipids. Some of
the most interesting markers in terms of their relevance to disease processes include 8-iso-
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prostaglandin F», (IsoP), a marker of lipid peroxidation, 8-hydroxyguanosine (8-OxoG), a
marker that primarily reflects damage to RNA, and 8-hydroxy-2’-deoxyguanosine (8-
OHdG), a marker of damage to DNA (Poulsen et al., 2012). IsoP and 8-OHdG are among
the most commonly reported markers, in part due to their stability in vivo (Akagi et al.,
2003; Milne et al., 2007). 8-0xoG is comparatively less common, but increasingly important
(Poulsen et al., 2012); for example, urinary 8-0xoG (but not 8-OHdG) predicted long-term
mortality from type 2 diabetes in a recent study (Broedbaek et al., 2011). Although all three
markers are considered indicators of oxidative stress, they do not always correlate with one
another (Watters et al., 2009), and they may differ for several reasons — e.g., DNA, RNA
and lipids differ in their proximity to mitochondria, the primarily producer of ROS, they
employ different mechanisms of repair or elimination, and each damage signature may have
different pathophysiological consequences (Furukawa et al., 2004; Poulsen et al., 2012).

Psychological stress and distress have been associated with higher levels of oxidative
damage (Irie et al., 2003; Epel et al., 2004; Forlenza and Miller, 2006; Gidron et al., 2006).
For example, pre-menopausal women caring for a chronically ill child (considered a model
of chronic stress exposure) who endorsed greater perceived stress had higher oxidative stress
(indexed by the ratio of F2-Isoprostanes, or 8-iso-prostaglandin F,, to vitamin E) and
shorter telomere length, a marker of cellular age (Epel et al., 2004). The mechanism remains
unclear, and is likely mediated in part by stress-related hormones (e.g., cortisol) as well as
health behaviors (Radak et al., 2005; Ballal et al., 2010). If stress-arousal plays an important
role, this would suggest that stress-management should be a core component of preventative
interventions designed to improve healthy aging.

The glucocorticoid hormone cortisol represents a potentially important mechanism linking
chronic stress with accelerated aging. When events are perceived as stressful, and
particularly when the stressor evokes negative affect or social threat (Dickerson and
Kemeny, 2004), this may induce increased cortisol secretion, which mobilizes the metabolic
energy to cope with stressors. One standardized experimental task used to elicit a stress-
induced cortisol increase (i.e., “reactivity”) is the Trier Social Stress Task (Kirschbaum et
al., 1993). Individuals exhibit relatively stable individual differences in cortisol reactivity to
acute stress (Kirschbaum et al., 1995). Hence, individuals with high cortisol reactivity who
are exposed to chronic stressors that persistently evoke a reactivity response are more likely
to exhibit adverse health effects. 24-hour urinary excretion of cortisol has previously been
linked cross-sectionally with elevated markers of DNA and RNA damage in older adults
(Joergensen et al., 2011); however, that study did not directly link cortisol or oxidative
damage markers with psychological stress or stress-induced cortisol reactivity.

It is generally assumed that cortisol reactivity is best captured by peak secretion, occurring
between 21-40 minutes following stressor onset (Dickerson and Kemeny, 2004). However,
converging evidence from psychoneuroendocrinology and systems biology (Aschbacher et
al., 2012) suggests that transient stress-arousal responses should also be assessed by other
features of the dynamic response. It takes approximately 10 minutes for a stress response
initiated in the hypothalamus to promote a detectable increase in peripheral cortisol
(Sapolsky et al., 2000), and these kinetics may have clinical importance for health
(Aschbacher and Kemeny, 2011; Aschbacher et al., 2012). When the principles of system
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robustness (Kitano, 2007) are applied to biological stress systems, robustness theory
suggests that a heightened response to stress may help the body optimize performance to
frequently encountered stressors. This may occur during chronic stress. In animal models,
chronic stress exposure reorganizes neural networks regulating neuroendocrine function,
providing an anatomical basis for more excitable cortisol responses to stress (Miklos and
Kovacs, 2012). Hence, we propose that “anticipatory” cortisol reactivity (i.e., increases
during psychological anticipation of the stressor) may be an important marker of a central
nervous system that is “primed” for heightened stress-reactivity. Chronically stressed
individuals may develop a heightened tendency to anticipate stress and mount a rapid
cortisol response, which could increase vulnerability to oxidative stress and accelerate
biological aging (Drabant et al., 2011; O'Donovan et al., 2012; Tomiyama et al., 2012).

Although the term “stress” carries a negative connotation, evidence suggests that under
certain circumstances, stress exposures may have the potential to enhance an organism's
performance and resilience. The first evidence that low-to-moderate doses of stress may
have beneficial effects (“eustress”) emerged over a century ago as an “inverted U”
relationship between arousal and performance (Yerkes and Dodson, 1908). This
psychological principle finds its biological doppelgénger in the myriad examples of inverted
U relationships between glucocorticoid actions and various physiological targets (Sapolsky,
1997). For example, cortisol bears an inverted U-shaped relationship with mitochondrial
function, a key regulator of oxidative stress (Du et al., 2009). In cell culture models, brief
administration of high-dose cortisol resulted in improved mitochondrial function and
neuroprotective effects, whereas long-term high-dose cortisol administration dramatically
decreased mitochondrial function and promoted cell death (Du et al., 2009). Moreover, at
low concentrations, reactive oxygen and lipid species activate cytoprotective pathways that
increase antioxidants (Gutierrez et al., 2006). Corticosterone administered at the time of
immune activation in doses that mimic a physiological stress response enhances the ensuing
immune response, while pharmacological doses or chronic administration are immune-
suppressive (Dhabhar and McEwen, 1999).

Extrapolating from these U-shaped relationships, this study hypothesized that greater
perceived stress over the previous month and anticipatory cortisol reactivity to an acute
stress task will be significantly associated with increased oxidative damage among
chronically stressed caregivers. In contrast, among low-stress controls, these same factors
either will be not be significantly associated with oxidative damage, or will be associated
with decreased oxidative damage, a manifestation of eustress and psychobiological
resilience (Figure 1). The conceptual framework was tested simultaneously in a full
moderated mediation model with two primary component hypotheses: 1) anticipatory
cortisol reactivity will mediate associations between perceived stress and oxidative damage
markers, and 2) the indirect path from perceived stress to oxidative damage via cortisol
reactivity will be significant among chronically stressed caregivers, but not among age-
matched low-stress controls. Secondarily, we explored the “eustress” hypothesis in controls,
or the idea that moderate stress may have salutary effects on oxidative damage.
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This study was conducted as part of a larger study of caregiving stress and biological aging
among post-menopausal women. A subset of 48 participants from the larger study
participated in an acute laboratory stress task and had data available for analysis in the
current study. Twenty-five participants were caregivers of a relative with dementia and
twenty-three were age-matched controls with healthy spouses. Caregivers had provided care
for 4.7 years on average (range: 8 months-11.42 years). The mean age was 63 years (range:
51-79), the median income was $70,000-79,000, and the racial/ethnic breakdown was 90%
(n=43) Caucasian, 2% (n=1) African American, and 8% (n=4) Asian/Pacific Islander.
Exclusion criteria included chronic medical conditions (cardiovascular disease, cancer,
diabetes, and autoimmune diseases), current smoking, or use of medications known to affect
stress hormones. To ensure a healthy control group with no mental illness, controls taking
antidepressants were excluded. Participants were deemed healthy by virtue of self-report,
having passed a medical exam, and having standard lab values from their baseline fasting
blood draw that fell within the normal range (e.g., glucose, liver, kidney function tests and
combined blood count). Approximately one week after completing their basal fasting blood
draw and questionnaire packet, participants came in for the afternoon acute stress task. The
study protocol was approved by the Institutional Review Board of the University of
California San Francisco.

Perceived Stress Scale (PSS)

The Perceived Stress Scale-10 (Cohen et al., 1983) is a standard 10-item questionnaire that
assesses subjective perceptions of stress over the previous month. The scale has been
normed in several large national surveys, and the average PSS scores in 2006 and 2009
among women was approximately 16 (Cohen and Janicki-Deverts, 2012). Moreover, the
PSS has been previously shown to relate to measures of oxidative stress and cellular age
among pre-menopausal caregiving women (Epel et al., 2004). Items reflect uncontrollability,
unpredictability and feeling that demands outweigh coping resources. Response options
form a 5-point Likert scale ranging from 0=never to 4=very often. Cronbach'’s alpha was .91
in two large samples from 2006 and 2009 (Cohen and Janicki-Deverts, 2012), and .94 in the
current sample.

Negative Affect

Using the Positive and Negative Affect Schedule (PANAS), participants reported the degree
to which they experienced various emotions in the past week (Watson et al., 1988). To
explore the potential resilience-building aspects of moderate levels of stress and distress, an
a priori decision was made only to use the negative subscale, which assesses feeling scared,
troubled, sad, guilty and irritable (Cronbach's alpha = .93 in this sample). This was used as a
secondary measure to the PSS.
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Acute Stress Task Protocol

The Trier Social Stress Task (TSST)(Kirschbaum et al., 1993) is a gold-standard laboratory
stress task used to evoke stress-arousal responses. In this study, because many participants
were retired, they did not do a mock job interview, but instead discussed their strengths and
weaknesses and completed a math task in front of an evaluative audience. All participants
completed the TSST between 1400h and 1500h to control for diurnal rhythm variation.
Participants rested for one hour, sitting quietly listening to music, prior to collection of the
baseline sample. Salivary samples were collected via the passive drool method in 2 mL
SaliCaps tubes (IBL Hamburg, Germany) at multiple time-points during the acute stress
task, which permitted quantification of anticipatory and peak cortisol reactivity: 0 (baseline),
15 (after 5 min instructions, 5 min preparation, 5 min speech) and 30 (to capture peak
cortisol). This study's a priori hypothesis was that the anticipatory cortisol response,
quantified as the change from rest to 15 minutes, might be equally as or more important in
predicting health indicators than the peak cortisol response, quantified as change from rest to
30 minutes. This measure was considered anticipatory because neuroendocrine responses
would likely have been triggered in the central nervous system immediately upon
preparation to give the speech in order to result in a significant cortisol increase within
roughly 10 minutes (from the end of the instructions and beginning of preparation). Hence,
this may represent increased situational anticipatory anxiety or threat (Drabant et al., 2011).
The importance of the anticipatory increase was additionally based upon previous findings
(Aschbacher et al., 2012) and Kinetic studies showing non-linear association rates of
glucocorticoid steroid-receptor complexes (Yeakley et al., 1980).

Confirmatory Measures: Task-Related Anticipatory Threat & Effort

Both social evaluative threat and task effort can predict cortisol reactivity to acute stress
(Dickerson and Kemeny, 2004). As a secondary analysis, to better clarify the specific role of
psychological processes involved in stress anticipation, we included a previously published
measure of pre-task emotional and cognitive threat. This measure was composed of two
subscales - 3 emotionally focused items (e.g., “How anxious do you feel about the upcoming
tasks?” and 3 cognitively focused items (e.g., “The upcoming tasks will be very
demanding;” The Cronbach's alphas for this sample were .77 and .86 respectively)
(O'Donovan et al., 2012). When conceptualizing reasons for very low threat appraisals, it is
possible that certain people did not engage in the stress task. We sought to rule out the
possibility that individuals reporting extremely low stress were simply not motivated to put
effort into the task. Hence, it could be that trait-like disengagement (i.e., being overly blasé)
might account for any apparent “eustress” associations that might be found in the low-stress
group (i.e., more disengagement, very low stress, higher oxidative damage). Therefore, we
assessed task effort with one item asked immediately after the task, “I put a lot of effort into
completing the task successfully.”

Salivary Cortisol Assays

Cortisol samples were frozen at the end of the session and assayed in batch in Germany
(laboratory of Clemens Kirschbaum in Dresden, Germany). Salivary free cortisol levels
were measured using a commercial chemiluminescence immunoassay (CLIA; IBL
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Hamburg, Germany). The intra-assay coefficients of variation were 2.9% and 7.7% for high
and low levels of cortisol respectively, while the inter-assay coefficients of variation were
5.7% and 9.1% for high and low respectively. All cortisol levels were more than three times
larger than the lower limit of detection, which was 0.16 ng/mL. All cortisol values were log-
transformed to improve the normality of the distributions.

Oxidative Damage Assays

One week prior to the acute stress task, participants visited the lab for a fasting morning
blood draw. A venous forearm catheter was inserted, participants rested for 20 minutes, and
blood was drawn between 0730h and 0800h. Blood samples were centrifuged at 13009 for
10 minutes at room temperature, and the serum was aliquotted into cyrovials and stored at
-70° C for future analysis. 8-hydroxyguanosine (8-0x0G), 8-hydroxy-2’-deoxyguanosine (8-
OHdG) and 8-iso-prostaglandin F,, (IsoP) were measured using the APl 4000™ QTRAP®
LC/MS/MS System by Kronos Science Laboratory. This system utilizes an Agilent 1200
series liquid chromatography, which interfaces directly with a triple quadrupole/linear ion
trap mass spectrometer (Applied Biosystems, Foster City, CA), and is equipped with a
TurbolonSpray ionization source. To assess 8-0xoG and 8-OHdG, the serum sample was
mixed with an internal standard of O18-8-hydroxy-2’-deoxy-guanosine and an organic
solvent was added to precipitate proteins. After centrifugation, the supernatant was
evaporated in a vacuum, and the residue was redissolved with LC mobile phase and injected
into an HPLC system that separates the analytes from the matrix interference. Under
multiple reaction-monitoring (MRM) detection mode, ion pairs of m/z 284/168 and 300/168
were used to quantify 8-OHdG and 8-OxoG respectively. The intra and inter precision of the
procedure were monitored by two levels of serum controls. The coefficients of variation for
8-0x0G and 8-OHdG ranged from 4% to 8% (intra) and 8% to 12% (inter). To determine
IsoP, serum sample was mixed with an internal standard of 8-isoprostaglandin F,-d4 (IsoP-
d4) and an organic solvent was added to precipitate proteins. After centrifugation, the
supernatant was purified through a C18 solid phase extraction (SPE) cartridge on an
automated SPE workstation (RapidTrace; Zymark, Hopkinton, MA, USA). The eluent is
evaporated in vacuum, and the residue was reconstituted in mobile phase and injected onto
HPLC system. Under MRM detection mode, the ion pair of m/z 353/193 was used to
quantify IsoP. Recoveries are consistently in excess of 90%. The coefficients of variation
ranged from 4% to 7% (intra) and 6% to 11% (inter). In order to rule out the possibility that
differences in blood measures of oxidative damage were not likely due to poorer kidney
function among caregivers leading to altered clearance rates, plasma creatinine was assayed
and group levels were compared.

Health Behaviors & Medical Factors

All participants were characterized on the following health behaviors, which could be
related to oxidative damage: physical activity (frequency*duration of moderate or vigorous
activity over the past month), alcohol consumption in the past month (yes/no), and having
smoked 100 or more cigarettes in one's lifetime. Smoking was an exclusion criterion for the
study so there were no current smokers included. Body mass index (BMI) was included as
an indicator of overweight, which may contribute to oxidative stress (Furukawa et al., 2004).
Medical histories at baseline were assessed using self-reports for the presence of conditions
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(yes/no): hypertension (n=16), hypercholesterolemia (n=14), chronic pain (n=8) and
arthritis/osteoarthritis (n=10). Participants also reported whether or not they currently use
any of the following medications or supplements, potentially related to stress system
hormones or oxidative stress: non-steroidal anti-inflammatory medications (NSAIDs)
(n=11), antidepressants (selective serotonin reuptake inhibitors or tricyclics) (n=7), statins
(n=9) and vitamin supplements that might contain antioxidants (n=20).

Data Analysis

Results

All physiological outcomes and proposed mediators were examined for deviations from
normality both visually and using the K-S test. Cortisol variables were log-transformed,
which normalized their distributions. Based on an a priori decision, outliers greater than 3
standard deviations were winsorized to be 5% greater than the next largest value (one outlier
was winsorized for IsoP and for 8-OHdG). A small number of missing data-points (roughly
2%) were imputed using the estimated maximization missing data imputation package in
SPSS 20.0. Of the imputed data-points, one point was missing each for: 8-0xoG, 8-OHdG,
IsoP, basal cortisol, negative PANAS and PSS (each point missing was from a different
participant with the exception that the same participant was missing a datapoint for both 8-
oxoG and 8-OHdG). Three and four points respectively were imputed for cortisol at
immediately post-speech and 30 min post-stress task onset. The overall pattern of results
was similar with and without data imputation. Three individuals declined to state their
income, and as these points may have been systematically missing (individuals who decline
to state their income may differ from individuals who are comfortable doing so), they were
not imputed. A moderated mediation model was used to test whether heightened anticipatory
cortisol stress-reactivity mediated the relationship between perceived stress and oxidative
damage among individuals exposed to a chronic stressor (i.e., caregivers) (Figure 1). All
hypotheses were tested at the same time using a bootstrapped moderated mediation model
with the aid of the “Process” macro for SPSS (Hayes, 2012). All variables were normalized
prior to model entry to facilitate centering and interpretation of coefficients. Regression
analyses were used to identify coefficients for individual paths. As the literature suggests
that a broad range of factors could potentially impact oxidative damage, relevant covariates
included demographics (i.e., age, BMI, race/ethnicity (white versus non-white), having a
college education or better), health behaviors (i.e., being a previous smoker, alcohol use,
physical activity), medication use and pre-existing physician-diagnosed medical conditions
(see methods above for details). To preserve power given the number of covariates, each one
was entered individually into the full model.

Group Comparisons

Caregivers (CG) and controls (NC) did not significantly differ on age, BMI, Caucasian race/
ethnicity, education, being a previous smoker, alcohol use, and the presence of any
physician-diagnosed medical problem (all p's>.12). There was a non-significant trend for
CG to report less exercise than NC (p=.09). CG were significantly more likely to use
NSAIDs (9 CG versus 2 NC, p=.04), but reported no differences in the use of statins or
vitamins potentially containing antioxidants (all p's>.60). As expected, CG reported
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significantly greater levels of perceived stress than controls over the previous month (p<.
001). CG also had significantly greater anticipatory (15-min) but not peak (30-min) cortisol
reactivity than NC (p's=.003 and .16 respectively; Figure 2), even when controlling for
demographic, health behavior and medical factors, as reported in a previous analysis (Epel et
al., 2010). CGs and NCs did not differ on cortisol levels at baseline (p=.41). Furthermore,
CG had significantly higher levels of 8-0xoG (p<.001) and non-significantly higher levels of
IsoP and 8-OHdG compared to controls (Table 1). The significant association of caregiving
with 8-0x0G, remained when sequentially controlling for all covariates (as specified in the
data analysis section). Duration of care was not significantly associated with any cortisol or
oxidative damage marker; hence it was not included in subsequent analyses. In the whole
sample, greater BMI was also significantly associated with higher IsoP, a marker of damage
to lipids (5=.32, t(45)=2.29, p=.03), but not with 8-ox0G, a marker of genomic damage.
Plasma creatinine, a marker of kidney function, did not significantly differ between CG (M
+se =.847+.028) and NC (M=se = .864+.039) (t(46)= 0.350, p=.728).

Zero Order Pearson Correlations

As the first step in testing the full model, raw Pearson correlations between the key variables
in the full model were determined for CGs and NCs separately, in order to set the stage for
exploration of potential moderation effects (Table 2). As hypothesized, among chronically
stressed CGs, higher perceived stress was significantly associated with greater anticipatory
and peak cortisol reactivity (p's <.01). Moreover, also among CGs, anticipatory cortisol
reactivity was associated with significantly higher levels of 8-o0xoG and IsoP (p's <.01), but
not 8-OHdG. In contrast, peak cortisol was not significantly associated with any oxidative
damage marker among CGs. The relationships between PSS and the oxidative damage
markers were also not significant among CGs; notably, current experts in meditational
analyses assert that it is not necessary for this path to be significant in order for a significant
indirect effect to be present (Hayes, 2009; Mackinnon and Fairchild, 2009).

Intriguingly, among NCs only, higher PSS scores were not significantly associated with
anticipatory or peak cortisol reactivity using Pearson correlations; however, higher PSS
scores were associated with significantly decreased IsoP (Table 2; p =.04) and borderline
trends toward decreases in 8-0xoG and 8-OHdG (p's<.10). This relationship with I1soP
remained borderline significant (p<.07), in regression analyses controlling for all covariates.
Among low-stress controls, greater peak cortisol reactivity was also significantly related to
lower basal levels of IsoP (p=.02), while controlling for all covariates. The pattern of
significance for the correlations in Table 2 was not altered when retested in the raw (not
imputed) data, except that the relation between PSS and IsoP among controls changed from
p=.04 to p=.06.

Full Model: Moderated Mediation

The full model of moderated mediation was tested first without covariates, and secondarily,
by entering covariates sequentially to avoid over-fitting. Figure 3 depicts the unadjusted
statistical test of moderated mediation. As hypothesized, a significant indirect effect was
found (p <.01), consistent with a model in which high perceived stress was significantly
associated with oxidative damage via anticipatory cortisol reactivity, but only among
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chronically stressed CGs (Table 3). In contrast, no significant mediating relationship was
present among controls (see bootstrapped indirect effect coefficients and confidence
intervals in Table 3 and note that this held for critical alphas of .05 and .01). As 8-OHdG
was not significantly associated with cortisol reactivity, it did not meet mediation criteria
and was not examined in the mediation model. We did not test an alternative model using
peak cortisol, because it was not significantly associated with any oxidative damage marker
in CGs (Table 2), and therefore did not meet criteria for mediation. Consistent with the
primary study hypotheses, the indirect effects for both IsoP and 8-0xoG remained significant
when sequentially controlling for all covariates. For the outcome 8-0x0G, the interaction
between chronic stress exposure (i.e., caregiver status) and anticipatory cortisol reactivity
trended in the same direction as with IsoP, but was of borderline significance (Figure 3).

Confirmatory Analyses

In order to better understand whether the relationship between stress levels and lower
oxidative damage among NCs was a likely indication of eustress or a random occurrence,
we additionally examined two secondary indicators of stress: PANAS negative affect and
anticipatory cognitive & emotional threat. These results (Table 2) reveal that, among
chronically stressed individuals, higher negative affect and anticipatory emotional threat are
associated with greater anticipatory cortisol reactivity and oxidative damage, primarily
IsoP). Intriguingly, the opposite pattern is present in low-stress individuals (e.g., lower
anticipatory emaotional threat is significantly associated with greater oxidative damage per
IsoP). Cognitive threat was not related to oxidative damage in either group. Next, we
examined whether the “paradoxical” associations that were significant in the low stress
group between psychological factors (PSS and anticipatory emotional/cognitive threat) and
oxidative damage became nonsignificant when controlling for task effort. In every case,
significant associations remained significant in the same direction. Moreover, when
controlling for task effort, the association between PSS and 8-0xoG, which was borderline in
uncontrolled analyses, became significant (B= -.45, t(19)= -2.18, p=.04), while effort was
not a significant covariate in any of these analyses.

Discussion

Psychological stress and its biological mediators are increasingly recognized as important
factors that influence the rate of biological aging. However, the field is still in the process of
defining a road map to clarify under what circumstances psychological stress activates
“eustress” responses and psychobiological resilience mechanisms, or alternatively, promotes
premature aging and morbidity (Dhabhar et al., 2012). Whereas substantially more is known
with regards to the beneficial and adverse effects of stress and stress hormones on the
immune system (Dhabhar, 2009; Dhabhar et al., 2012), comparatively little is known about
how they impact the oxidative milieu and markers of oxidative damage. We tested the idea
that, in the sample exposed to chronic stress, the typical assumption regarding a pattern of
‘bad stress” would emerge — in other words, indices of stress (perception, cortisol) would be
associated with elevated markers of oxidative stress. In contrast, in the low stress sample,
the pattern of ‘good stress,” or eustress, would be observed, where those with low-to-
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moderate stress would have lower markers of oxidative damage than those with very low
stress.

A consistent pattern emerged whereby chronically stressed caregivers who reported greater
perceived stress, negative affect and threat had significantly greater cortisol increases while
anticipating a stressful event. However, intriguingly, chronically stressed women exhibited
no differences from age-matched low-stress women in the peak cortisol increase during the
actual stressful event itself. In turn, heightened anticipatory cortisol responses to stress were
associated with higher levels of two different markers of oxidative damage, 8-0xoG (a
marker that primarily indicates RNA damage) and the isoprostane 8-iso-prostaglandin F», (a
marker of lipid peroxidation), but not with 8-OHdG (a marker of DNA damage). Oxidative
stress appears to contribute to biological aging (Muller et al., 2007), and the biological
signatures of oxidative damage are elevated in age-related diseases, such as
neurodegenerative, metabolic, cardiovascular conditions and cancer (Gutierrez et al., 2006;
Monnier et al., 2006; Valko et al., 2006; Nunomura et al., 2012; Poulsen et al., 2012).
Hence, heightened cortisol release during anticipation of stress may be an important
mechanism to explain how psychological stress promotes aging processes and increases risk
for diseases among at-risk individuals. Though cross-sectional, these data illuminate our
understanding of the likely psychobiological pathways involved in resilience versus
vulnerability to stress-related biological aging.

These findings are particularly striking because they highlight the importance of
psychobiological processes that take place during anticipation of an upcoming stressor,
such as expectations, thoughts and emations experienced in preparing for a stressor.
Intriguingly, it was anticipatory rather than peak cortisol reactivity, which best explained the
relationship between perceived stress and heightened oxidative damage among chronically
stressed caregivers. Moreover, in the chronically stressed group, anticipatory emotional
threat (a psychological self-report measure) was also significantly associated with
anticipatory cortisol responses and IsoP, but not with peak cortisol. We suggest that the
anticipatory neuroendocrine response was activated during the time period when the
instructions were read and the preparation for the stress task began, but before individuals
actually began the public speaking task or received any evaluative feedback. From a
neurobiological perspective, the brain circuitry activated during anticipation of a stressful
event differs from that which is activated during the event itself (Drabant, 2011). The stress
individuals experience as they anticipate a future event arises from their emotional and
cognitive representations of what they believe or fear they will experience, rather than what
they actually experience during the event. Moreover, some evidence suggests that chronic
stress exposure may change the morphology of the brain regions that regulate
neuroendocrine activity, promoting increased excitability of CRH neurons during stress
(Miklos and Kovacs, 2012). Hence, chronic stress may predispose individuals to anticipate
stress before the event occurs and mount a stronger corresponding cortisol response. These
data, building upon previous findings in this sample (O'Donovan et al., 2012), underscore
the important role of stress anticipation in relation to accelerated biological aging. Whereas
this study employed brief subscales to assess anticipatory emotional threat, future studies of
this nature may consider employing more in-depth assessment tools of anticipatory threat
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and challenge, such as the Primary Appraisal Secondary Appraisal scale (Gaab et al., 2005;
Juster et al., 2012), which have been psychometrically validated against neuroendocrine
acute stress reactivity to the TSST.

Chronic stress-related alterations in biomarkers are often interpreted as a manifestation of
“wear and tear” on the body or allostatic load (McEwen, 2004), as though the system were a
rubber band that lost elasticity. However, an alternative and nonexclusive interpretation is
that these changes may represent not so much a loss of resources, but a reallocation. Chronic
stress reorganizes the structure of the central nervous system, providing an anatomical basis
for changes in the dynamics (e.g., anticipatory reactivity) of stress hormones (Miklos and
Kovacs, 2012). These changes may constitute an “intended” optimization of neuroendocrine
system function, which has unfortunate “side effects”- i.e., the optimization increases short-
term capacity for efficient responses to stress, while increasing long-term vulnerability to
age-related disease. Seen from this light, heightened cortisol reactivity may not be a
dysfunction or failure of the system per se, but an adaptation to cope with a demanding
environment, which may have short term benefits to survival but longer term adverse
consequences for healthy aging. We did not, however, investigate the role of delayed
cortisol recovery, which might provide more support for the wear and tear model.

Intriguingly, these data also paint the encouraging picture that low to moderate stress may
have beneficial or resilience-enhancing effects among post-menopausal women.
Specifically, among control women whose levels of chronic perceived stress were well
below the 2009 national norms for women (i.e., a PSS score of approximately 16) (Cohen
and Janicki-Deverts, 2012), greater perceived stress and anticipatory threat were associated
with significantly reduced levels of oxidative damage. This finding was not due to lower
self-reported task effort in the very low stress women. Although seemingly paradoxical, this
finding was replicated using several indicators of stress and distress. Moreover, the finding
is consistent with the Yerkes-Dodson theory of stress and performance (Yerkes and Dodson,
1908) and the well-documented non-linear effects of cortisol on many target tissues
(Sapolsky, 1997). However, it should be noted that overall levels of oxidative damage, as
measured by 8-oxoG, were still significantly higher in chronically stressed individuals.
Hence, as a whole these results suggest that there is a non-linear relationship between stress
and markers of an adverse biochemical milieu, whereby at the extreme end of the spectrum
(i.e., very low chronic stress and threat responses), biological systems may not be
functioning at optimal fitness, but the profile is still “healthier” than in a chronically stressed
system. The implication is that maximal resilience may be found at the nadir of a U- or J-
shaped curve. Hence, there may be a “happy medium” of life stress.

Although cross-sectional, these data suggest that cortisol is a plausible mediator of oxidative
damage among chronically stressed individuals, whereas unidentified counter-regulatory
mechanisms likely contribute to the existence of a non-linear relationship and the contrary
pattern of results in non-chronically stressed individuals (Sapolsky, 1997). Cortisol
reactivity may also be an indicator of the magnitude of the amygdalar response to threat,
particularly in the chronically stressed group. Certain types of physiological stress, such as
periodic exercise, are known to promote long-term decreases in circulating indicators of
oxidative damage, apparently due to upregulation of antioxidant and other cytoprotective
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mechanisms (Radak et al., 2005). While purely speculative, it is conceivable that low-to-
moderate episodic psychological stress exposure could improve psychobiological resilience
to oxidative damage in a manner similar to exercise. Future research should include a more
thorough assessment of relevant counter-regulatory mechanisms such as indicators of the
nitric oxide pathway, anti-oxidants, and cellular surveillance mechanisms.

This study has a number of limitations. While these data are consistent with a moderated
mediation model, they are cross-sectional, and establishing true mediation will require
replication in a longitudinal design. This study was not designed to disentangle the effects of
caregiving as an objective exposure factor from the subjective perception of stress, and we
did not recruit caregivers low in perceived stress or high-stress NCs. Hence the differences
in the relation between perceived stress and oxidative stress may reflect not only a different
functional relationship of moderate versus extreme perceived stress, but also the chronically
stressful experience of caregiving. Moreover, it is possible that relations interpreted herein
as eustress may instead reflect a suppressive coping style, in which individuals who report
very low levels of stress and threat response exhibit higher oxidative damage because they
are in fact suppressing or are unwilling to disclose their true negative emotions. However, if
this were true, we might expect to see greater physiological arousal (e.g., cortisol) in the
very low stress participants as a result of emotional suppression, which we did not find.
Furthermore, future studies should explore anxiety, avoidant coping styles or negative
affectivity as personality traits that may influence anticipatory reactivity and possibly
oxidative stress levels. This study conceptualized resilience in relation to a specific chronic
stressor: dementia caregiving; however, psychobiological resilience in relation to a traumatic
stressor or the accumulation of various types of stressful life events over time might yield a
different pattern of system adaptation or optimization.

The presence of medication use and medical conditions in this sample is a limitation;
however, when recruiting older adults, excluding all such factors could lead to a biased
sample of highly resilient individuals, hence some statistical controls such as those used
herein may represent a preferable alternative. Specifically, more caregivers were taking
antidepressants, which have been previously associated with decreases in cortisol (Knorr et
al., 2012). Given the direction of that effect, the more likely concern is that it may have
contributed to an underestimation of the reported mediation effects; however future studies
should consider this factor in the research design. The accumulation of oxidative damage
over time could potentially impact trajectories of biological aging; however, this would
likely require an extended longitudinal study. We did not statistically correct for multiple
measures of oxidative damage because each represents unique effects on different molecules
(RNA/DNAVIipids), and the existing literature is insufficient to hypothesize a priori which
damage markers are most likely to be affected by stress. We find few relations with 8-OHdG
except the positive association with negative affect among caregivers (Table 2), and notably,
8-OHdG was not associated with IsoP (as in a previous study by Watters et al. (2009)) or 8-
0x0G. This could be because DNA has more repair mechanisms than RNA (Poulsen et al.,
2012), and agents that damage RNA do not necessarily damage DNA and vice versa
(Fimognari et al., 2008).
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The timing of the stress response is an under-appreciated factor in many studies of stress and
health. This study demonstrates the importance of conceptualizing timing at many levels,
including the chronicity of stress exposure, psychological determinants of acute
neuroendocrine reactivity, and the biological mechanisms that determine how quickly a
cascade of molecular actions can occur. It is likely the combination of factors occurring on
different time-scales and non-linear relationships that give rise to “moderated mediation”
effects, such as those illustrated herein. It is therefore important that psychobiological
researchers go beyond these statistical terms to understand what processes give rise to the
underlying system behavior described by these statistical models (Sapolsky, 1997;
Aschbacher et al., 2012). It is only by gaining this deeper understanding of the processes
underlying stress-health associations that the field can utilize this knowledge to propel
translational applications. Although this study focused on anticipatory stress arousal,
recovery is another equally important dimension of stress system dynamics and allostasis
(Karatsoreos and McEwen, 2011; Juster et al., 2012), which should be explored in future
work of this nature.

Anticipatory stress arousal may accelerate the accumulation of oxidative damage and
biological aging, particularly among chronically stressed individuals. In contrast, a strong
stress-arousal response may be associated with a beneficial or resilient biological signature
(i.e., reduced oxidative stress), among individuals whose stress was episodic and of lower
intensity than the national average. In sum, these data support both the toxic stress and
eustress models, in which chronic repeated psychological stress exposure may promote
damage and increase risk for disease, whereas manageable stress exposure may promote
resilience and resistance to disease (Dienstbier, 1989).
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Figure 1. Moderate Stress May Enhance Resilience
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Figure 2. Effects of Chronic Stress on Salivary Cortisol Reactivity to Acute Stress
The salivary cortisol values depicted above are untransformed means and their standard

errors. The anticipatory increase in cortisol from 0 to 15 minutes is significantly greater
among caregivers than controls (p<.01), whereas the peak 30-minute increase does not
significantly differ by group (p=.16). The groups did not significantly differ in cortisol levels
at the TSST baseline (0 min) (p=.41).
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3b: Low-Moderate Stress Group
. -419* (~.3821) with cortisol in the model
Perceived Oxidative
Stress [~ - » Damage
028(028) ... .| Anticipatory Cortisol | .- -.214(162)

Reactivity

Figure 3. Anticipatory Cortisol Reactivity to Acute Stress Mediating the Relationship between
Perceived Stress and Oxidative Damage in High versus Low Stress Groups

*** n<.001, ** p<.01, * p<.05, T p<.10, N=48. Note: Standardized regression coefficients
and significance levels for each path are given, showing F2-Isoprostanes first with 8-oxoG
(in parentheses). The mediating path analytic models with regression coefficients are shown
separately for the chronically stressed caregivers (top) and low-stress controls (bottom).
Note that the relationship from perceived stress to cortisol remains the same regardless of
which oxidative damage marker is used as the final outcome of the mediation model.
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Table 1

Comparison of Caregivers and Controls (Means & Standard Errors)

Caregivers (n=25) | Controls (n=23) | T-test (df) P-Value
Perceived Stress 20.360 (1.353) 5.804 (0.838) 9.01 (40.75)F | >.001™*
Anticipatory Cortisol Reactivity (mg/dL) 0.100 (0.028) -0.015 (0.022) 3.15 (46) .01
Peak Cortisol Reactivity mg/dL) 0.213 (0.050) 0.117 (0.044) 1.43 (46) .16
F2-Isoprostanes (ng/mL) 0.044 (0.004) 0.042 (0.003) 0.35 (46) 73
Serum 8-0x0G (ng/mL) 0.036 (0.002) | 0.022(0.002) | 3.83 (46) > 0o1™*
Serum 8-OHdG (ng/mL) 0.249 (0.032) | 0.187(0.032) | 1.36 (46) 18

Fok

3
p <.001,

Fk

p<.01,

critical alpha = .05.

¢Unequal variance per significant Levine's test.
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