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INTRODUCTION 
 

A growing literature suggests that chronic psychosocial 

stress exposures can influence biological aging 

pathways, offering one mechanism through which stress 

may increase risk for age-related disease. Despite this 

literature, relatively little is known about protective 

psychosocial factors that may ameliorate the negative 

effects of stress on biological aging. High quality and 

supportive social relationships are associated with 

reduced physiological stress responses, better overall 

health, and reduced all-cause mortality. The present 

study therefore investigated the protection that marital 

relationships may offer in the face of stress in a sample 

of midlife parents. We were interested in examining a 

particular characteristic of marital relationships—

relationship closeness, defined as a subjective 

perception of closeness or interconnectedness with 

one’s spouse—as a protective factor that may buffer the 

effects of psychosocial stress on biological aging, 

because of its potential to influence stress appraisal and 

coping processes in ways that other aspects of marital 

quality, such as satisfaction, may not. 

 

Biological aging refers to age-related changes at the 

molecular, cellular, and intercellular levels, including 
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ABSTRACT 
 

Chronic stress can accelerate biological aging, offering one mechanism through which stress may increase age-
related disease risk. Chronic activation of the sympathoadrenal system increases cellular energy production, 
resulting in cell stress that can initiate cellular senescence, a permanent state of cell growth arrest. Our 
previous research linked psychosocial stress with increased expression of senescence marker p16INK4a; however, 
less is known about the role of protective psychosocial factors in biological aging. We examined relationship 
closeness (perceived interconnectedness with one’s spouse) as a protective buffer of the effects of stress on 
expression of the p16INK4a-encoding gene (CDKN2A) and transcription control pathways activated under cell 
stress. Seventy parents (Mage=43.2) completed interview-based and questionnaire measures of psychosocial 
stress and relationship closeness. Blood samples assessed CDKN2A expression and inferred activity of a priori-
selected transcription factors Nrf2 and heat shock factors (HSFs) via genome-wide transcriptome profiling. 
Random intercept models adjusting for age, sex, and ethnicity/race revealed that perceived stress was 
associated with elevated CDKN2A expression for parents with low but not high closeness. Secondary 
bioinformatics analyses linked the interaction of perceived stress and relationship closeness to Nrf2 and HSF-1 
activity. Findings identify relationship closeness as a protective factor that may buffer the impact of stress on 
cellular stress and senescence pathways. 
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DNA damage, telomere shortening, cellular senescence, 

epigenetic modifications, and altered intercellular 

communication [1]. Age-associated biological changes 

may serve as mechanisms that contribute to the 

development of aging phenotypes and diseases such as 

type 2 diabetes, cardiovascular disease, Alzheimer’s 

disease, and cancer [2]. A growing literature suggests that 

chronic psychosocial stress can impact these biological 

aging pathways [3–5], offering one mechanism through 

which stress may increase age-related disease risk. 

 

Prolonged or repeated activation of the sympathoadrenal 

system during stress exposure releases catecholamines 

that increase cellular energy production and result in cell 

stress, a state of cellular imbalance in which the 

production of oxidants exceeds antioxidant capacity [6]. 

Cells under stress activate compensatory responses to 

promote detoxification, build antioxidant reserve and 

respond to cellular injury by activating repair processes. 

Nuclear transcription factor (TF) Nrf2 is a key regulator 

of this response, as it plays an important role in cellular 

responses to oxidative stress [7]. In addition, heat shock 

factors (HSFs)—particularly HSF-1—regulate the 

transcription of genes that encode heat shock proteins, 

which aid in the synthesis, transport, and folding of 

proteins to protect cells from damage under stressful 

conditions [8]. Psychological stress has been shown to 

induce expression of heat shock proteins, demonstrating 

a role of the sympathoadrenal system in driving cell 

stress [9]. Unresolved or prolonged cell stress can lead to 

excess DNA damage and initiate a permanent state of 

cell growth arrest termed cellular senescence [10, 11]. 

Whether psychosocial stress exposures lead to cellular 

senescence is unclear, although our initial cross-sectional 

findings have linked chronic stress exposure, perceived 

stress and accumulated daily stress appraisals  

to increased expression of cell cycle inhibitor p16INK4a,  

a marker of cellular senescence in peripheral blood  

cells [12]. 

 

p16INK4a has been proposed as a biomarker of aging 

because it correlates highly with chronological age 

across several tissues in mice and humans [13] and has 

been implicated in age-related pathologies such as 

diabetes, cardiovascular disease, and neurodegeneration. 

Although p16INK4a expression in response to cell stress is 

thought to prevent the replication of damaged cells that 

could develop into cancer or other malignancies, 

pervasive senescence can itself accelerate aging through 

the release of proinflammatory factors [14]. Critical 

evidence for the role of senescent cells in age-related 

disease comes from research demonstrating that removal 

of p16INK4a-positive cells can prevent or slow the 

deterioration of several tissues and organs, delay tumor 

growth, and reduce metastasis in mice exposed to 

cytotoxic cancer treatments [15, 16]. 

Although research has linked psychosocial stress to 

several markers of biological aging in humans, causal 

models that examine the specific mechanisms are 

lacking. For instance, a sizeable literature suggests that 

chronic stress exposure over the lifespan is associated 

with shortened telomere length; yet, only a few studies 

have prospectively tracked telomere length changes 

[17]. Several studies have also linked stressors such as 

caregiving, work-related stress, perceived stress, 

bereavement, and decreased feelings of closeness with 

parents during childhood to elevated oxidative stress 

and DNA damage and repair processes [6, 18, 19]. 

These studies, combined with our p16INK4a findings, 

provide support for the hypothesis that chronic 

psychosocial stress in humans can affect a number of 

biological aging pathways. 

 

Despite this literature, relatively little is known about 

protective psychosocial factors that may lessen or even 

prevent the negative effects of stress on biological aging 

pathways [18]. Having a higher quality marriage and 

greater availability of social support is associated with 

reduced physiological stress responses, including lower 

cardiovascular reactivity, cortisol reactivity and  

diurnal profiles, and susceptibility to viral infection and 

illness [20, 21]. To date, however, studies of aging 

biology have focused mainly on protective factors in 

childhood. Specifically, greater parental warmth 

(assessed retrospectively in adulthood) and parental 

responsiveness buffered the effects of stress exposure 

on system-level indicators of biological aging [22], 

proinflammatory gene expression [23] and telomere 

shortening [24]. Given the importance of marital 

relationships for many adults, the limited investigation 

of protective relationship processes in the context of 

stress during adulthood represents a gap in knowledge 

on the role of psychosocial factors in accelerated 

biological aging as a pathway to disease. 

 

The present study extends this literature by 

investigating a particular characteristic of marital 

relationships—relationship closeness—as a protective 

buffer of the effects of psychosocial stress on two 

biological aging pathways: gene expression of cellular 

senescence signal p16INK4a (CDKN2A) and transcription 

control pathways activated under cell stress (Nrf2, 

HSFs). We were interested in examining relationship 

closeness as a protective factor because of its potential 

to influence stress appraisal and coping processes in 

ways that other aspects of relationship quality, such as 

satisfaction, may not. For scientists who study intimate 

relationships, relationship closeness and satisfaction are 

conceptualized and studied as separate but related 

aspects of relationship quality [25]. Closeness refers to 

the subjective perception of being attached to or 

interconnected with one’s spouse, whereas relationship 
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satisfaction refers to an attitude or evaluative judgment 

about the positive and negative features of one’s spouse 

or relationship. Individuals who perceive a low degree 

of closeness with their spouse may still have favorable 

attitudes towards their spouse or relationship. On the 

other hand, individuals who perceive a high degree of 

closeness with their spouse may be more likely to view 

stressful circumstances as shared rather than individual 

burdens. This may result in access to a greater diversity 

of resources, particularly their partners’ coping 

resources, and a more effective set of coping strategies 

to reduce the impact of stress exposures. To our 

knowledge, however, no studies have directly tested 

relationship closeness as a buffer of the negative effects 

of stress on health. 

 

In addition, whereas previous studies of the stress-

buffering effects of parent-child relationships and 

biological aging have relied on retrospective reports  

of stress and parental warmth in childhood, this  

study involves concurrent assessment of psychosocial 

stress using multiple methods (interview-based, self-

report, and intensive repeated measures over 56 days), 

relationship closeness, and biological aging in a 

sample of midlife parents. Based on evidence of the 

stress-buffering effects of high-quality and supportive 

relationships, we extend our previous findings [12]  

by hypothesizing that parents who experience less 

closeness with their spouse will show stronger 

associations between psychosocial stress and 

expression of the p16INK4a-encoding gene (CDKN2A) 

than those with greater closeness. A secondary aim  

of the study is to explore upstream transcription 

control pathways activated under cell stress (Nrf2, 

HSF-1 and HSF-2); however, the extant literature  

is not sufficiently developed to inform directional 

hypotheses. 

 

RESULTS 
 

Preliminary analyses 
 

Table 1 presents descriptive statistics and correlations 

among the five main study variables: chronic stress 

exposure, perceived stress, accumulated daily stress, 

relationship closeness, and p16INK4a-encoding gene 

CDKN2A. The distribution of chronic stress exposure 

scores for the sample suggested mild to moderate levels 

of exposure observed in previous samples [26, 27]. The 

three psychosocial stress measures were moderately 

correlated. Chronic stress exposure and accumulated 

daily stress were negatively correlated with relationship 

closeness, whereas perceived stress was not. Each of  

the three stress measures was positively correlated  

with CDKN2A expression, but relationship closeness 

was not. 

Regarding covariates, age was not significantly 

correlated with CDKN2A expression, r(70) = .15,  

p = .22. There were no sex differences in CDKN2A 

expression, t(68) = -0.77, 95% CI for mean difference  

[-0.03, 0.01], p = .45, and CDKN2A did not vary  

as a function of ethnicity/race, F(3,65) = 0.70, p = .56. 

Educational status, body mass index (BMI), alcohol  

use, smoking, upper respiratory infection diagnosis,  

and medication use were not significantly associated 

with CDKN2A expression (ps > .20), nor were the 

percentage of neutrophil, lymphocyte, monocyte, 

eosinophil and basophil subsets of total white blood 

cells (ps > .15). 

 

Although they were not related to CDKN2A 

expression, some of the covariates were associated 

with psychosocial stress and relationship closeness. 

There were marginal sex differences in perceived 

stress, t(68) = -1.84, CI for mean difference [-5.74, 

0.24], p = .07, with women (M = 24.16, SD = 6.62) 

reporting slightly greater stress than men (M = 21.41, 

SD = 5.75), and significant sex differences in 

relationship closeness, t(68) = 2.20, 95% CI for mean 

difference [0.06, 1.16], p = .03, with men (M = 3.50, 

SD = 1.05) reporting greater closeness than women (M 

= 2.89, SD = 1.23). BMI was marginally correlated 

with chronic stress exposure, r(69) = .21, p = .09. 

There were marginal differences in perceived stress 

based on smoking status, F(2,66) = 2.59, p = .08; post-

hoc t-tests with Bonferroni correction indicated that 

parents who smoked 10 or fewer cigarettes per day  

(n = 20; M = 25.30, SD = 6.86) trended toward higher 

stress than those who did not smoke (n = 46; M = 

21.67, SD = 5.87), t = -3.63, p = .10. The percentage of 

eosinophils in the leukocyte pool was marginally 

correlated with chronic stress exposure, r(68) = .24,  

p = .05, and perceived stress, r(68) = .22, p = .07. 

Based on these analyses, theoretical considerations, 

and constraints on power given the sample size, we 

included age, sex, and ethnicity/race as primary 

covariates and evaluated smoking status, BMI, and 

eosinophil percentage as secondary covariates in the 

models. 

 

Chronic stress exposure, relationship closeness, and 

CDKN2A expression 
 

An unadjusted random intercept model examined 

chronic stress exposure, relationship closeness, and 

their interaction as predictors of CDKN2A expression, 

followed by an adjusted model that accounted for age, 

sex, and ethnicity/race (Supplementary Table 1). 

Contrary to expectations, the interaction between 

chronic stress exposure and relationship closeness on 

CDKN2A expression was not significant in either 

model. 
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Table 1. Descriptive statistics and inter-correlations between main study variables (N = 70). 

Variables M SD Range 1. 2. 3. 4. 5. 

1. Chronic stress exposure (1–5) 2.08 0.36 1.27–3.15 - .44** .43** -.24* .31** 

2. Perceived stress (0–40) 12.90 6.35 2.00–32.00   - .51** -.12 .38** 

3. Accumulated daily stress (%) 21.91 21.16 0–79.63   - -.29* .30* 

4. Relationship closeness (0–5) 3.17 1.18 0–5.00     - .01 

5. CDKN2A expression 6.81 0.04 6.72–6.93     - 

Note. *p < .05, **p < .01. 
 

Perceived stress, relationship closeness, and CDKN2A 

expression 
 

An unadjusted random intercept model examined 

perceived stress, relationship closeness, and their 

interaction as predictors of CDKN2A expression, 

followed by an adjusted model that accounted for age, 

sex, and ethnicity/race (Table 2). Consistent with 

hypotheses, there was a significant interaction between 

perceived stress and relationship closeness on CDKN2A. 

The pseudo R2 for the unadjusted model suggested that 

perceived stress, relationship closeness, and their 

interaction accounted for approximately 17.8% of the 

variance in CDKN2A expression. Adding covariates to 

the model slightly reduced the magnitude of the 

interaction but the interaction coefficient remained 

statistically significant. Adding BMI and smoking status 

to the model did not affect the magnitude of the 

interaction coefficient. Adding eosinophil percentage to 

the model reduced the magnitude of the interaction 

coefficient, and the interaction term became marginally 

significant, b = -0.010, SE = 0.005, 95% CI [-0.020, 

0.001], p = .07; however, the coefficient for eosinophil 

percentage itself was nearly zero, b = -0.0001, p = .98. 

 

Follow-up analyses that probed the interaction for the 

adjusted model revealed that for individuals with low 

(simple slope = 0.030, SE = 0.007, p < .001) and 

moderate (simple slope = 0.019, SE = 0.005, p < .001) 

relationship closeness, greater perceived stress was 

associated with elevations in CDKN2A expression 

(Figure 1). In contrast, for individuals with high (simple 

slope = 0.007, SE = 0.007, p = .30) relationship 

closeness, the association between perceived stress and 

CDKN2A was not significant. The region of significance 

for the interaction was below 0.63 SD on relationship 

closeness, suggesting that individuals who endorsed a 

3.91 or higher on the relationship closeness scale (i.e., 4 

or 5 on a 0–5 scale) showed a stress-buffering effect of 

relationship closeness. 

 

To test an alternative hypothesis that relationship 

satisfaction might account for the stress-buffering  

effect of relationship closeness, an additional random 

intercept model examined perceived stress, relationship 

satisfaction, and their interaction as predictors of 

CDKN2A expression, followed by an adjusted model that 

accounted for age, sex, and ethnicity/race. As expected, 

the interaction term was not significant in the unadjusted 

(b = -0.006, SE = 0.005, 95% CI [-0.016, 0.004], p = .24) 

or adjusted (b = -0.004, SE = 0.005, 95% CI [-0.014, 

0.006], p = .44) models. In a final analysis that included 

relationship satisfaction as an additional covariate in the 

model with perceived stress, relationship closeness, and 

their interaction as predictors of CDKN2A expression, 

the perceived stress x relationship closeness interaction 

term remained significant, b = -0.012, SE = 0.005, 95% 

CI [-0.022, -0.001], p = .03. A finding suggesting that 

relationship closeness has a unique impact on CDKN2A 

expression is noteworthy given that relationship 

closeness and satisfaction were highly correlated, r(70) = 

.50, p < .001. 

 

Accumulated daily stress, relationship closeness, and 

CDKN2A expression 
 

An unadjusted random intercept model examined 

accumulated daily stress, relationship closeness, and 

their interaction as predictors of CDKN2A expression, 

followed by an adjusted model that accounted for age, 

sex, and ethnicity/race (Supplementary Table 2). 

Contrary to expectations, the interaction between 

accumulated daily stress and relationship closeness  

on CDKN2A expression was not significant in either 

model. 

 

Transcription control pathways activated under cell 

stress 
 

Bioinformatics analyses assessed the inferred activity of 

three a priori-selected TFs activated under cell stress: 

Nrf2, HSF-1, and HSF-2. Based on findings from the 

main analyses, these secondary analyses focused on the 

interaction between perceived stress and relationship 

closeness (low: scores of 0–3 on IOS; high: scores of 4–

5 on IOS, based on the region of significance in the main 

analysis), with age, sex, and ethnicity/race entered as 

covariates. Analyses identified gene transcripts with a 
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Table 2. Random intercept models with perceived stress and relationship closeness predicting CDKN2A expression 
(N = 70). 

Variables 
Unadjusted model  Adjusted model 

b SE p 95% CI  b SE p 95% CI 

Intercept 6.808 0.005 <.001 [6.798, 6.817]  6.796 0.009 <.001 [6.777, 6.814] 

Perceived stress 0.016 0.005 .001 [0.007, 0.026]  0.018 0.005 <.001 [0.009, 0.028] 

Relationship closeness 0.003 0.005 .47 [-0.006, 0.013]  0.002 0.005 .68 [-0.008, 0.012] 

Perceived stress × Relationship closeness -0.012 0.005 .02 [-0.023, -0.002]  -0.011 0.005 .04 [-0.021, -0.001] 

Age      0.006 0.005 .22 [-0.004, 0.016] 

Sex      -0.002 0.010 .84 [-0.023, 0.019] 

Ethnicity/race      0.005 0.003 .09 [-0.001, 0.011] 

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

point estimate of greater than 1.2-fold for the interaction 

of perceived stress and relationship closeness. A total of 

50 differentially expressed genes (Supplementary Table 

3) that showed significant up-regulation (25 genes) and 

down-regulation (25 genes) were then submitted to 

TELiS to assess the likelihood of whether the TF 

binding motifs were over- or under-represented in the 

promoter regions of genes up-regulated in association 

with the interaction profile. Among parents who reported 

less relationship closeness, relative to those with greater 

closeness, perceived stress was associated with reduced 

Nrf2 representation (Mean Log2 Ratio [MLR] = -0.82, 

SE = 0.10, p = .001; across all 9 parametric variations; 

Figure 2). Among parents who reported less relationship 

closeness, relative to those with greater closeness, 

perceived stress was associated with greater HSF-1 

(MLR = 0.66, SE = 0.18, p = .02; 5 out of 9 parametric 

variations) and marginally greater HSF-2 (MLR = 0.15, 

SE = 0.07, p = .09; 6 out of 9 parametric variations) 

representation. 

 

Exploratory follow-up analysis 
 

An exploratory follow-up analysis examined potential 

sex differences in the interaction of perceived stress  

and relationship closeness on expression of the p16INK4a-

encoding gene CDKN2A. In an adjusted random 

intercept model that accounted for age and 

ethnicity/race, the 3-way interaction between perceived 

stress, relationship closeness, and sex on CDKN2A 

expression was not statistically significant, b = 0.010, SE 

= 0.012, 95% CI [-0.014, 0.034], p = .41. When the 

analyses were stratified by sex, random intercept models 

that accounted for age and ethnicity/race revealed that 

the interaction between perceived stress and relationship 

closeness on CDKN2A expression was marginally

 

 
 

Figure 1. Scatterplots of the association between perceived stress (PSS) and expression of the p16INK4a-encoding gene 
CDKN2A (log2 units) at low (0–2), average (3), and high (4–5) levels of relationship closeness (scale item responses depicted 
above each plot). Solid lines were plotted using parameter estimates from the unadjusted models in Table 2. Grey shaded bands reflect the 
95% CI for the best fit regression line computed from the raw data. 
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significant for male participants, b = -0.018, SE = 0.009, 

95% CI [-0.036, 0.0004], p = .06, but not significant for 

female participants, b = -0.008, SE = 0.007, 95% CI [-
0.022, 0.006], p = .27. It is important to note that 

because the exploratory stratified analyses are 

underpowered and do not account for potential 

interdependence of the data between relationship 

partners, they are interpreted with caution. 

 

DISCUSSION 
 

The present study investigated midlife parents’ 

relationship closeness as a protective factor that can 

buffer the effects of psychosocial stress—assessed via 

interview-based, questionnaire, and daily diary 

measures—on expression of the p16INK4a-encoding gene 

CDKN2A and upstream transcription control pathways 

activated under cell stress (Nrf2, HSF-1, HSF-2). As 

hypothesized, parents who perceived their lives as more 

stressful in the week prior to study entry showed 

elevations in CDKN2A expression—but only when they 

reported less closeness with their spouse. In contrast, 

parents who reported a high degree of closeness, or sense 

of interconnectedness with their spouse, did not show 

stress-related elevations in CDKN2A. As one of the most 

robust indicators of cellular senescence, p16INK4a signals 

a permanent state of cell growth arrest. This finding has 

potentially important implications for health, as senescent 

cells have been associated with reduced stem cell and 

tissue function and increased proinflammatory factors 

that are thought to contribute to age-related disease and 

functional declines. 

 

Importantly, a follow-up analysis testing an alternative 

hypothesis that relationship satisfaction might account 

for the observed effect revealed that the stress-buffering 

effects on expression of the p16INK4a-encoding gene 

CDKN2A were unique to relationship closeness, 

independent of perceived relationship satisfaction. 

Although the present study did not directly test the 

psychological mechanisms involved, this finding is 

consistent with the hypothesis that relationship 

closeness may uniquely buffer the effects of stress on 

health by influencing stress appraisal and coping 

processes in ways that other aspects of relationship 

quality—such as relationship satisfaction—may not. 

Future research may benefit from testing specific 

mechanisms, such as whether individuals who perceive 

a high degree of closeness with their spouse are more 

likely to view stressors as shared rather than individual 

burdens and more readily draw on their partners’ 

available coping resources in addition to their own to 

reduce the impact of a stressor and buffer the 

physiological stress response. 

 

 
 

Figure 2. Cell stress transcription factor activity based on levels of perceived stress in parents with low (scores of 0–3 on the 
IOS scale) relative to high (scores of 4–5 on the IOS scale) relationship closeness, expressed as a Mean Log2 Ratio of 
transcription factor binding motif prevalence in the promoter regions of up-regulated versus down-regulated genes, 
averaged across nine parametric variations. 
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Although previous research has shown that cell 

distribution can influence estimates of gene expression 

[13], cell subset percentages did not relate to CDKN2A 

expression in this study. However, parents with higher 

perceived stress did show a marginally higher proportion 

of eosinophils in the leukocyte pool, and accounting for 

eosinophil percentage in the main analyses reduced the 

interaction between perceived stress and relationship 

closeness on CDKN2A to marginal significance. As 

eosinophils are a source of oxidative stress [28], their 

mobilization and activation may play a role in the 

mechanistic pathway through which psychosocial stress 

leads to increased cell stress, and ultimately, cellular 

senescence. Stress-related changes in cell distribution 

and how they relate to markers of biological aging is an 

important area for future investigation. 

 

Secondary bioinformatics analyses revealed that, relative 

to parents who experienced greater closeness with their 

spouses, those with less closeness showed reduced 

stress-related Nrf2 representation. Nrf2 is considered a 

key TF for protecting the cell against oxidative stress, as 

it regulates genes that encode detoxifying enzymes  

and antioxidant proteins [7]. In addition, relative to 

parents who experienced greater closeness, those with 

less closeness showed greater stress-related HSF-1 

representation and marginally greater HSF-2 

representation. Previous research has found that HSFs 

regulate genes that encode heat shock proteins, which 

aid in the synthesis, transport, and folding of proteins 

under conditions of stress [8]. This pattern of findings 

suggests that parents with low closeness may show a 

reduced antioxidant response under conditions of 

oxidative stress that could contribute to accumulated 

cellular damage and lead to cellular senescence, whereas 

parents with high closeness show a robust anti-oxidant 

response that could protect against cellular damage. 

Although these cross-sectional data cannot address 

whether Nrf2 and HSF activation are a direct 

compensatory response to cell stress, or whether they are 

activated simultaneously or sequentially, findings 

suggest plausible associations with these mechanisms 

that warrant investigation in future research. 

 

It was somewhat unexpected that relationship closeness 

did not buffer the effects of chronic stress exposure and 

accumulated daily stress on CDKN2A expression. It is 

interesting to note, however, that whereas perceived 

stress was not correlated with relationship closeness, 

chronic and daily stress showed small to medium 

associations with relationship closeness. The lack of 

correlation with perceived stress is somewhat surprising 

given the potential shared method variance between the 

two measures (i.e., both involve single-occasion 

reporting that is more reflective or evaluative). 

Nonetheless, although we were unable to test 

directionality, these associations raise questions about 

the influence of relationship closeness on the intensity 

and frequency of stressors. For instance, whether being 

in a relationship characterized by high closeness might 

reduce daily parenting stress burden or prevent exposure 

to certain forms of chronic stress—and how this relates 

to biological aging—remains to be tested in future 

research. Although it is possible that greater statistical 

power may have been required to detect interactions 

involving chronic and accumulated daily stress due to 

their correlations with relationship closeness, our 

findings suggest that the stress-buffering effects of 

relationship closeness on biological aging may be 

specific to appraisals that are more reflective or 

evaluative in nature (e.g., global perceptions of stress 

over the previous week). 

 

Findings from this study should be considered in light of 

several limitations. Most notably, the relatively small 

sample size reduced the statistical power to detect 

potential moderating effects of sex and ethnicity/race, 

although exploratory follow-up analyses suggested a 

potential sex difference in which male participants may 

experience slightly greater stress-buffering effects than 

female participants. Future research should investigate 

these moderators in larger cohorts. Second, although  

the study included measures of stress that spanned 

several months, the single-occasion measurement of 

relationship closeness and gene expression precluded the 

investigation of directionality. Prospective longitudinal 

designs that include repeated assessments will be 

important in future work to address questions about the 

relative contribution of psychosocial risk and protective 

factors to rates of biological aging over time. Third, as 

estimates of CDKN2A expression for the study were 

derived from a single blood sample for each participant, 

it will be important for future research to address the 

reliability of CDKN2A expression measurement in 

humans. Fourth, it was somewhat surprising that 

participants’ chronological age and CDKN2A expression 

were not correlated in this study, given that a previous 

population-based study reported a significant correlation 

[13]. This may be due in part to the small sample size 

and restricted age range of the present sample (M = 43.2 

± 7.0, range: 27.6–61.9 years), which was nearly half the 

range in the previous study (Liu et al. [2009] included 

adults aged 18-80 years), and it is possible that an 

association may have been observed had the present 

sample included older adults. Regardless, the lack of 

association with age is consistent with the hypothesis 

that psychosocial stress may contribute to accelerated or 

premature cellular senescence (i.e., that is not age-

associated) during middle adulthood; however, future 

research to address this question is warranted. On a 

related note, the lack of association between CDKN2A 

expression and both BMI and smoking status was 
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somewhat surprising, as they are indicators of poor 

health outcomes; however, previous research has also 

failed to detect associations [13]. 

 

Despite these limitations, the present study extends the 

literature on psychosocial factors on biological aging in 

several important ways. First, it is the first to 

demonstrate that close relationships in adulthood can 

provide protection against the negative effects of 

psychosocial stress and biological aging. Findings are 

consistent with a cellular stress-senescence pathway in 

which psychosocial stress increases cell stress and 

damage that, if unresolved, leads to cellular senescence 

[6, 11]. Although previous research has found that 

psychosocial stress can impact this pathway, few studies 

have examined whether protective psychosocial factors 

can modify these processes, either by reducing the 

impact of stress on damaging allostatic mechanisms or 

strengthening restorative repair mechanisms in response 

to damage. This study provides preliminary evidence 

that this pathway can be modulated by the quality of 

marital relationships, which is an exciting avenue for 

future research. Second, findings suggest that 

relationship closeness can have unique stress-buffering 

effects on cellular senescence that are independent of 

other aspects of relationship quality such as satisfaction. 

Third, to our knowledge, this is the first study to link 

psychosocial factors to inferred activity of upstream 

transcription control pathways activated under cell 

stress. Pending replication in future studies, relationship 

closeness is a concrete behavioral target that has the 

potential to inform the development of psychosocial 

interventions for parents who may be at risk for stress-

related accelerated aging during this life stage. 

 

MATERIALS AND METHODS 
 

Participants 

 

Participants were 70 adults from 40 heterosexual 

couples (54.3% self-reported female) with a mean  

age of 43.2 years (SD = 7.0) and at least one child aged 

8–13 years. Participants self-identified as White/ 

Non-Hispanic (44.3%), Hispanic/Latinx (22.9%), 

Black/African American (18.6%), Asian (12.9%), and 

Native American/Alaskan Native (1.4%). All 

participants had a high school diploma or equivalent 

(42.8%), bachelor’s degree (34.3%), or master’s, 

professional, or doctoral degree (22.9%). The majority 

was employed full-time (61.4%), followed by part-time 

(14.3%) or as homemakers (12.9%). Most participants 

were married or in a marriage-like relationship (97.1%), 

with an average relationship length of 15.7 years  

(SD = 5.8). Participants were recruited as part of a 

larger study on the effects of the family environment on 

immune function and risk for upper respiratory 

infection [29, 30]. Families were recruited in the Los 

Angeles area from 2009 to 2012 through advertising in 

local elementary and middle schools, libraries and 

recreation centers, medical clinics, newspapers, and 

direct mailings using a marketing list of families within 

five miles of the University of California, Los Angeles, 

that were selected based on zip-code level income. 

 

Procedures 

 

At study entry, participants completed an interview-

based assessment of chronic stress exposure, followed 

by questionnaires to assess their perceived stress and 

their marital relationship quality. During a subsequent 

56-day diary period, participants completed online 

surveys each evening before bedtime that included 

items related to their daily stress appraisals. At the end 

of the diary period, participants provided a blood 

sample that was used to assess gene expression of 

cellular senescence marker p16INK4a and inferred activity 

of cell stress TFs. 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 consume prior to the draw. 

Blood samples were collected between 12 p.m. and 7 

p.m. at the UCLA Clinical Laboratory through 

antecubital venipuncture in PAXgene Blood RNA tubes 

(Qiagen) and transported to the UCLA Health 

Psychology Laboratory for storage at –80° C. Given 

that the daily diary protocol involved a significant time 

commitment for participants, the blood sample was not 

required for participation in the study; 73 of the 86 

enrolled adult participants chose to complete the blood 

draw. Participants who provided blood samples did not 

differ significantly in their age, sex, education, 

employment status, income, or BMI from those who did 

not provide samples. The final sample was further 

reduced to 70 participants who also completed reports 

of perceived stress and relationship closeness. Informed 

consent has been obtained from all participants. Data 

that support the findings of this study are available upon 

request from the corresponding author, but are not 

publicly available due to privacy or ethical restrictions. 

 

Measures 
 

Psychosocial stress measures 

Chronic stress exposure. Participants were administered 

the 60- to 90-minute semi-structured UCLA Life Stress 

Interview [31], which was designed to assess exposure 

to chronic stressors in thirteen domains (e.g., family 

relationships, friendships, work, finances, health) over 
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the past six months, independent of participants’ 

subjective appraisals or emotional reactions to the 

stressors. Trained interviewers asked a series of open-

ended questions, with additional probes as necessary to 

obtain sufficient information to score each domain from 

1 (exceptionally good conditions) to 5 (extreme 

adversity). The present study used an adapted version of 

the interview that included 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. Ratings for 

the thirteen domains were averaged to create a total 

score, with higher scores indicating greater exposure. 

 

Perceived stress. Participants completed the 10-item 

Perceived Stress Scale [26], a well-established and 

validated measure of the degree to which an individual 

appraises their life as stressful. Items on the scale 

assess 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 indicating 

greater stress. 

 
Accumulated daily stress appraisals. During the 56-

day diary period, participants provided 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 accurate). In order to assess the 

accumulation of stress appraisals over the 56-day period, 

we created a categorical variable in which 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 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. The average participant 

completed 52.69 (SD = 7.24) out of 56 daily diaries. 

 

Relationship measures 
Relationship closeness. Participants completed a 

modified version of the Inclusion of Other in Self (IOS) 

scale [32], a single-item measure of an individual’s 

perceived closeness with their spouse that assesses the 

degree to which one’s partner is perceived as part of 

one’s self. The IOS scale depicts a set of Venn-

diagrams with circles that overlap to varying degrees 

and create an interval-like scale ranging from 0 (no 

overlap) to 5 (almost complete overlap). Participants 

selected the pair of circles that best described their 

relationship with their spouse. 

Relationship satisfaction. Participants completed the 

Couples Satisfaction Index [33], a 32-item measure of 

an individual’s satisfaction in their romantic 

relationship that was developed using item response 

theory with a pool of items from several relationship 

satisfaction measures. The response scale for the first 

item (“Please indicate the degree of happiness, all 

things considered, of your relationship.”) ranges from 0 

(extremely unhappy) to 6 (perfect), and the response 

scale for the remainder of the items ranges from 0 to 5, 

with anchors specific to sets of items. All items were 

summed to create a total score, with higher scores 

indicating greater relationship satisfaction. The average 

score was 120.76 (SD = 27.10) out of 200. 

 

Gene expression measures 
RNA was extracted from the peripheral blood samples 

(Qiagen RNeasy), tested for suitable mass (Nanodrop 

ND1000) and integrity (Agilent Bioanalyzer) and 

converted to fluorescence-tagged cRNA (Ambion 

TotalPrep). RNA samples were assayed in a single 

batch using microarray-based genome-wide 

transcriptome profiling (Illumina Human HT-12 v4 

BeadArrays) following the manufacturer’s standard 

protocol in the UCLA Neuroscience Genomics Core 

Laboratory. All samples yielded valid results according 

to standard quality assurance methods (e.g., median 

probe fluorescence intensity > 100 units) [30]. 

 
Cellular senescence marker p16INK4a. For the present 

analyses, estimated mRNA levels of the p16INK4a-

encoding gene CDKN2A served as the measure of 

cellular senescence. Previous research has identified 

p16INK4a -induced cellular senescence as a permanent 

state of cell cycle arrest that is not reversible within the 

cell [1, 11], suggesting that p16INK4a levels are fairly 

stable. Therefore, the assessment of expression of the 

p16INK4a-encoding gene CDKN2A in this study is an 

estimate of the number of senescent cells in circulation 

at the time of the blood draw. 

 

Cell stress transcription control pathways. Genome-

wide transcriptome profiling was used to assess the 

inferred activity of three a priori-selected TFs that 

previous research has found to be activated under cell 

stress—nuclear factor erythroid 2–related factor 2 

(Nrf2) and HSFs (HSF-1 and HSF-2)—using 

bioinformatics analyses described in Section 4.6. 

 

Covariates 
 

Several variables that might affect the number of 

leukoctyes in circulation and estimates of CDKN2A 

expression were evaluated as potential covariates in the 

main analyses based on previous research [12, 29, 34]. 

Variables included age, sex, ethnicity/race, educational 
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status, BMI (kg/m2; M = 27.90, SD = 5.61), average 

number of alcoholic drinks per week (M = 2.56, SD = 

3.57) and smoking assessed during diary period: none 

(65.7%), fewer than 10 cigarettes per day (28.6%), or 

more than 10 cigarettes per day (4.3%), and whether 

participants met criteria for an upper respiratory 

infection at any point during the 56-day diary period 

(30.0%). We also evaluated whether participants were 

taking medication to treat medical conditions such as 

hypertension, inflammatory conditions, hypothyroidism, 

depression, anxiety, and attention-deficit/hyperactivity 

disorder. Potential covariates also included the 

percentage of neutrophil (M = 56.04, SD = 8.46), 

lymphocyte (M = 33.78, SD = 7.23), monocyte (M = 

7.37, SD = 2.07), eosinophil (M = 2.31, SD = 1.70), and 

basophil (M = 0.39, SD = 0.47) subsets of total white 

blood cells, as variations in leukocyte composition may 

influence the estimation of mRNA [13]. Cell subsets 

were obtained by complete blood count with differential 

assessed by the UCLA Clinical Laboratory and 

Pathology Services using standard clinical laboratory 

methods. 

 

Data analysis 
 

All continuous predictor variables and covariates were 

standardized (z-transformed) and gene expression data 

were quantile-normalized [35, 36] and log2-transformed 

prior to analysis. Because the sample was composed of 

70 adults nested within 40 dyads, including two 

members of a couple in an ordinary least squares 

regression model would violate statistical assumptions 

of independence. The intraclass correlation coefficient 

for CDKN2A expression was r(30) = .11, p = .57, 

suggesting that a very small proportion of the variation 

in CDKN2A was accounted for by the particular dyad in 

which a person was nested. However, because we 

expected that partners’ psychosocial stress or 

relationship closeness scores might be more highly 

correlated, which could introduce another potential 

source of non-independence in the data, we conducted a 

series of random intercept models using the mixed 

procedure in SPSS (version 25) to account for the 

nesting of participants in dyads [37]. As recommended 

by Kenny, Kashy, and Cook [38], models used 

restricted maximum likelihood 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 

sufficient lower units to allow slopes to vary across 

dyads. 

 

Preliminary analyses examined correlations among the 

main study variables, as well as between the main 

variables and potential covariates for inclusion in the 

main analyses. To test the main hypotheses, we 

conducted a set of unadjusted random intercept models 

to examine stress, relationship closeness, and their 

interaction as predictors of CDKN2A expression, 

followed by a set of adjusted models that accounted for 

covariates. To estimate the amount of variance in 

CDKN2A expression that was accounted for by stress, 

relationship closeness, and their interaction, we 

calculated a pseudo R2 value using the formula R2 = 1 – 

[(ssd + sse
2)/(ssd′ + sse

2′)] where ssd is the dyad 

covariance and sse
2 is the error covariance derived from 

the conditional model and the prime indicates 

covariance derived from the unconditional model [38]. 

Follow-up analyses used an online computational tool 

for probing interaction effects in mixed models [39] to 

provide point estimates for simple slopes representing 

the association between stress and CDKN2A expression 

at low (-1 SD), moderate (mean), and high (+1 SD) 

levels of relationship closeness, as well as the region of 

significance for the interaction effect. 

 

To test an alternative hypothesis that relationship 

satisfaction might account for the stress-buffering 

effects of relationship closeness on CDKN2A 

expression, we performed a second set of random 

intercept models. First, an unadjusted model examined 

stress, relationship satisfaction, and their interaction as 

predictors of CDKN2A expression, followed by an 

adjusted model that included covariates. Finally, a 

follow-up analysis included relationship satisfaction as 

an additional covariate in the random intercept model 

with stress, relationship closeness, and their interaction 

as predictors of CDKN2A expression, to test the unique 

contribution of relationship closeness (independent 

from satisfaction) in predicting CDKN2A expression. 

 

To assess the inferred activity of the three a priori-
selected TFs activated under cell stress (Nrf2, HSF-1, 

HSF-2), secondary analyses adopted a promoter-based 

bioinformatics approach. The list of the differentially 

expressed genes that had a point estimate of greater than 

1.2-fold for the interaction of perceived stress and 

relationship closeness were entered into the Transcript 

Element Listening System (TELiS) [40]. The 1.2-fold 

threshold is consistent with prior studies linking 

psychosocial factors to gene expression [23, 41]. TELiS 

contains data on the prevalence of 192 TF binding 

motifs from the TRANSFAC database [42]; however, 

the present analysis focused on a pre-specified set of 

three TF binding motifs (Nrf2, HSF-1, HSF-2) based on 

a priori hypotheses related to cellular stress. TELiS 

analyses involve a test of the log ratio of TF binding 

motif prevalence in the promoter regions of up-

regulated versus down-regulated genes, with results 

averaged across nine parametric variations of promoter 

sequence length (–300 base pairs [bp] upstream of the 
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RefSeq gene transcription start site, –600 bp, and –1000 

to +200 bp) and TF binding motif match stringency 

(Transfac mat_sim values ≥ .80, .90, and .95), and 

standard errors derived by bootstrapping of residuals 

(200 cycles of resampled residual vectors, which 

controls for any potential correlation among residuals 

across genes) [40, 43]. Activation of Nrf2 was indicated 

by the TRANSFAC V$NRF2_01 DNA motif and 

activation of the HSFs was indicated by V$HSF1_01 

and V$HSF2_01. 

 

Ethics statement 

 

This investigation has been conducted in accordance 

with the ethical standards and according to the 

Declaration of Helsinki and according to national and 

international guidelines, and has been approved by the 

Institutional Review Board at the University of 

California, Los Angeles. 

 

ACKNOWLEDGMENTS 
 

We would like to thank Richard Slatcher and Gayla 

Margolin for their invaluable contributions to this 

project. All authors made substantial contributions to 

and approved the final version of this manuscript. The 

original study was conceived and designed, and the data 

were acquired by R.L.R. and T.F.R. Hypotheses 

regarding cellular stress and senescence were generated 

and data were analyzed by K.E.R., J.E.C., S.W.C., and 

T.F.R. The manuscript was drafted or revised critically 

for intellectual content by all authors. 

 

CONFLICTS OF INTEREST 
 

The authors have no conflicts of interest to declare. 

 

FUNDING 
 

This research was supported by the National Institutes 

of Health [R03HD0077387], William T. Grant 

Foundation [9333], and UCLA Cousins Center for 

Psychoneuroimmunology. 

 

REFERENCES 
 

1. López-Otín C, Blasco MA, Partridge L, Serrano M, 
Kroemer G. The hallmarks of aging. Cell. 2013; 
153:1194–217. 

 https://doi.org/10.1016/j.cell.2013.05.039 
PMID:23746838 

2. Ferrucci L, Levine ME, Kuo PL, Simonsick EM. Time and 
the metrics of aging. Circ Res. 2018; 123:740–44. 

 https://doi.org/10.1161/CIRCRESAHA.118.312816 
PMID:30355074 

3. Puterman E, Epel E. An intricate dance: life experience, 
multisystem resiliency, and rate of telomere decline 
throughout the lifespan. Soc Personal Psychol 
Compass. 2012; 6:807–25. 

 https://doi.org/10.1111/j.1751-9004.2012.00465.x 
PMID:23162608 

4. Shalev I, Entringer S, Wadhwa PD, Wolkowitz OM, 
Puterman E, Lin J, Epel ES. Stress and telomere biology: 
a lifespan perspective. Psychoneuroendocrinology. 
2013; 38:1835–42. 

 https://doi.org/10.1016/j.psyneuen.2013.03.010 
PMID:23639252 

5. Epel ES. Telomeres in a life-span perspective. Current 
Directions in Psychological Science. 2009; 18:6–10. 

 https://doi.org/10.1111/j.1467-8721.2009.01596.x 

6. Aschbacher K, O’Donovan A, Wolkowitz OM, Dhabhar 
FS, Su Y, Epel E. Good stress, bad stress and oxidative 
stress: insights from anticipatory cortisol reactivity. 
Psychoneuroendocrinology. 2013; 38:1698–708. 

 https://doi.org/10.1016/j.psyneuen.2013.02.004 
PMID:23490070 

7. Ma Q. Role of nrf2 in oxidative stress and toxicity. 
Annu Rev Pharmacol Toxicol. 2013; 53:401–26. 

 https://doi.org/10.1146/annurev-pharmtox-011112-
140320 PMID:23294312 

8. Akerfelt M, Morimoto RI, Sistonen L. Heat shock 
factors: integrators of cell stress, development and 
lifespan. Nat Rev Mol Cell Biol. 2010; 11:545–55. 

 https://doi.org/10.1038/nrm2938 PMID:20628411 

9. Johnson JD, Fleshner M. Releasing signals, secretory 
pathways, and immune function of endogenous 
extracellular heat shock protein 72. J Leukoc Biol. 2006; 
79:425–34. 

 https://doi.org/10.1189/jlb.0905523 PMID:16387837 

10. Campisi J. Senescent cells, tumor suppression, and 
organismal aging: good citizens, bad neighbors. Cell. 
2005; 120:513–22. 

 https://doi.org/10.1016/j.cell.2005.02.003 
PMID:15734683 

11. Campisi J, d’Adda di Fagagna F. Cellular senescence: 
when bad things happen to good cells. Nat Rev Mol 
Cell Biol. 2007; 8:729–40. 

 https://doi.org/10.1038/nrm2233 PMID:17667954 

12. Rentscher KE, Carroll JE, Repetti RL, Cole SW, Reynolds 
BM, Robles TF. Chronic stress exposure and daily stress 
appraisals relate to biological aging marker p16INK4a. 
Psychoneuroendocrinology. 2019; 102:139–48. 

 https://doi.org/10.1016/j.psyneuen.2018.12.006 
PMID:30557761 

13. Liu Y, Sanoff HK, Cho H, Burd CE, Torrice C, Ibrahim JG, 
Thomas NE, Sharpless NE. Expression of p16(INK4a) in 

https://doi.org/10.1016/j.cell.2013.05.039
https://pubmed.ncbi.nlm.nih.gov/23746838
https://doi.org/10.1161/CIRCRESAHA.118.312816
https://pubmed.ncbi.nlm.nih.gov/30355074
https://doi.org/10.1111/j.1751-9004.2012.00465.x
https://pubmed.ncbi.nlm.nih.gov/23162608
https://doi.org/10.1016/j.psyneuen.2013.03.010
https://pubmed.ncbi.nlm.nih.gov/23639252
https://doi.org/10.1111/j.1467-8721.2009.01596.x
https://doi.org/10.1016/j.psyneuen.2013.02.004
https://pubmed.ncbi.nlm.nih.gov/23490070
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://pubmed.ncbi.nlm.nih.gov/23294312
https://doi.org/10.1038/nrm2938
https://pubmed.ncbi.nlm.nih.gov/20628411
https://doi.org/10.1189/jlb.0905523
https://pubmed.ncbi.nlm.nih.gov/16387837
https://doi.org/10.1016/j.cell.2005.02.003
https://pubmed.ncbi.nlm.nih.gov/15734683
https://doi.org/10.1038/nrm2233
https://pubmed.ncbi.nlm.nih.gov/17667954
https://doi.org/10.1016/j.psyneuen.2018.12.006
https://pubmed.ncbi.nlm.nih.gov/30557761


 

www.aging-us.com 16487 AGING 

peripheral blood t-cells is a biomarker of human aging. 
Aging Cell. 2009; 8:439–48. 

 https://doi.org/10.1111/j.1474-9726.2009.00489.x 
PMID:19485966 

14. Coppé JP, Desprez PY, Krtolica A, Campisi J. The 
senescence-associated secretory phenotype: the dark 
side of tumor suppression. Annu Rev Pathol. 2010; 
5:99–118. 

 https://doi.org/10.1146/annurev-pathol-121808-
102144 PMID:20078217 

15. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, 
Childs BG, van de Sluis B, Kirkland JL, van Deursen JM. 
Clearance of p16Ink4a-positive senescent cells  
delays ageing-associated disorders. Nature. 2011; 
479:232–36. 

 https://doi.org/10.1038/nature10600 PMID:22048312 

16. Demaria M, O’Leary MN, Chang J, Shao L, Liu S, 
Alimirah F, Koenig K, Le C, Mitin N, Deal AM, Alston S, 
Academia EC, Kilmarx S, et al. Cellular senescence 
promotes adverse effects of chemotherapy and cancer 
relapse. Cancer Discov. 2017; 7:165–76. 

 https://doi.org/10.1158/2159-8290.CD-16-0241 
PMID:27979832 

17. Rentscher KE, Carroll JE, Mitchell C. Psychosocial 
stressors and telomere length: a current review of the 
science. Annu Rev Public Health. 2020; 41:223–45. 

 https://doi.org/10.1146/annurev-publhealth-040119-
094239 PMID:31900099 

18. Robles TF, Carroll JE. Restorative biological processes 
and health. Soc Personal Psychol Compass. 2011; 
5:518–537. 

 https://doi.org/10.1111/j.1751-9004.2011.00368.x 
PMID:21927619 

19. Gidron Y, Russ K, Tissarchondou H, Warner J.  
The relation between psychological factors and  
DNA-damage: a critical review. Biol Psychol. 2006; 
72:291–304. 

 https://doi.org/10.1016/j.biopsycho.2005.11.011 
PMID:16406268 

20. Robles TF, Slatcher RB, Trombello JM, McGinn MM. 
Marital quality and health: a meta-analytic review. 
Psychol Bull. 2014; 140:140–87. 

 https://doi.org/10.1037/a0031859  
PMID:23527470 

21. Uchino BN, Bowen K, Kent de Grey R, Mikel J, Fisher 
EB. Social support and physical health: Models, 
mechanisms, and opportunities. In: Fisher E. et al. (eds) 
Principles and Concepts of Behavioral Medicine. 
Springer New York; 2018. p. 341–72. 

 https://doi.org/10.1007/978-0-387-93826-4_12 

22. Carroll JE, Gruenewald TL, Taylor SE, Janicki-Deverts D, 
Matthews KA, Seeman TE. Childhood abuse, parental 

warmth, and adult multisystem biological risk in the 
coronary artery risk development in young adults 
study. Proc Natl Acad Sci USA. 2013; 110:17149–53. 

 https://doi.org/10.1073/pnas.1315458110 
PMID:24062432 

23. Chen E, Miller GE, Kobor MS, Cole SW. Maternal 
warmth buffers the effects of low early-life 
socioeconomic status on pro-inflammatory signaling in 
adulthood. Mol Psychiatry. 2011; 16:729–37. 

 https://doi.org/10.1038/mp.2010.53  
PMID:20479762 

24. Asok A, Bernard K, Roth TL, Rosen JB, Dozier M. 
Parental responsiveness moderates the association 
between early-life stress and reduced telomere length. 
Dev Psychopathol. 2013; 25:577–85. 

 https://doi.org/10.1017/S0954579413000011 
PMID:23527512 

25. Reis HT, Collins N. Measuring relationship properties 
and interactions relevant to social support. In: Social 
Support Measurement and Intervention. Oxford 
University Press; 2015; 136–192. 

 https://doi.org/10.1093/med:psych/9780195126709.0
03.0005 

26. Cohen S, Kamarck T, Mermelstein R. A global 
measure of perceived stress. J Health Soc Behav. 
1983; 24:385–96. 

 PMID:6668417 

27. Miller GE, Chen E. Life stress and diminished 
expression of genes encoding glucocorticoid receptor 
and beta2-adrenergic receptor in children with 
asthma. Proc Natl Acad Sci USA. 2006; 103:5496–501. 

 https://doi.org/10.1073/pnas.0506312103 
PMID:16567656 

28. Bowler RP, Crapo JD. Oxidative stress in allergic 
respiratory diseases. J Allergy Clin Immunol. 2002; 
110:349–56. 

 https://doi.org/10.1067/mai.2002.126780 
PMID:12209079 

29. Robles TF, Carroll JE, Bai S, Reynolds BM, Esquivel S, 
Repetti RL. Emotions and family interactions in 
childhood: associations with leukocyte telomere length 
emotions, family interactions, and telomere length. 
Psychoneuroendocrinology. 2016; 63:343–50. 

 https://doi.org/10.1016/j.psyneuen.2015.10.018 
PMID:26551267 

30. Robles TF, Repetti RL, Reynolds BM, Chung PJ, Arevalo 
JM, Cole SW. Family environments and leukocyte 
transcriptome indicators of a proinflammatory 
phenotype in children and parents. Dev Psychopathol. 
2018; 30:235–53. 

 https://doi.org/10.1017/S0954579417000591 
PMID:28555535 

https://doi.org/10.1111/j.1474-9726.2009.00489.x
https://pubmed.ncbi.nlm.nih.gov/19485966
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://pubmed.ncbi.nlm.nih.gov/20078217
https://doi.org/10.1038/nature10600
https://pubmed.ncbi.nlm.nih.gov/22048312
https://doi.org/10.1158/2159-8290.CD-16-0241
https://pubmed.ncbi.nlm.nih.gov/27979832
https://doi.org/10.1146/annurev-publhealth-040119-094239
https://doi.org/10.1146/annurev-publhealth-040119-094239
https://pubmed.ncbi.nlm.nih.gov/31900099
https://doi.org/10.1111/j.1751-9004.2011.00368.x
https://pubmed.ncbi.nlm.nih.gov/21927619
https://doi.org/10.1016/j.biopsycho.2005.11.011
https://pubmed.ncbi.nlm.nih.gov/16406268
https://doi.org/10.1037/a0031859
https://pubmed.ncbi.nlm.nih.gov/23527470
https://doi.org/10.1007/978-0-387-93826-4_12
https://doi.org/10.1073/pnas.1315458110
https://pubmed.ncbi.nlm.nih.gov/24062432
https://doi.org/10.1038/mp.2010.53
https://pubmed.ncbi.nlm.nih.gov/20479762
https://doi.org/10.1017/S0954579413000011
https://pubmed.ncbi.nlm.nih.gov/23527512
https://doi.org/10.1093/med:psych/9780195126709.003.0005
https://doi.org/10.1093/med:psych/9780195126709.003.0005
https://pubmed.ncbi.nlm.nih.gov/6668417
https://doi.org/10.1073/pnas.0506312103
https://pubmed.ncbi.nlm.nih.gov/16567656
https://doi.org/10.1067/mai.2002.126780
https://pubmed.ncbi.nlm.nih.gov/12209079
https://doi.org/10.1016/j.psyneuen.2015.10.018
https://pubmed.ncbi.nlm.nih.gov/26551267
https://doi.org/10.1017/S0954579417000591
https://pubmed.ncbi.nlm.nih.gov/28555535


 

www.aging-us.com 16488 AGING 

31. Hammen C. Generation of stress in the course of 
unipolar depression. J Abnorm Psychol. 1991; 
100:555–61. 

 https://doi.org/10.1037//0021-843x.100.4.555 
PMID:1757669 

32. Aron A, Aron EN, Smollan D. Inclusion of Other in the 
Self Scale and the structure of interpersonal closeness. 
J Pers Soc Psychol. 1992; 63:596–612. 

 https://doi.org/10.1037/0022-3514.63.4.596 

33. Funk JL, Rogge RD. Testing the ruler with item 
response theory: increasing precision of measurement 
for relationship satisfaction with the couples 
satisfaction index. J Fam Psychol. 2007; 21:572–83. 

 https://doi.org/10.1037/0893-3200.21.4.572 
PMID:18179329 

34. Cole SW, Levine ME, Arevalo JM, Ma J, Weir DR, 
Crimmins EM. Loneliness, eudaimonia, and the human 
conserved transcriptional response to adversity. 
Psychoneuroendocrinology. 2015; 62:11–17. 

 https://doi.org/10.1016/j.psyneuen.2015.07.001 
PMID:26246388 

35. Bolstad BM, Irizarry RA, Astrand M, Speed TP. A 
comparison of normalization methods for high density 
oligonucleotide array data based on variance and bias. 
Bioinformatics. 2003; 19:185–93. 

 https://doi.org/10.1093/bioinformatics/19.2.185 
PMID:12538238 

36. Noriega NC, Kohama SG, Urbanski HF. Microarray 
analysis of relative gene expression stability for 
selection of internal reference genes in the rhesus 
macaque brain. BMC Mol Biol. 2010; 11:47. 

 https://doi.org/10.1186/1471-2199-11-47 
PMID:20565976 

37. Krull JL. Using multilevel analyses with sibling data to 
increase analytic power: an illustration and simulation 
study. Dev Psychol. 2007; 43:602–19. 

 https://doi.org/10.1037/0012-1649.43.3.602 
PMID:17484574 

38. Kenny DA, Kashy DA, Cook WL. Dyadic Data Analysis. 
New York, NY: Guilford Press; 2006. 

39. Preacher KJ, Curran PJ, Bauer DJ. Computational tools 
for probing interactions in multiple linear regression, 
multilevel modeling, and latent curve analysis. 
Journal of Educational and Behavioral Statistics. 2006; 
31:437–448. 

 https://doi.org/10.3102/10769986031004437 

40. Cole SW, Yan W, Galic Z, Arevalo J, Zack JA. Expression-
based monitoring of transcription factor activity: the 
TELiS database. Bioinformatics. 2005; 21:803–10. 

 https://doi.org/10.1093/bioinformatics/bti038 
PMID:15374858 

41. Cole SW, Capitanio JP, Chun K, Arevalo JM, Ma J, 
Cacioppo JT. Myeloid differentiation architecture of 
leukocyte transcriptome dynamics in perceived social 
isolation. Proc Natl Acad Sci USA. 2015; 112:15142–47. 

 https://doi.org/10.1073/pnas.1514249112 
PMID:26598672 

42. Wingender E, Dietze P, Karas H, Knüppel R. TRANSFAC: 
a database on transcription factors and their DNA 
binding sites. Nucleic Acids Res. 1996; 24:238–41. 

 https://doi.org/10.1093/nar/24.1.238  
PMID:8594589 

43. Efron B, Tibshirani RJ. An Introduction to the 
Bootstrap. New York, NY: Chapman & Hall; 1993. 

  

https://doi.org/10.1037/0021-843x.100.4.555
https://pubmed.ncbi.nlm.nih.gov/1757669
https://doi.org/10.1037/0022-3514.63.4.596
https://doi.org/10.1037/0893-3200.21.4.572
https://pubmed.ncbi.nlm.nih.gov/18179329
https://doi.org/10.1016/j.psyneuen.2015.07.001
https://pubmed.ncbi.nlm.nih.gov/26246388
https://doi.org/10.1093/bioinformatics/19.2.185
https://pubmed.ncbi.nlm.nih.gov/12538238
https://doi.org/10.1186/1471-2199-11-47
https://pubmed.ncbi.nlm.nih.gov/20565976
https://doi.org/10.1037/0012-1649.43.3.602
https://pubmed.ncbi.nlm.nih.gov/17484574
https://doi.org/10.3102/10769986031004437
https://doi.org/10.1093/bioinformatics/bti038
https://pubmed.ncbi.nlm.nih.gov/15374858
https://doi.org/10.1073/pnas.1514249112
https://pubmed.ncbi.nlm.nih.gov/26598672
https://doi.org/10.1093/nar/24.1.238
https://pubmed.ncbi.nlm.nih.gov/8594589


 

www.aging-us.com 16489 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Tables 
 

Supplementary Table 1. Random intercept models with chronic stress exposure and relationship closeness predicting 
CDKN2A expression (N = 70). 

Variables 
Unadjusted model  Adjusted model 

b SE p 95% CI  b SE p 95% CI 

Intercept 6.808 0.005 <.001 [6.798, 6.819]  6.797 0.010 <.001 [6.777, 6.817] 

Chronic stress 0.014 0.005 .01 [0.004, 0.025]  0.014 0.005 .01 [0.004, 0.025] 

Relationship closeness 0.005 0.005 .38 [-0.006, 0.016]  0.004 0.006 .52 [-0.008, 0.015] 

Chronic stress × Relationship closeness -0.003 0.004 .46 [-0.012, 0.006]  -0.001 0.005 .84 [-0.010, 0.008] 

Age      0.005 0.005 .31 [-0.005, 0.016] 

Sex      0.004 0.011 .70 [-0.018, 0.026] 

Ethnicity/race      0.004 0.003 .27 [-0.003, 0.010] 

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

Supplementary Table 2. Random intercept models with accumulated daily stress and relationship closeness 
predicting CDKN2A expression (N = 70). 

Variables 
 Unadjusted model   Adjusted model 

b SE p 95% CI  b SE p 95% CI 

Intercept 6.808 0.005 <.001 [6.798, 6.819]  6.800 0.010 <.001 [6.780, 6.821] 

Daily stress 0.013 0.005 .02 [0.002, 0.024]  0.012 0.006 .04 [0.001, 0.023] 

Relationship closeness 0.005 0.005 .38 [-0.006, 0.016]  0.004 0.006 .47 [-0.007, 0.016] 

Daily stress × Relationship closeness -0.002 0.004 .67 [-0.011, 0.007]  -0.001 0.005 .78 [-0.011, 0.008] 

Age      0.004 0.005 .50 [-0.007, 0.015] 

Sex      0.004 0.011 .70 [-0.018, 0.026] 

Ethnicity/race      0.002 0.003 .49 [-0.004, 0.009] 

Note.  CI = confidence interval. All continuous variables were z-transformed. 
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Supplementary Table 3. List of differentially expressed genes  
(>1.2-fold) for the interaction of perceived stress and relationship  
closeness (low vs. high). 

Up-regulated genes Down-regulated genes 

LOC728937 HLA-A29.1 

LOC100131971 TUBB2A 

CCL3L3 FCGR1B 

LOC100129650 LILRA3 

TMEM158 FCGR1A 

SERPINA13 FCGR1C 

CFD ORM1 

HBG2 LOC100133875 

IFI27 PI3 

ACCS HS.137971 

LOC728823 HLA-DQB1 

LOC644191 GNG10 

LOC641768 HS.508682 

LOC645979 IL18RAP 

LOC441377 SIGLEC14 

LOC650646 SLPI 

RPS26P11 ANXA3 

LOC644934 CXCL10 

MYOM2 C19ORF59 

LOC644928 LOC731682 

RPS26L PROK2 

RPS26 SCGB3A1 

FOLR3 S100A12 

HLA-DRB1 DEFA1 

HLA-DRB5 TNFSF13B 

 


