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A B S T R A C T

Research with animals and humans has demonstrated that chronic stress exposure can impact key biological aging
pathways such as inflammation and DNA damage, suggesting a mechanism through which stress may increase risk
for age-related disease. However, it is less clear whether these effects extend to other hallmarks of the aging
process, such as cellular senescence. Male SCID mice were exposed to 14 days of restraint stress, with (n ¼ 6) or
without (n ¼ 10) propranolol administration, or a non-stress control condition (n ¼ 10). Normal femoral bone
marrow leukocytes were isolated from engrafted leukemia cells that had been injected prior to the stressor, as the
mice were also under a cancer challenge. We performed whole genome transcriptional profiling to assess in-
dicators of biological aging: cell stress, DNA damage repair, cellular senescence markers p16INK4a and p21, and the
pro-inflammatory senescence-associated secretory phenotype (SASP). ANCOVAs that adjusted for tumor load and
Fisher's pairwise comparisons revealed that stressed mice had enhanced p16INK4a (p ¼ .02) and p21 (p ¼ .004),
lower DNA damage repair (p < .001), and higher SASP (p ¼ .03) gene expression than control mice. Stressed mice
also showed up-regulated beta-adrenergic (CREB) and inflammatory (NF-кB, AP-1) and down-regulated cell stress
(Nrf2) transcription factor activity relative to control mice (ps < .01). Propranolol reversed CREB and Nrf2 ac-
tivity (ps < .03). Findings suggest that chronic stress exposure can impact several key biological aging pathways
within bone marrow leukocytes and these effects may be partially mediated by sympathetic beta-adrenergic re-
ceptor activation.
1. Introduction

There is growing evidence that exposure to chronic psychosocial
stress can impact key biological aging pathways in animals and humans,
suggesting a potential mechanism through which chronic stress may in-
crease risk for age-related diseases such as cancer, cardiovascular disease,
type 2 diabetes, dementia, and early mortality (Epel, 2009; Shalev et al.,
2013). Chronic stress—through prolonged or repeated activation of the
sympathoadrenal system—is associated with an increased production of
catecholamines (e.g., noradrenaline) that bind to adrenergic receptors on
the surface of cells. This initiates a stress-signaling cascade characterized
by increased inflammatory signaling and cellular energy production,
which can result in cell stress—a state of cellular imbalance in which the
production of oxidants exceeds the cell's antioxidant capacity
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Cells under stress activate compensatory responses to promote detoxifi-
cation, build antioxidant reserve, and activate repair processes in
response to cellular injury. Nuclear factor erythroid 2-related factor 2
(Nrf2) is a key regulator of the cellular response to oxidative stress
(Bouvier et al., 2017; Baird and Dinkova-Kostova, 2011; Singh et al.,
2010), and heat shock factors (HSFs) also play a role in protecting cells
from damage under stressful conditions (Kim et al., 2012; Tower, 2009;
Oda et al., 2018). Cell stress that is prolonged or insufficiently repaired
can lead to excess DNA damage that initiates a state of permanent cell
growth arrest termed cellular senescence (Campisi and D’ Adda Di
Fagagna, 2007; Copp�e et al., 2010).

Intracellular proteins p16INK4a and p21 have been identified as robust
markers of cellular senescence that are correlated with chronological age
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in mice and humans (Campisi and D’Adda Di Fagagna, 2007). Expression
of these cell cycle inhibitors in response to DNA damage is thought to
have evolved as a protective mechanism to prevent the replication of
damaged cells that could develop into cancer or other malignancies.
However, although senescent cells are unable to proliferate, they remain
metabolically active and are associated with a heightened release of
pro-inflammatory cytokines, chemokines, and growth factors referred to
as the senescence-associated secretory phenotype (SASP) (Copp �e et al.,
2010). Therefore, the accumulation of senescent cells can itself become
damaging and accelerate aging through release of the SASP, which is
thought to be a driver of age-related disease and a source of chronic
inflammation (“inflammaging”) observed with older age (Campisi and
D’Adda Di Fagagna, 2007; Copp�e et al., 2010; Kirkland and Tchkonia,
2017; Franceschi and Campisi, 2014; Collado et al., 2007; Effros et al.,
2005; €Ozcan et al., 2016; Rodier and Campisi, 2011). Importantly,
research with mice has demonstrated that removal of p16INK4a-positive
cells can prevent or slow the deterioration of several tissues and organs
associated with aging (Baker et al., 2011; Demaria et al., 2017).

A well-established literature has linked chronic psychosocial stress
with increased inflammatory signaling (e.g., NF-кB and AP-1 transcrip-
tion factor activity) and circulating markers (e.g., IL-6) in animals and
humans (Irwin and Cole, 2011; Powell et al., 2013). Experimental animal
studies have demonstrated the role of sympathetically-mediated adren-
ergic receptor activity in this inflammatory response (Bierhaus et al.,
2003; DeRijk et al., 1994). Research with animals and humans suggests
that glucocorticoid receptor (GR) activity also plays a role in
stress-related inflammatory signaling. Although acute increases in glu-
cocorticoids inhibit inflammatory signaling, chronic elevations in
response to stress are thought to lead to insensitivity or down-regulation
of GRs that further contribute to a heightened pro-inflammatory response
(Miller et al., 2002; Cohen et al., 2012). Indeed, chronic stress exposure
has been associated with reduced GR and enhanced CREB and NF-кB
transcription factor activation as well as elevated pro-inflammatory gene
expression (Powell et al., 2013; Cole et al., 2007; Cole, 2014; Rohleder
et al., 2009; Miller et al., 2008, 2014).

The impact of chronic stress on other hallmarks of aging, including
cell stress, DNA damage and repair, and cellular senescence pathways,
has been less well characterized. For instance, research with mice and
rats has linked stress exposure to elevated markers of cell stress,
including lower Nrf2 translocation to the nucleus and increased heat
shock proteins (Bouvier et al., 2017; Fleshner et al., 2004; Johnson et al.,
2005). Other research has demonstrated that mice exposed to chronic
stress and humans exposed to an acute laboratory stressor showed
increased DNA damage and decreased DNA repair processes (Aschbacher
et al., 2013; Nishio et al., 2007; Consiglio et al., 2010; Hara et al., 2013;
Forsberg et al., 2015; Flint et al., 2005; Knickelbein et al., 2008). To our
knowledge, only two studies have examined links between chronic stress
and cellular senescence. In the first study, mice exposed to subordination
stress showed increased p53, which stimulates the p21-encoding gene
Cdkn1a, and a trend toward increased p16INK4a expression in the liver
and spleen (Razzoli et al., 2018). In the second study, mice that were
administered catecholamines showed increased p53 and p21 in bone
marrow cells and endothelial cells in cardiac tissue (Katsuumi et al.,
2018). These findings are supported by an observational study in
humans, in which chronic stress exposure was associated with enhanced
p16INK4a gene expression in leukocytes (Rentscher et al., 2019).

The present study extends this literature by adopting an experimental
restraint stress model to investigate the effects of chronic psychosocial
stress on biological aging. Mice were exposed to 14 days of restraint
stress with or without concurrent propranolol administration (a beta-
adrenergic antagonist), or a non-stress control condition, and were
under a cancer challenge as they had been injected with pre-B acute
lymphoblastic leukemia (ALL) cells prior to the onset of the stressor
(Lamkin et al., 2012). Given the innervation of the bone marrow by
sympathetic nervous system fibers (Nance and Sanders, 2007; Felten
et al., 1991; Sloan et al., 2008), we aimed to assess the effects of stress on
2

several key indicators of biological aging in normal femoral bone marrow
leukocytes: cell stress, DNA damage repair, cellular senescence, and the
pro-inflammatory senescence-associated secretory phenotype (SASP). As
cellular senescence is a state of permanent cell cycle arrest that is asso-
ciated with a heightened pro-inflammatory phenotype, senescent cells
within the bone marrow microenvironment may have a particularly
negative impact on tissue homeostasis and immune function, and
contribute to the development or progression of age-related disease
(Katsuumi et al., 2018; Abdul-Aziz et al., 2019; Heidt et al., 2014; You-
sefzadeh et al., 2021). Based on previous research, we hypothesized that
mice exposed to chronic stress would show greater expression of cellular
senescence markers p16INK4a and p21 and the SASP, as well as decreased
DNA damage repair, compared to control mice. Consistent with these
patterns of gene expression, we also expected that mice exposed to
chronic stress would show altered a priori-specified transcription factor
activity relative to control mice: beta-adrenergic (up-regulated CREB),
inflammatory (up-regulated NF-κB and AP-1, down-regulated glucocor-
ticoid receptor [GR]), and cell stress (down-regulated Nrf2, up-regulated
HSFs). Finally, based on previous research on the role of beta-adrenergic
receptor activation in the stress-signaling cascade, we hypothesized that
treatment with propranolol would reduce the effects of chronic stress
exposure on these transcriptomic indicators.

2. Materials and methods

2.1. Animals

Severe combined immunodeficient mice (CB17/Icr-Prkdcscid; Charles
River Laboratories) were 6- to 8-week-old males. Mice were housed
under BSL2 barrier conditions on an individually ventilated cage (IVC)
rack in dual filter disposable cages (Innovive, Inc.) in groups of 4–5 mice
per cage, with corn cob bedding and ad libitum access to food and water
on a 12:12 light:dark cycle at 22 �C (Lamkin et al., 2012). Bone marrow
samples from a total of 26 mice were available for whole transcriptome
examination in the present study (n¼ 10 for control condition; n¼ 10 for
chronic restraint stress; n ¼ 6 chronic restraint stress þ propranolol). All
experimental procedures with live animals described below were
approved by the Institutional Animal Care and Use Committee of the
University of California, Los Angeles (#2007-155).

2.2. Procedures

2.2.1. Chronic stress procedure and β-adrenergic receptor blockade
Mice were randomly assigned to home cage control conditions or 2

hours per day of physical restraint for 14 consecutive days. Mice were
restrained in a confined space that prevented them from moving freely
but did not press on them (Thaker et al., 2006). This paradigm has been
shown to induce chronic stress as evidenced by neuroendocrine acti-
vation (Thaker et al., 2006; Manni et al., 2008), weight loss (Smagin
et al., 1999), and anxiety-like behaviors (Hermann et al., 1994). To
determine whether beta-adrenergic receptor activation mediated the
effects of chronic stress on biological aging, propranolol hydrochloride
(Sigma, #P8688) in phosphate buffered saline (PBS) vehicle was
administered via Alzet osmotic mini-pumps (DURECT Corporation)
implanted subcutaneously on the lateral dorsal side of the mouse near
the scapula to deliver a dose of 2 mg/kg/d beginning 8 days before
initiation of the restraint stress and continuing throughout the experi-
mental period.

2.2.2. Bone marrow collection
Femoral bone marrow was collected with cold PBS, supplemented

with 1% fetal bovine serum (FBS), and subjected to red blood cell lysis
buffer (BD Biosciences, #555899). Given that the mice had been injected
with human pre-B acute lymphoblastic leukemia (ALL) cells at one day
prior to initiation of the chronic restraint stress period, fluorescent acti-
vated cell sorting was used to separate ALL cells from normal mouse
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leukocytes at the conclusion of the experiment. To mark ALL cells, bone
marrow cell samples were incubated with PE-conjugated antibodies
against human CD10 (BD Biosciences, #555375), washed, and sorted on
a FACSAria II High-Speed Cell Sorter with FACSDiva software (BD Bio-
sciences). Sorted human-CD10� mouse leukocytes were stored at �80 �C
until processing for total RNA extraction. To control for potential effects
of leukemia burden on biological aging in normal mouse leukocytes, the
amount of ALL tumor load, as measured in Lamkin et al. (2012), was used
as a covariate in the present analyses.

2.2.3. Whole transcriptome analysis
Total RNA from normal mouse leukocyte samples was extracted

(Qiagen RNeasy Mini Kit, #74104) and cleared of contaminating DNA
with on-column DNase digestion (Qiagen RNase-Free DNase Set,
#79254). Total RNA samples (~1 μg) were assayed in a single batch
using microarray-based whole genome transcriptional profiling with
Illumina MouseRef-8 v2.0 Expression Beadchips in the University of
California, Los Angeles Neuroscience Genomics Core (UNGC). Quantile
normalization (Gall�on et al., 2013) was applied to values of the 18,138
assayed transcripts, and normalized data were then log2 transformed.
2.3. Measures

2.3.1. Cellular senescence markers
To determine the effect of chronic stress on cellular senescence, we

first analyzed transcript abundance for the conventional biomarkers
p16INK4a (Cdkn2a) and p21 (Cdkn1a).

2.3.2. Transcriptome representation analysis for DNA damage repair and the
senescence-associated secretory phenotype (SASP)

To determine the effect of chronic stress on DNA damage repair and
the SASP, we used a transcriptome representation analysis (TRA) (Powell
et al., 2013) to analyze the expression of gene sets that have empirically
shown substantial differential expression for the indicated cellular
property in previous reference studies. The reference DNA damage repair
transcriptome included the validated 12-member gene set from Collin
et al. (2018) (Supplementary Table 2), which was down-regulated in
senescent cells and associated with increased DNA damage (e.g., arising
from collapsed replication forks or oxidative stress). The reference SASP
transcriptome included the validated 57-member gene set from Copp�e
et al. (2010) (Supplementary Table 3).

2.3.3. Transcription control pathways
To assess the effect of chronic stress on transcription factor activity

consistent with these gene expression patterns, we tested for a signifi-
cant difference in the prevalence of transcription factor binding motifs
(TFBMs) in the promoters of up-vs. down-regulated genes for beta-
adrenergic cAMP response element-binding protein (CREB), pro-
inflammatory nuclear factor–kappa B (NF-κB) and activator protein-1
(AP-1), anti-inflammatory glucocorticoid receptor (GR), and cell
stress-associated nuclear factor erythroid 2–related factor 2 (Nrf2) and
heat shock factors (HSF-1 and HSF-2) by using 2-group differential
expression analysis with the Transcription Element Listening System
(TELiS) (Cole et al., 2005). Binding motif definitions for these tran-
scription factors were retrieved from the TRANSFAC database
(V$CREB_01, V$NFKAPPAB_01, V$AP1_C, V$GR_06, V$NRF2_01,
V$HSF1_01, and V$HSF2_01, respectively), and differential gene
expression was defined as a � 25% difference (i.e., 1.25-fold) in the
mean log2-transformed values between (a) the stress group and the
control group, and (b) the stress þ propranolol group and the control
group, adjusting for ALL tumor load. For each motif, the analysis
averaged results derived from nine parametric variations of promoter
length (300 bp relative to RefSeq transcription start site, 600 bp, and
1000 bp to þ200) and target TFBM match stringency (MatSim ¼ 0.80,
0.90, 0.95).
3

2.4. Data analysis

Analyses were conducted in the R statistical environment, version
3.6.1 (R Core Team, 2019). All distributions were examined for outliers
and winsorization was applied to normalize distributions for p16INK4a

and the composite DDR and SASP transcriptome scores (Wilcox, 2017);
scores were winsorized at the 90/10th percentile, resulting in two win-
sorized data points per group in each analysis.

To test the hypotheses that chronic stress promotes cellular senes-
cence and does so through beta-adrenergic signaling, we first conducted
univariate analyses of covariance on the log2-transformed gene counts
for cellular senescencemarkers p16INK4a and p21, where the independent
variable was stress group (Control vs. Stress vs. Stressþ Propranolol) and
the covariate was ALL tumor load. Femoral ALL tumor load was
measured through bioluminescent imaging of luciferase-tagged ALL cells
as photons per second emanating from a region of interest (ROI) that
encircled the femur, with ROI size and exposure time kept constant
across all subjects (see Lamkin et al., 2012 for full details). Fisher's
pairwise comparisons tested differences in gene counts between the
groups (i.e., Stress vs. Control; Stress þ Propranolol vs. Control). TRA
results were determined by conducting a univariate analysis of covari-
ance on composite transcriptome scores, where the composite tran-
scriptome score for each subject was computed by taking the mean of the
z-score transformed gene expression values for each gene in the given
reference set for that subject.

For each TFBM examined, the mean value of all possible prevalence
ratios for each two-group comparison (i.e., Stress vs. Control; Stress þ
Propranolol vs. Control) was tested for significant deviation from a null
population mean ratio of 1 with a single sample t-test. Significance of the
reversal of the mean ratio by propranolol for a given TFBM was deter-
mined by conducting a paired samples t-test on the 9 difference scores
between log2 ratios from the 2 comparisons (i.e., the Stress/Control ratio
minus the Stress þ Propranolol/Control ratio), matched on the 9 para-
metric variations of promoter length and target TFBM match stringency.

3. Results

3.1. Gene expression patterns

Consistent with hypotheses, there was a marginal overall effect of
stress condition on gene expression of cellular senescence marker
p16INK4a (p¼ .06; Supplementary Table 1). Fisher's pairwise comparisons
revealed that mice exposed to chronic stress had higher expression of the
p16INK4a-encoding gene (Cdkn2a) than control mice (t ¼ �2.52, p ¼ .02;
Fig. 1). Mice exposed to chronic stress with propranolol administration
did not differ from control mice (p ¼ .29) or stressed mice without pro-
pranolol (p¼ .29). ALL tumor load was not associated with p16INK4a gene
expression (p ¼ .25). Also as hypothesized, there was a significant effect
of stress condition on expression of cellular senescence marker p21 (p ¼
.002; Supplementary Table 1). Fisher's pairwise comparisons revealed
that mice exposed to chronic stress had higher expression of the p21-
encoding gene (Cdkn1a) than control mice (t ¼ �3.26, p ¼ .004;
Fig. 1). However, mice exposed to chronic stress with propranolol
administration also had higher expression of p21 than control mice (t ¼
�3.67, p ¼ .001), and did not differ from stressed mice without pro-
pranolol (p ¼ .41). ALL tumor load was not associated with p21 gene
expression (p ¼ .50).

Also as hypothesized, there was a significant effect of stress condition
on expression of DNA damage repair genes (p < .001; Supplementary
Table 1). Fisher's pairwise comparisons revealed that mice exposed to
chronic stress had higher expression of DNA damage repair genes than
control mice (t ¼ 4.56, p < .001; Fig. 2). However, mice exposed to
chronic stress with propranolol administration also had higher expres-
sion of DNA damage repair genes than control mice (t ¼ 3.47, p ¼ .002)
and did not differ from stressed mice without propranolol (p ¼ .64). ALL
tumor load was not associated with DNA damage repair gene expression



Fig. 1. Effects of restraint stress on expression of cellular senescence markers
p16INK4a and p21 in mouse bone marrow cells.
(a) Five-number summary box plot of expression of cellular senescence marker
p16INK4a (Cdkn2a; winsorized at 90/10th percentile) in bone marrow cells of
mice randomized to Control (n ¼ 10), Restraint (n ¼ 10), or Propranolol (Prop)
þ Restraint (n ¼ 6) conditions on a log2 scale centered at zero. (b) Box plot as in
(a) of expression of cellular senescence marker p21 (Cdkn1a). *p < .05, **p <

.01, ***p < .001 vs. Control.
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(p ¼ .30).
As expected, there was a significant effect of stress condition on

expression of the senescence-associated secretory phenotype (SASP; p ¼
.006; Supplementary Table 1). Fisher's pairwise comparisons revealed
that mice exposed to chronic stress had higher expression of SASP genes
than control mice (t ¼ �2.36, p ¼ .03; Fig. 2). However, mice exposed to
chronic stress with propranolol administration also had higher expres-
sion of SASP genes than control mice (t ¼ �3.46, p ¼ .002), and did not
differ from stressed mice without propranolol (p ¼ .17). ALL tumor load
was not associated with SASP gene expression (p ¼ .46).
3.2. Transcription control pathways

Secondary promoter-based bioinformatics analyses assessed the
4

inferred activity of a priori-selected transcription factors involved in beta-
adrenergic (CREB), inflammatory (NF-κB, AP-1, GR), and cell stress
(Nrf2, HSF-1, HSF-2) responses. Analyses identified 434 differentially
expressed genes (201 up-regulated, 231 down-regulated) with � 25%
difference (i.e., 1.25-fold) in mean log2-transformed values between
mice exposed to chronic stress and control mice, adjusting for ALL tumor
load. Analyses also identified 919 differentially expressed genes (396 up-
regulated, 523 down-regulated) with� 25% difference (i.e., 1.25-fold) in
mean log2-transformed values between mice exposed to chronic stress
with propranolol treatment and control mice, adjusting for ALL tumor
load. The two lists of differentially expressed genes were submitted to the
Transcription Element Listening System (TELiS) (Cole et al., 2005),
which contains data on the prevalence of the transcription factor binding
motifs (TBFMs) for a priori-selected transcription factors, to assess the
likelihood of whether the TBFMs were over- or under-represented in the
promoter regions of the genes.

As hypothesized, relative to control mice, mice exposed to chronic
stress showed up-regulated beta-adrenergic CREB (Mean Log2 Ratio
[MLR]¼ 1.57, SE¼ 1.06, p< .001) and pro-inflammatory NF-κB (MLR¼
2.40, SE ¼ 1.20, p ¼ .001) and AP-1 (MLR ¼ 2.40, SE ¼ 1.19, p ¼ .001)
transcription factor activity (Fig. 3). Also as expected, mice exposed to
chronic stress showed down-regulated Nrf2 (MLR ¼ 0.61, SE ¼ 1.14, p ¼
.004) transcription factor activity relative to control mice. There were no
differences between stressed and control mice for GR (p ¼ .38), HSF-1 (p
¼ .17), or HSF-2 (p ¼ .23) transcription factors.

Relative to control mice, mice exposed to chronic stress with pro-
pranolol treatment also showed up-regulated beta-adrenergic CREB
(MLR ¼ 1.36, SE ¼ 1.04, p < .001) and pro-inflammatory NF-κB (MLR ¼
1.81, SE ¼ 1.16, p ¼ .004) and AP-1 (MLR ¼ 2.19, SE ¼ 1.15, p < .001)
transcription factor activity (Fig. 3). Mice exposed to chronic stress with
propranolol treatment also showed marginally up-regulated anti-in-
flammatory GR (MLR ¼ 1.14, SE ¼ 1.06, p ¼ .06), marginally down-
regulated Nrf2 (MLR ¼ 0.76, SE ¼ 1.13, p ¼ .06), and down-regulated
HSF-1 (MLR ¼ 0.91, SE ¼ 1.04, p ¼ .04) transcription factor activity
relative to control mice. There were no differences between stressed mice
with propranolol treatment and control mice for HSF-2 (p ¼ .70) tran-
scription factor.

Consistent with expectations, propranolol treatment significantly
reversed the mean log2 ratios (stressed vs. control mice) for several
transcription factors. On average, propranolol decreased CREB activation
by 13% (mean difference¼ �0.28, p ¼ .02), marginally decreased NF-κB
by 24% (mean difference ¼ �0.40, p ¼ .09), and increased anti-
inflammatory GR by 19% (mean difference ¼ 0.25, p ¼ .03). Proprano-
lol treatment also increased Nrf2 activation by 25% (mean difference ¼
0.33, p ¼ .03) and decreased HSF-1 activation by 17% (mean difference
¼ �0.28, p ¼ .03). Propranolol did not significantly change the mean
log2 ratios for AP-1 (p ¼ .19) or HSF-2 (p ¼ .29).

4. Discussion

This study adopted an experimental restraint stress model to inves-
tigate the effects of chronic stress on transcriptomic indicators of bio-
logical aging in mouse bone marrow leukocytes, including cell stress,
DNA damage repair, cellular senescence, and the pro-inflammatory
senescence-associated secretory phenotype (SASP). As expected, mice
exposed to chronic restraint stress showed enhanced expression of
cellular senescence markers p16INK4a and p21 and the SASP and reduced
expression of DNA damage repair genes compared to control mice.
Consistent with these patterns of gene expression, mice exposed to
chronic stress also showed increased beta-adrenergic (CREB) and pro-
inflammatory (NF-κB, AP-1) transcription factor activity, and decreased
Nrf2 transcription factor activity relative to control mice. It is also
important to note that, although the mice were under a cancer challenge,
the effects of stress on biological aging were independent from femoral
ALL tumor load, and tumor load was not associated with indicators of
biological aging.



Fig. 2. Effects of restraint stress on the DNA repair transcriptome and SASP transcriptome in mouse bone marrow cells.
(a) Five-number summary box plot of composite scores of the DNA repair transcriptome (winsorized at 90/10th percentile) in bone marrow cells of mice randomized
to Control (n ¼ 10), Restraint (n ¼ 10), or Propranolol (Prop) þ Restraint (n ¼ 6) conditions on a log2 scale centered at zero. Reference set for DNA repair genes was
bioinformatically identified and empirically validated by Collin et al. (2018). Heatmap of mean fold-changes for distinct DNA repair genes in Restraint and Prop þ
Restraint vs. Control group on log2 scale. (b) Box plot as in (a) of composite scores of senescence-associated secretory phenotype (SASP) transcriptome (winsorized at
90/10th percentile) and heatmap of mean fold-changes for distinct SASP genes. *p < .05, **p < .01, ***p < .001 vs. Control.
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Findings from this study are consistent with previous research that
has linked different forms of chronic stress to increased markers of bio-
logical aging in mice. For instance, although research has shown that
Nrf2 depletion exacerbates age-related increases in cellular senescence
markers p16INK4a and p21 (Fulop et al., 2018), only one study has
examined the effects of stress on Nrf2, finding that social defeat stress
prevented translocation of Nrf2 to the nucleus in rats (Bouvier et al.,
2017). In addition, mice exposed to social isolation, forced swimming,
and restraint stress showed increased DNA damage and decreased repair
in the brain and peripheral blood cells (Nishio et al., 2007; Consiglio
et al., 2010; Hara et al., 2013; Forsberg et al., 2015; Flint et al., 2005).
Emerging evidence also suggests that subordination stress is associated
with increased p53, which stimulates the p21-encoding gene Cdkn1a,
and possibly p16INK4a in the liver and spleen (Razzoli et al., 2018).
Studies with humans are consistent with these findings, such that chronic
stressors, including informal caregiving, bereavement, and work-related
stress, have been associated with greater oxidative stress, DNA damage
and repair processes, and cellular senescence marker p16INK4a (Rentscher
et al., 2019; Gidron et al., 2006; Robles and Carroll, 2011). It is important
to note that although there is a well-established literature linking chronic
stress and inflammation in mice and humans, this is the first study to
specifically link chronic stress exposure to increased expression of
pro-inflammatory SASP factors.

Contrary to expectations, treatment with propranolol (a beta-
5

adrenergic antagonist) did not reduce the effects of chronic stress on
expression of cellular senescence, DNA damage repair, or the pro-
inflammatory SASP. However, propranolol did reverse beta-adrenergic
(CREB) and cell stress (Nrf2) transcription factor activity, suggesting
that these effects may be partially mediated by beta-adrenergic receptor
activation. Although previous research has demonstrated that beta-
adrenergic antagonists can reduce the effects of stress on inflammatory
signaling, cell stress, and DNA damage (Bierhaus et al., 2003; Johnson
et al., 2005; Hara et al., 2013), it is possible that the observed effects also
occur though other pathways, including activation of alpha-adrenergic
receptors (Bierhaus et al., 2003; Johnson et al., 2005). Although this
study was not designed to test this hypothesis, in vitro studies have
shown that inflammatory (e.g., NF-κB) transcription factor activity was
reduced by both alpha- and beta-adrenergic antagonists (Bierhaus et al.,
2003). Somewhat unexpectedly, chronic stress did not have a significant
effect on glucocorticoid receptor (GR) transcription factor activity. This
finding is surprising in light of previous research demonstrating that
animals and humans exposed to chronic stress showed increased GR
resistance in splenocytes (Reber et al., 2007; Stark et al., 2001; Avitsur
et al., 2001; Niraula et al., 2018; Quan et al., 2003) and peripheral leu-
kocytes (Powell et al., 2013; Miller et al., 2002, 2008, 2014; Cole et al.,
2007; Rohleder et al., 2009; Schmidt et al., 2010; Walsh et al., 2018;
Cole, 2008). The role of GR transcription factor activity during the
response to chronic stress in mouse bone marrow leukocytes remains a



Fig. 3. Effects of restraint stress on beta-adrenergic,
inflammatory, and cell stress transcription factor
activity.
Beta-adrenergic (CREB), inflammatory (NF-кB, AP-1,
GR), and cell stress (Nrf2, HSF-1, HSF-2) transcrip-
tion factor activity in bone marrow cells of mice
randomized to Restraint (n ¼ 10) or Propranolol
(Prop) þ Restraint (n ¼ 6) vs. Control (n ¼ 10)
conditions, expressed as a Mean Log2 Ratio of tran-
scription factor binding motif (TFBM) prevalence in
the promoter regions of up-regulated versus down-
regulated genes, averaged across nine parametric
variations of promoter length and target TFBM
match stringency. *p < .05, **p < .01, ***p < .001
vs. null difference of zero. Brackets represent mean
difference tests between Restraint and Prop þ Re-
straint conditions.
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question for future investigation.
Findings from this study should be considered in light of its limita-

tions, which suggest directions for future research. First, this study
included mice with severe combined immunodeficiency (SCID) because
they are ideal models for the engraftment of human cells. However,
because SCID mice lack adaptive immune cells (i.e., B and T lympho-
cytes), the assessment of biological aging markers in this study was
derived primarily from the innate immune cell compartment (e.g.,
monocytes, natural killer cells). In addition, SCID mice have a deficiency
in non-homologous end-joining, which is one pathway for DNA double-
strand break repair; however, previous research found that SCID mice
showed a slightly lower but still significant increase in p21 (Cdkn1a)
expression following radiation exposure compared to wild type mice,
suggesting that other DNA damage and repair pathways may be activated
(Rudqvist et al., 2018). In this study, the experimental design included all
SCIDmice so that the only difference between the groups was exposure to
chronic stress, and an effect of stress on expression of DNA repair and
other biological aging processes was observed despite this deficiency.
Future research may benefit from using a humanized murine model to
study the effects of chronic stress on biological aging in mice facing a
cancer challenge without severe immunodeficiency. Second, this study
included male mice only, which precluded the investigation of sex dif-
ferences. Given that previous research also tested the effects of chronic
stress and catecholamine exposure on cellular senescence in male mice
(Razzoli et al., 2018; Katsuumi et al., 2018), the present study contributes
to our understanding of these effects in males; however, it will be
important for future research to test these effects in females as well as
potential sex differences in stress-induced biological aging. Third,
although previous research has linked p16INK4a and DNA repair mRNA
levels to protein levels (Mekki et al., 1999; Collin et al., 2018; Hara et al.,
1996; Li et al., 1994), some SASP factors such as damage-associated
molecular patterns (DAMPs) are not initiated by the transcriptome
(Basisty et al., 2020). Future research that combines transcriptomic and
proteomic analysis will provide a more complete picture of the chronic
stress-induced senescence response in bone marrow and other cell types.
Finally, although the overall pattern of findings from this study suggests
6

several molecular pathways through which psychosocial stress impacts
biological aging, the study did not employ a knock-out model or phar-
macological blockade of these molecular mechanisms to directly test for
mediation, and this is an important direction for future investigation.

Despite these limitations, this is the first study to demonstrate that
chronic psychosocial stress activates several key biological aging pro-
cesses in mouse bone marrow leukocytes, including cell stress, DNA
damage repair, cellular senescence, and the pro-inflammatory SASP,
supporting the hypothesis that chronic psychosocial stress may accel-
erate biological aging and be a key mechanism driving increased risk for
age-related disease, such as dementia, cardiovascular disease, and early
mortality. Findings from this study also suggest that these effects may be
partially mediated by beta-adrenergic receptor signaling, which initiates
the cell stress-signaling cascade characterized by increased inflammation
and cellular energy production. Excess cell stress for prolonged periods
leads to DNA damage and can initiate cellular senescence. Importantly,
given that cellular senescence is a state of permanent cell cycle arrest that
is associated with a heightened pro-inflammatory phenotype, senescent
immune cells in the bone marrow microenvironment may have particu-
larly detrimental consequences for tissue homeostasis, immune function,
and the development and progression of age-related diseases such as
cancer (Katsuumi et al., 2018; Abdul-Aziz et al., 2019; Heidt et al., 2014;
Yousefzadeh et al., 2021). Our results support a role of chronic psycho-
social stress in driving biological aging pathways within bone marrow
leukocytes, and offer a mechanism through which stress may accelerate
aging and risk for age-related disease. Given the innervation of the bone
marrow by the sympathetic nervous system (Nance and Sanders, 2007;
Felten et al., 1991; Sloan et al., 2008), future research that examines the
impact of chronic psychosocial stress on biological aging within pro-
genitor cells in the bone marrow microenvironment is warranted.
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