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Abstract

One proposed mechanism for the association between social isolation and poor health outcomes is
inflammation. Lonely or socially disconnected individuals show greater inflammatory responses,
including up-regulation of pro-inflammatory gene expression, and people who are sensitive to
cues of social disconnection (e.g., high levels of anxious attachment) exhibit greater inflammation
in response to psychological stress. However, no studies have examined how sensitivity to social
disconnection may influence pro-inflammatory responses to an inflammatory challenge. In the
present study, we investigated the impact of sensitivity to social disconnection (a composite score
comprised of loneliness, anxious attachment, fear of negative evaluation, and rejection sensitivity)
on pro-inflammatory cytokines and gene expression in response to endotoxin, an inflammatory
challenge, vs. placebo in a sample of one hundred and fifteen (h=115) healthy participants. Results
showed that those who are more sensitive to social disconnection show increased pro-
inflammatory responses (i.e., increased levels of tumor necrosis factor-alpha and interleukin-6) to
endotoxin, as well as up-regulation of multiple genes related to inflammation. Furthermore,
bioinformatics analyses revealed that those in the endotoxin group who are more sensitive to
social disconnection exhibited a conserved transcriptional response to adversity (CTRA)
regulatory profile, involving up-regulation of beta-adrenergic and pro-inflammatory transcription
control pathways and down-regulation of antiviral transcription factors in response to endotoxin.
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These results may ultimately have implications for understanding the links between social
isolation, inflammation, and health.
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1. Introduction

Decades of research have established a link between social isolation and poor health
outcomes (Hawkley and Cacioppo, 2010; House et al., 1988; Uchino et al., 1996). In fact,
meta-analysis indicates that social isolation can have a stronger effect on mortality risk than
more traditional health risk factors such as obesity and physical inactivity, such that
individuals with strong relationships have a 50% greater likelihood of survival than their
isolated counterparts (Holt-Lunstad et al., 2010). Interestingly, peoples’ subjective
perceptions of social isolation (e.g., feelings of loneliness or social disconnection) serve as a
stronger predictor of health-related outcomes than objective measures (e.g., number of
people in their social network or frequency of social contact; Shor and Roelfs, 2015). While
associations between social isolation and health are well-established, the pathways or
mechanisms behind this link are less clear.

One proposed pathway for the impact of subjective social isolation on health outcomes
involves inflammation (Eisenberger and Cole, 2012; Hawkley et al., 2007). Inflammation,
the body’s first line of defense against foreign agents and infection, is generally adaptive
when it is acute, but chronic inflammation has been linked to a number of diseases,
including cardiovascular disease, arthritis, metastatic cancer, and diabetes (Ferrucci et al.,
1999; Finch, 2010). Furthermore, a growing body of work has found that subjective social
isolation is related to increased inflammation. For example, individuals who report feeling
chronically lonely and distant from others, compared to individuals who report feeling more
socially connected to others, exhibit up-regulation of genes involved in inflammation (Cole
etal., 2007; Creswell et al., 2012). Lonelier individuals also show increased levels of pro-
inflammatory cytokines such as interleukin(IL)-6 and tumor necrosis factor-alpha (TNF-a)
in response to an acute psychological stressor (Hackett et al., 2012; Jaremka et al., 2013a).

Other related psychological constructs, such as anxious attachment, sensitivity to negative
social evaluation, and rejection sensitivity, have also been examined in relation to
inflammation. As these constructs tap into an individual’s sensitivity to social disconnection
(i.e., increased sensitivity to rejection, social evaluation, or abandonment), it is reasonable to
expect that these constructs would show similar patterns of inflammatory activity to those
observed with loneliness or subjective social isolation. Indeed, individuals who demonstrate
high levels of anxious attachment show immune-related alterations (Jaremka et al., 2013b).
Similarly, it has been shown that social evaluative threat leads to increases in pro-
inflammatory cytokines, whereas equally stressful tasks without a socially evaluative
component do not (Dickerson, 2008; Dickerson et al., 2009). Finally, greater neural
sensitivity to social rejection has been associated with increased inflammatory responding to
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a social stressor (Slavich et al., 2010). Together, these findings suggest that subjective social
isolation as well as increased sensitivity to cues of social disconnection are associated with
increased inflammatory activity.

It has been suggested that this increase in inflammatory responses to social disconnection
was once adaptive (Cole, 2013, 2014; Eisenberger and Cole, 2012; Irwin and Cole, 2011).
That is, when an individual faced social exclusion or ostracism, the risk of wounding
increased (e.g., through hostile social interactions, increased vulnerability to predators), and
bacterial infections became more likely. Meanwhile, viral infections, which are typically
transmitted through social contact, became less likely. Because of this, it would have been
adaptive to temporarily up-regulate pro-inflammatory gene expression and down-regulate
anti-viral gene expression during periods of perceived social disconnection (Cole, 2013,
2014; Eisenberger and Cole, 2012; Irwin and Cole, 2011). Indeed, humans appear to have
developed what has been called a conserved transcriptional response to adversity (CTRA),
which can be activated by perceived social disconnection and involves up-regulation of the
transcription of pro-inflammatory genes and down-regulation of the expression of anti-viral
genes. These effects are mediated at least in part by threat-related activation of the
sympathetic nervous system (SNS), which modulates gene expression by stimulating beta-
adrenergic-linked transcription factors such as CREB and pro-inflammatory transcription
factors such as NF-xB, and inhibiting anti-viral transcription factors such as Interferon
Response Factors (IRFs; Cole, 2013, 2014). As such, activation of this CTRA profile in
response to social disconnection may have been adaptive in ancestral times but in modern
society may potentially contribute to some of the poor health outcomes associated with
subjective social isolation.

In summary, the current literature supports the idea that socially disconnected individuals
show greater pro-inflammatory gene expression and that people who are sensitive to cues of
social disconnection exhibit greater inflammatory profiles in response to psychological
stress. However, it is unclear how sensitivity to social disconnection may impact an
individual’s pro-inflammatory response to an inflammatory challenge. Thus, in the present
study, we build on prior literature by investigating the impact of sensitivity to social
disconnection (a composite score comprised of loneliness, anxious attachment, fear of
negative evaluation, and rejection sensitivity) on pro-inflammatory cytokines and gene
expression in response to endotoxin, a well-controlled inflammatory challenge, in a large
sample (n=115) of healthy adults. Using this same sample, we have previously examined the
effects of experimental inflammation on affect, social experience, and social cognition.
Specifically, we have shown that endotoxin leads to increases in depressed mood and
feelings of social disconnection, which are particularly pronounced in women (Moieni et al.,
2015b). We have also found that endotoxin leads to decreases in theory of mind capabilities
(Moieni et al., 2015a). However, we have not explored how baseline differences in
psychological traits impact the inflammatory response to endotoxin.

Thus, in this report, we examine how differences in trait sensitivity to social disconnection
impacts inflammation in response to endotoxin. We hypothesized that being more sensitive
to social disconnection would be associated with increased pro-inflammatory responses (i.e.,
increased levels of TNF-a and IL-6) to endotoxin. Furthermore, we hypothesized that
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individuals who were more sensitive to social disconnection would also exhibit greater
activation of the CTRA gene expression profile (i.e., increased expression of
proinflammatory-related genes; decreased expression of anti-viral genes) in response to
endotoxin.

2. Methods and Materials

2.1 Participants and procedures

One hundred and fifteen healthy participants (69 female; mean age: 24.2 + 6.6) completed
the study. Participants were recruited from UCLA and the greater Los Angeles community,
and screened for eligibility using a structured telephone interview and an in-person
screening session, as described elsewhere (Moieni et al., 2015a; Moieni et al., 2015b). The
study was conducted between March 2011 and August 2013 at the UCLA Clinical and
Translational Research Center (CTRC) using a randomized, double-blind, placebo-
controlled design. Ninety minutes after arrival to the CTRC, each participant was randomly
assigned to receive either low-dose endotoxin (0.8 ng/kg of body weight; E. coli group O:
113: BB-IND 12948 to M.R.1.) or placebo (same volume of 0.9% saline), which was
administered by the nurse as an intravenous bolus. The random allocation sequence was
generated by a consultant who was not involved in running participants and was kept by the
UCLA Pharmacy to ensure proper drug preparation for each participant. Randomization was
done using a computerized uniform random number generator; males and females were
randomized separately in permuted blocks of 4. Participants were enrolled in the study by a
study coordinator (1.J.).

Details of the study protocol are provided in previous reports (Moieni et al., 2015a; Moieni
et al., 2015b). Briefly, throughout the study, vital signs and blood draws to assess circulating
cytokine levels were collected at baseline (TO) and then approximately every hour for the
next six hours (T1-T6). Because peak RNA response precedes peak protein levels, blood
was collected for gene expression analyses only at baseline (T0) and approximately 30
minutes (T0.5) after injection with endotoxin or placebo; all gene expression analyses
focused on these two timepoints. Participants were discharged from the CTRC following the
last blood draw upon approval from the study’s physician; approval was granted once self-
reported symptoms returned to baseline levels. All subjects provided written consent before
participating, and all procedures were approved by the UCLA Human Subjects Protection
Committee.

Of the 115 participants, 54 were randomized into the placebo condition and 61 were
randomized into the endotoxin condition. For further demographic information about this
sample, please see the online supplementary material.

2.2 Composite score for sensitivity to social disconnection

In order to create a composite score that reflected sensitivity to social disconnection, we
standardized and summed four reliable measures related to cues or direct measures of
feelings of social disconnection. This included measures of loneliness, anxious attachment,
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fear of negative evaluation, and rejection sensitivity. All four questionnaires were completed
by all participants at baseline.

Loneliness was measured using the 20-item UCLA Loneliness Scale, a highly reliable
measure of subjective feelings of loneliness, or feeling subjectively isolated from others
(Russell, 1996). Participants rate how often they feel certain feelings relevant to loneliness
such as how often they feel “alone,” “left out,” or that they “lack companionship.”

Attachment-related anxiety was measured using a short (9-item) version of the anxious
attachment subscale of the Experiences in Close Relationships-Revised (ECR-R)
questionnaire (Fraley et al., 2000), a reliable and valid measure of adult attachment (Sibley
et al., 2005). In order to measure attachment anxiety, which is associated with being overly
sensitive to signs of rejection or abandonment by others and having a high need for
closeness with or approval from others, participants rate how much they agreed with
statements such as “I worry a lot about relationships” and “I often worry that my partner
doesn’t really love me.”

Fear of negative evaluation was measured using the 12-item Brief Fear of Negative
Evaluation (BFNE) Scale, a reliable measure of the degree to which people feel
apprehension at the idea of being evaluated negatively by others (Leary, 1983), which is a
potential cue for being socially rejected or isolated. Participants indicate how characteristic
certain statements are of them, such as “I am afraid that others will find fault with me” and
“l am usually worried about what kind of impression | make.”

Rejection sensitivity was measured using the 24-item Mehrabian Sensitivity to Rejection
(MSR) Scale, a reliable scale intended to assess components of sensitivity to rejection such
as reluctance to express opinions because of fear of rejection, reluctance to impose on
others, and being easily hurt by negative feedback from others and fearing such feedback
(Mehrabian, 1970, 1994). Participants indicate the extent to which they agree with
statements such as “I am cautious expressing my opinions until I know people quite well,”
“l seldom contradict people for fear of hurting them,” and “I sometimes take criticism too
hard.”

Together, these four constructs reflect sensitivity to cues or direct measures of feelings of
social disconnection. Thus, in order to create a composite score that reflected sensitivity to
social disconnection, we standardized and summed the four questionnaires above (UCLA
Loneliness, ECR-R, BFNE, MSR). The reliability of the composite scale, comprised of these
four scales, was good (a = .75). Furthermore, the results of a principal components analysis
revealed that the composite of these four scales reflects a single factor or component. Using
the commonly-used Kaiser criteria (Field, 2009; Guttman, 1954; Kaiser, 1960), only one
component emerged; only one component had an eigenvalue over 1 (eigenvalue=2.362), and
this single component explained nearly 60% of the variance in the indicator variables.
Furthermore, all variables had a loading of .58 or better, indicating strongly loading items
(Costello & Oshorne, 2005). These results were fully replicated with identical variance
explained by a factor analysis using principal axis factoring.
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2.3 Plasma levels of cytokines

Whole blood samples were collected in pre-chilled EDTA tubes. After collection, the
samples were centrifuged at 4°C, plasma was harvested into multiple aliquots, and then
stored in a —70°C freezer until the completion of the study.

Plasma TNF-a and IL-6 concentrations (assay ranges 0.8-3100 pg/mL and 0.2-3800 pg/mL,
respectively) were determined using a Bio-Plex 200 (Luminex) Instrument, and a high
sensitivity bead-based multiplex immunoassay (Performance High Sensitivity Human
Cytokine, R& D Systems, Minneapolis, MN), as previously described (Moieni et al., 2015a;
Moieni et al., 2015b). All plasma samples from each subject (baseline and all subsequent
time points) were assayed on the same 96-well plate; every subject demonstrated the
expected profile of change of cytokine concentrations over time, based on previous studies
(Eisenberger et al., 2010; Eisenberger et al., 2009). The mean intra-assay CV% of the
standards was < 8% for TNF-a and IL-6; the inter-assay CV% of an internal laboratory
quality control sample was < 13% for both analytes.

2.4 Gene expression and bioinformatics

Genome-wide transcriptional profiling was conducted on peripheral blood mononuclear
cells (PBMC) isolated from 8 ml venipuncture blood samples by density gradient
centrifugation (BD Vacutainer Cell Preparation Tubes). RNA was extracted (Qiagen
QIlAcube), tested for suitable mass (Nanodrop ND1000) and integrity (Agilent Bioanalyzer),
converted to fluorescent cRNA (Ambion TotalPrep) and hybridized to lllumina Human
HT-12 v4 BeadArrays following the manufacturer’s standard protocol in the UCLA
Neuroscience Genomics Core Laboratory. 111 of 115 participants provided blood samples at
both baseline and follow-up T0.5 time points, and all paired samples yielded sufficient RNA
for analysis. All samples were assayed in a single batch and yielded valid results according
to standard data quality metrics (e.g., median probe fluorescence intensity > 100 units).

2.5 Statistical analyses

As reported previously (Moieni et al., 2015b), to establish between-group differences in the
effect of endotoxin vs. placebo on cytokines, we used a standard statistical program (SPSS
22.0) in order to conduct analyses of covariance (ANCOVA) examining condition effects
controlling for baseline values at each timepoint. Because the cytokine values were not
normally distributed at any time point, values were natural log-transformed for analyses, and
due to known effects of BMI on cytokines, we controlled for BMI.

We then used the PROCESS macro for SPSS (Hayes, 2012) in order to conduct moderation
analyses examining whether inflammatory responses to endotoxin were moderated by
sensitivity to social disconnection. The PROCESS macro estimates coefficients using OLS
regression and automatically calculates interaction terms for moderation analyses.
PROCESS also generates conditional effects by default, which allows for probing of
significant interactions in moderation models. Although the peak of the inflammatory
response typically occurred at T2 (Moieni et al., 2015b) several participants also peaked at
T1 or T3. Hence, to capture peak responses, we focused on inflammatory responses (TNF-a,
IL-6) averaged across T1 to T3. To determine whether sensitivity to social disconnection
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moderated inflammatory responses to endotoxin (from T1 to T3), we tested the effect of
condition (endotoxin vs. placebo), sensitivity to social disconnection, and their interaction
on inflammatory responses (TNF-a, IL-6). We also controlled for baseline (TO) values of the
cytokine, demographic variables (i.e., age, gender, BMI, education), as well as
psychological variables that may be theoretically related to the social disconnection
sensitivity composite (i.e., depression, anxiety; Beck et al., 1988; Spielberger et al., 1983).

Gene expression data were quantile-normalized (Bolstad et al., 2003) and log2-transformed
for general linear model analyses examining the magnitude of within-subject change in
transcript abundance from baseline to follow-up (i.e. a pre-post difference score from TO to
T0.5) as a function of control variables (age, gender, BMI, education, depressive symptoms,
and anxiety symptoms), a main effect of experimental condition (endotoxin vs. placebo), a
main effect of social disconnection sensitivity (expressed as a z score), and a condition x
social disconnection sensitivity interaction. To identify transcription control pathways that
might mediate differential response to endotoxin as a function of social disconnection
sensitivity, TELiS promoter-based bioinformatics analyses (Cole et al., 2005) were
performed on all gene transcripts showing a point estimate of = 1.2-fold in the condition x
social disconnection sensitivity interaction term (i.e., magnitude of difference in the
endotoxin vs. placebo effect over the range from —2 SD to +2 SD relative to mean level of
social disconnection sensitivity). These putatively associated genes were subject to TELIS
promoter-based bioinformatic analysis to assess activity of NF-xB (using the TRANSFAC
V$NFKB_Q6 transcription factor-binding motif weight matrix), CREB (V$CREB_02), and
Type | interferon-activated (V$ISRE_01, V$STAT_01) transcription factor families.
Transcription factor activity was assessed by the log-ratio of transcription factor-binding
motifs (TFBM) in the promoter sequences of up-regulated genes vs. down-regulated genes
(ensuring that all analyzed genes can potentially be expressed in PBMC and avoiding cell
type-specific bias in transcript expression patterns), with results averaged across 9
parametric combinations of 3 promoter sequence lengths (=300 bp upstream of the RefSeq
gene transcription start site, =600 bp, and —1000 to +200 bp) and 3 stringencies for motif
detection (Transfac mat_sim values = .80, .90, and .95) and standard errors derived by
bootstrapping of residuals (Efron & Tibshirani, 1993) (200 cycles of resampled residual
vectors, which controls for any potential correlation among residuals across genes). Low-
level transcript-phenotype associations (reported in Supporting Dataset S1) were estimated
solely to provide inputs into high-level TELIS gene set analyses and were not tested for
statistical reliability at the level of individual genes.

3.1 Inflammatory responses to endotoxin

As reported previously (Moieni et al., 2015b), endotoxin (vs. placebo) led to significant
increases in the pro-inflammatory cytokines TNF-a and IL-6 over time; condition effects of
endotoxin vs. placebo at each timepoint were significant from one hour post-injection
through six hours-post injection, controlling for baseline values (all p’s <.001). These effects
also held after controlling for BMI, age, gender, education, depression, and anxiety (p’s <.
001).
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Consistent with previous work (e.g., Eisenberger et al., 2010), the peak of the cytokine
response occurred, on average, at approximately 2 hours post-injection (T2) in the endotoxin
group. However, because several participants peaked on either TNF-a or IL-6 at T1 or T3,
all moderation analyses below focus on the inflammatory response averaged across T1, T2,
and T3.

Furthermore, although gender was included as a covariate in all the analyses below, it is
important to point out that there were no gender differences in cytokine responses to
endotoxin, as reported previously (Moieni et al., 2015b). Additionally, there were no gender
differences in the composite measure of sensitivity to social disconnection (p > .1).

3.2 Sensitivity to social disconnection and cytokine responses

As hypothesized, there was a significant condition (endotoxin vs. placebo) by social
disconnection sensitivity interaction, such that greater sensitivity to social disconnection was
associated with a greater TNF-a response to endotoxin (vs. placebo; Figure 1a; condition x
social disconnection sensitivity interaction: B = .057, SE =.027, 95% CI =[.003, .111], t=
2.08, p <.05), controlling for TO values, BMI, age, gender, education, depression, and
anxiety. Analysis of conditional effects revealed that for the endotoxin group, increased
sensitivity to social disconnection significantly predicted heightened TNF-a responses (B = .
077, SE =.027, 95% CI = [.023, .132], t = 2.84, p < .01). This effect was not present in the
placebo group (B = .021, SE =.024, 95% CI = [-.027, .068], t = .868, p = .39).

In line with the TNF-a results, IL-6 levels showed a significant condition by sensitivity to
social disconnection interaction, such that greater sensitivity to social disconnection was
associated with a greater I1L-6 response to endotoxin (vs. placebo; Figure 1b; condition x
social disconnection sensitivity interaction: B =.079, SE =.037, 95% CI =[.006, .151], t=
2.16, p < .05), controlling for TO values, BMI, age, gender, education, depression, and
anxiety. Analysis of conditional effects revealed that for the endotoxin group, increased
sensitivity to social disconnection predicted heightened IL-6 responses B = .074, SE = .037,
95% CI =[.001, .147], t = 2.02, p < .05). This effect was not present in the placebo group (B
= -.005, SE =.033, 95% CI = [-.069., .060], t = —.139, p = .89).

3.3 Sensitivity to social disconnection and gene expression

To identify transcription control pathways that might contribute to the increased
inflammatory responses observed in people with high levels of sensitivity to social
disconnection, we conducted promoter-based bioinformatics analyses of 667 gene
transcripts that showed = 1.2-fold difference in the magnitude of response to endotoxin (vs.
placebo) over a 4-SD range of individual differences in social sensitivity (i.e., point estimate
of the condition x social disconnection sensitivity interaction = 0.065710 log2 expression
units / social disconnection z unit; genes listed in supporting information data File S1).
Prominent among the 390 named genes showing greater endotoxin response in people with
high social disconnection sensitivity were transcripts encoding pro-inflammatory cytokines
and chemokines (IL1B, IL6, IL8, CCL2, CCL8, CCL11, CCL3L1, CCL4L2, CCL20,
CXCL10, PTGSL, PTGS2) and pro-inflammatory transcription factors (FOS, JUN, FOSB,
EGR1, EGR2). Consistent with these observations at the level of individual gene transcripts,
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TELIS promoter-based bioinformatics analyses of the entire up-regulated gene set indicated
significant elevation in activity of beta-adrenergic-linked CREB family transcription factors
and pro-inflammatory NF-xB family transcription factors (Figure 2; CREB: B = .844, SE =.
246, 95% CI =[.362, 1.327], z = 3.428, p = .0007; NF-xB: B = 1.014, SE = .394, 95% CI =

[.242, 1.786], z = 2.573, p = .0108).

Among the 277 named genes showing comparatively down-regulated response to endotoxin
in people with high social disconnection sensitivity were several interferon-related genes
(IFIT2, IFNG, IL18RAP, IL28A). Consistent with that observation, TELIS analysis of the
entire down-regulated gene set also indicated reduced activation of interferon-responsive
transcription factors (Figure 2; interferon-stimulated response element - ISRE: B = -1.190,
SE =.492, 95% CI = [-2.154, —.226], z = -2.42, p = .0164; signal transducer and activator
of transcription - STAT: B = -.896, SE =.217, 95% CI = [-1.320, -.471],z=-4.137,p <.
001).

4. Discussion

Although sensitivity to social disconnection or social isolation has been shown to be
associated with increased inflammatory activity, no work has examined how sensitivity to
social disconnection impacts inflammatory responses to an inflammatory challenge. We
found that people highly sensitive to social disconnection exhibited greater inflammatory
responsiveness to endotoxin, an inflammatory challenge, compared to placebo. These effects
were seen across multiple pro-inflammatory biomarkers, including TNF-a and IL-6 in
plasma, as well as multiple gene transcripts in PBMC.

While this is the first time these effects have been examined in humans, these results mirror
what has previously been observed in animal work. For example, mice who experience
social disruption (i.e., a period of social isolation followed by regrouping) show enhanced
TNF-a and IL-6 activity in response to endotoxin (Gibb et al., 2008). Furthermore, rats who
have experienced social threat, compared to rats who have not been exposed to social threat,
exhibit increased pro-inflammatory activity in response to endotoxin (Carobrez et al., 2002).
Although the sample in the current study was not being directly exposed to a social threat or
having their social relationships experimentally altered, individuals with a greater sensitivity
to social disconnection may have increased thoughts, feelings, or worries related to these
types of negative social experiences even when not directly confronted with such
experiences (Cacioppo and Hawkley, 2009). Thus, our results in a human sample extend
these animal findings by showing that greater sensitivity to social disconnection may lead to
greater proinflammatory activity to endotoxin.

Interestingly, it has been proposed that this increased inflammatory activity in response to
social disconnection may have been evolutionarily adaptive in ancestral times (Cole, 2013,
2014; Eisenberger and Cole, 2012; Irwin and Cole, 2011). Because humans are social
beings, and viral infections are typically transmitted through social contact, it would be
adaptive for humans to exhibit a strong anti-viral bias to fight such infections. However,
when individuals risk being excluded or ostracized from the social group and thus suffer
increased risk of wounding, bacterial infections also become more likely. As such, it would
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become adaptive to temporarily up-regulate pro-inflammatory gene expression (even if that
comes at the expense of anti-viral gene expression). Indeed, the human immune system
appears to have developed a conserved transcriptional response to adversity (CTRA) which
involves up-regulating pro-inflammatory gene expression (e.g., cytokines, chemokines)
while conversely down-regulating anti-viral gene expression (e.g., interferon response
genes) in response to threatening environmental conditions, such as subjective social
isolation (Cole, 2013).

Results from the bioinformatics analyses in the present study support this hypothesis that
sensitivity to social disconnection activates a CTRA-like pattern involving enhanced
activation of pro-inflammatory transcription control pathways and reduced activation of
antiviral transcription factors. This CTRA profile may contribute to the elevated
inflammatory responsiveness of individuals highly sensitive to social disconnection.
Furthermore, these findings are consistent with the broader CTRA literature on other types
of social adversity (Cole, 2013; Irwin and Cole, 2011). People facing various types of
chronic social threat, such as social isolation (Cole et al., 2007), low socio-economic status
(Chen et al., 2011; Miller et al., 2009) or caring for a mortally ill spouse (Miller et al., 2008)
also exhibit a CTRA profile. The results from the present study combined with this prior
literature suggest that social disconnection may prime the body for enhanced responses to
immunologic insults (e.g., microbes, injury, etc.) and thereby contribute to a variety of
chronic illnesses associated with social isolation in the epidemiologic literature. Thus, while
once adaptive, this pro-inflammatory CTRA profile may be promoting inflammatory-related
chronic disease in modern society’s complex social systems.

As noted in the Results section and as displayed in Figure 1, the placebo group did not show
larger inflammatory responses as a function of sensitivity to social disconnection. That is,
those with high social disconnection sensitivity did not show elevations in pro-inflammatory
cytokines under control conditions; they only showed hyper-responsiveness when exposed
to endotoxin. This stands in slight contrast to the aforementioned work showing higher
levels of inflammatory activity in relation to social disconnection or chronic social threat
under baseline conditions. Healthy young individuals, as examined in this study (average
age = 24), typically have lower levels of pro-inflammatory cytokines as compared to older
adult samples (O’Connor et al., 2009). As such, social disconnection-related differences in
basal inflammation levels that have been observed in some other older samples may not yet
be evident in this young, healthy cohort.

Relatedly, it is important to also address the limitations of this study. First, while this study
may ultimately help us understand the associations between social isolation and poor health
outcomes, the present study is limited in that it was conducted in a young and healthy
sample. Future studies should be done in older and/or clinical samples in order to better
flesh out the findings. Furthermore, although the experimental nature of the endotoxin
administration allowed us to investigate the impact of social disconnection sensitivity on a
well-controlled, uniform inflammatory challenge, we did not experimentally manipulate
sensitivity to social disconnection. As such, we cannot conclusively determine that
sensitivity to social disconnection causally led to enhanced pro-inflammatory responses.
While we cannot disentangle these complicated pathways using this single study, the present
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findings generally support the notion that there is a relationship between social
disconnection and inflammation that warrants future research.

5. Conclusions

In summary, we found that in response to endotoxin (vs. placebo), individuals who are more
sensitive to social disconnection exhibited heightened pro-inflammatory activity, including
increased TNF-a and IL-6 responses in plasma, as well as up-regulation of multiple genes
related to inflammation. Furthermore, bioinformatics analyses revealed that those in the
endotoxin group who were more sensitive to social disconnection exhibited a CTRA
regulatory profile, involving up-regulation of pro-inflammatory transcription control
pathways and down-regulation of antiviral transcription factors in response to endotoxin.
This work suggests that those more sensitive to threats to their social relationships may be
primed to exhibit heightened inflammatory responses to immunological insults, which may
ultimately lead to chronic inflammatory-related ilinesses. Thus, these findings may have
implications for understanding the links between social isolation, inflammation, and health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We would like to thank the staff and support of the UCLA Clinical and Translational Research Center, as well as
Anthony Suffredini, M.D. at the National Institutes of Health, Warren Grant Magnuson Clinical Center, for
providing the standard reference endotoxin, as well as Spencer Bujarski, M.A. for providing statistical consulting;
neither Dr. Suffredini nor Mr. Bujarski were compensated.

Role of the Funding Source: This research was funded by an R01 from NIMH to NIE (5R01MH091352). The
authors also acknowledge the additional support provided by RO1AG034588; RO1AG026364; RO1CA160245-01;
R01CA119159; RO1HL095799; R0O1DA032922-01; P30AG028748 to MRI; R0O1AG043404; RO1AG033590;
P30AG017265 to SWC; and National Center for Advancing Translational Sciences UCLA CTSI Grant
UL1TR000124, and the Cousins Center for Psychoneuroimmunology. Additionally, the first author was supported
by a pre-doctoral NRSA individual fellowship from NIA (1F31AG048668) and a pre-doctoral NRSA training
fellowship from NIGMS (5T32GM084903). The aforementioned funders provided financial support for the study,
but they were not involved in the conduct of the study in any other capacity (e.g., design, data collection,
manuscript preparation, etc.).

References

Beck AT, Steer RA, Carbin MG. Psychometric properties of the Beck Depression Inventory: Twenty-
five years of evaluation. Clin. Psychol. Rev. 1988; 8:77-100.

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; 21:803-810.

Cacioppo JT, Hawkley LC. Perceived social isolation and cognition. Trends in cognitive sciences.
2009; 13:447-454. [PubMed: 19726219]

Carobrez SG, Gasparotto OC, Buwalda B, Bohus B. Long-term consequences of social stress on
corticosterone and IL-1f levels in endotoxin-challenged rats. Physiol. Behav. 2002; 76:99-105.
[PubMed: 12175593]

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—
737. [PubMed: 20479762]

Psychoneuroendocrinology. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moieni et al. Page 12

Cole SW. Social regulation of human gene expression: mechanisms and implications for public health.
Am. J. Public Health. 2013; 103:S84-S92. [PubMed: 23927506]

Cole SW. Human social genomics. PLoS Genet. 2014; 10:e1004601. [PubMed: 25166010]

Cole SW, Hawkley LC, Arevalo JM, Sung CY, Rose RM, Cacioppo JT. Social regulation of gene
expression in human leukocytes. Genome Biol. 2007; 8:R189. [PubMed: 17854483]

Cole SW, Yan W, Galic Z, Arevalo JM, Zack JA. Expression-based monitoring of transcription factor
activity: the TELIS database. Bioinformation. 2005; 21:803-810.

Creswell JD, Irwin MR, Burklund LJ, Lieberman MD, Arevalo JM, Ma J, Cole SW. Mindfulness-
based stress reduction training reduces loneliness and pro-inflammatory gene expression in older
adults: A small randomized controlled trial. Brain. Behav. Immun. 2012; 26:1095-1101. [PubMed:
22820409]

Dickerson SS. Emotional and Physiological Responses to Social-Evaluative Threat. Social and
Personality Psychology Compass. 2008; 2:1362-1378.

Dickerson SS, Gable SL, Irwin MR, Aziz N, Kemeny ME. Social-Evaluative Threat and
Proinflammatory Cytokine Regulation An Experimental Laboratory Investigation. Psychol. Sci.
2009; 20:1237-1244. [PubMed: 19754527]

Eisenberger NI, Cole SW. Social neuroscience and health: neurophysiological mechanisms linking
social ties with physical health. Nat. Neurosci. 2012; 15:669-674. [PubMed: 22504347]

Eisenberger NI, Inagaki TK, Mashal NM, Irwin MR. Inflammation and social experience: an
inflammatory challenge induces feelings of social disconnection in addition to depressed mood.
Brain. Behav. Immun. 2010; 24:558-563. [PubMed: 20043983]

Eisenberger NI, Inagaki TK, Rameson LT, Mashal NM, Irwin MR. An fMRI study of cytokine-
induced depressed mood and social pain: the role of sex differences. Neuroimage. 2009; 47:881—
890. [PubMed: 19376240]

Ferrucci L, Harris TB, Guralnik JM, Tracy RP, Corti M-C, Cohen HJ, Penninx B, Pahor M, Wallace
R, Havlik RJ. Serum IL-6 level and the development of disability in older persons. J. Am. Geriatr.
Soc. 1999; 47:639-646. [PubMed: 10366160]

Finch, CE. The Biology of Human Longevity:: Inflammation, Nutrition, and Aging in the Evolution of
Lifespans. Academic Press; 2010.

Fraley RC, Waller NG, Brennan KA. An item response theory analysis of self-report measures of adult
attachment. J. Pers. Soc. Psychol. 2000; 78:350. [PubMed: 10707340]

Gibb J, Hayley S, Gandhi R, Poulter MO, Anisman H. Synergistic and additive actions of a
psychosocial stressor and endotoxin challenge: circulating and brain cytokines, plasma
corticosterone and behavioral changes in mice. Brain. Behav. Immun. 2008; 22:573-589.
[PubMed: 18191534]

Hackett RA, Hamer M, Endrighi R, Brydon L, Steptoe A. Loneliness and stress-related inflammatory
and neuroendocrine responses in older men and women. Psychoneuroendocrinology. 2012;
37:1801-1809. [PubMed: 22503139]

Hawkley, LC.; Bosch, JA.; Engeland, CG.; Marucha, PT.; Cacioppo, JT. Loneliness, Dysphoria,
Stress, and Immunity: A Role for Cytokines. In: Plotnikoff, NP.; F, RE.; Murgo, Al.; Good, RA.,
editors. Cytokines: Stress and immunity. 2nd ed.. Boca Raton, FL: CRC Press; 2007. p. 67-85.

Hawkley LC, Cacioppo JT. Loneliness matters: a theoretical and empirical review of consequences
and mechanisms. Ann. Behav. Med. 2010; 40:218-227. [PubMed: 20652462]

Hayes AF. PROCESS: A versatile computational tool for observed variable mediation, moderation,
and conditional process modeling. 2012 Available: http://www.personal.psu.edu/jxb14/M554/
articles/process2012.pdf.

Holt-Lunstad J, Smith TB, Layton JB. Social relationships and mortality risk: a meta-analytic review.
PLoS Med. 2010; 7:¢1000316. [PubMed: 20668659]

House JS, Landis KR, Umberson D. Social relationships and health. Science. 1988; 241:540-545.
[PubMed: 3399889]

Irwin MR, Cole SW. Reciprocal regulation of the neural and innate immune systems. Nature Reviews
Immunology. 2011; 11:625-632.

Psychoneuroendocrinology. Author manuscript; available in PMC 2016 December 01.


http://www.personal.psu.edu/jxb14/M554/articles/process2012.pdf
http://www.personal.psu.edu/jxb14/M554/articles/process2012.pdf

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moieni et al. Page 13

Jaremka LM, Fagundes CP, Peng J, Bennett JM, Glaser R, Malarkey WB, Kiecolt-Glaser JK.
Loneliness promotes inflammation during acute stress. Psychol. Sci. 2013a; 24:1089-1097.
[PubMed: 23630220]

Jaremka LM, Glaser R, Loving TJ, Malarkey WB, Stowell JR, Kiecolt-Glaser JK. Attachment anxiety
is linked to alterations in cortisol production and cellular immunity. Psychol. Sci. 2013b
0956797612452571.

29. Leary MR. A brief version of the Fear of Negative Evaluation Scale. Pers. Soc. Psychol. Bull.
1983; 9:371-375.

Mehrabian A. The development and validation of measures of affiliative tendency and sensitivity to
rejection. Educational and psychological measurement. 1970

Mehrabian A. Evidence bearing on the affiliative tendency (MAFF) and sensitivity to rejection (MSR)
scales. Current Psychology. 1994; 13:97-116.

Miller GE, Chen E, Fok AK, Walker H, Lim A, Nicholls EF, Cole S, Kobor MS. Low early-life social
class leaves a biological residue manifested by decreased glucocorticoid and increased
proinflammatory signaling. Proceedings of the National Academy of Sciences. 2009; 106:14716—
14721.

Miller GE, Chen E, Sze J, Marin T, Arevalo JM, Doll R, Ma R, Cole SW. A functional genomic
fingerprint of chronic stress in humans: blunted glucocorticoid and increased NF-xB signaling.
Biol. Psychiatry. 2008; 64:266-272. [PubMed: 18440494]

Moieni M, Irwin MR, Jevtic I, Breen E, Eisenberger N. Inflammation impairs social cognitive
processing: a randomized controlled trial of endotoxin. Brain. Behav. Immun. 2015a; 48:132-138.
[PubMed: 25770082]

Moieni M, Irwin MR, Jevtic I, Olmstead R, Breen EC, Eisenberger NI. Sex differences in depressive
and socioemotional responses to an inflammatory challenge: Implications for sex differences in
depression. Neuropsychopharmacology. 2015b; 40:1709-1716. [PubMed: 25598426]

O’Connor M-F, Bower JE, Cho HJ, Creswell JD, Dimitrov S, Hamby ME, Hoyt MA, Martin JL,
Robles TF, Sloan EK. To assess, to control, to exclude: effects of biobehavioral factors on
circulating inflammatory markers. Brain. Behav. Immun. 2009; 23:887-897. [PubMed: 19389469]

Russell DW. UCLA Loneliness Scale (Version 3): Reliability, validity, and factor structure. J. Pers.
Assess. 1996; 66:20-40. [PubMed: 8576833]

Shor E, Roelfs DJ. Social contact frequency and all-cause mortality: A meta-analysis and meta-
regression. Soc. Sci. Med. 2015; 128:76-86. [PubMed: 25594955]

Sibley CG, Fischer R, Liu JH. Reliability and validity of the revised experiences in close relationships
(ECR-R) self-report measure of adult romantic attachment. Pers. Soc. Psychol. Bull. 2005;
31:1524-1536. [PubMed: 16207771]

Slavich GM, Way BM, Eisenberger NI, Taylor SE. Neural sensitivity to social rejection is associated
with inflammatory responses to social stress. Proceedings of the national academy of sciences.
2010; 107:14817-14822.

Spielberger, C.; Gorsuch, R.; Lushene, R.; Vagg, P.; Jacobs, G. Manual for the State-Trait Anxiety
Inventory. Palo Alta, CA: Consulting Psychologists Press; 1983.

Uchino BN, Cacioppo JT, Kiecolt-Glaser JK. The relationship between social support and
physiological processes: a review with emphasis on underlying mechanisms and implications for
health. Psychol. Bull. 1996; 119:488. [PubMed: 8668748]

Psychoneuroendocrinology. Author manuscript; available in PMC 2016 December 01.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Moieni et al.

Psychoneuroendocrinology. Author manuscript; available in PMC 2016 December 01.

Page 14




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Moieni et al.

a 4
+ Placebo
6 M Endotoxin
]
- L L
]
[ =y g " "
~ n .
~ ™1 | '
3 [ ]
= . S m
S - LR |
o Ny
) |
g n LI |
S 3. -
& 3
= S
£ . * e,
o . » *
a 2 ? A
o v ;s * @ *
E * * ¢ ¢ 0’ L2 g *
£ *
1 -
0 . )
-6 -4 2 0 2 6
Sensitivity to Social Disconnection
6
¢ Placebo
5 ™ H Endotoxin
—~ = E E g
R - n o
R = 1 m =gE S
~ = [
- n
]
© m = .} |
c 3 ]
o [ ]
8 o " g = [
S
[
>
8 2 o 2
E
23 *
S~
& ool ¢t
G 1 et 2 ¢ * Py LS &
&4 - R I
= P~ A N 9‘ s o
0 $
* *
-1 : : )
-6 -4 2 0 2 6

Sensitivity to Social Disconnection

Figure 1.

Page 15

Relationship between composite scores on sensitivity to social disconnection and (A) TNF-a
or (B) IL-6 response to endotoxin (average of T1, T2, and T3). Cytokine values (pg/mL)
were transformed and plotted on a natural log scale; social disconnection sensitivity scores,
displayed regression lines, and all statistical analyses adjusted for TO cytokine values, BMI,

age, gender, education, depression, and anxiety
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Figure 2.

Bioinformatic analysis of endotoxin-induced activation of pro-inflammatory and antiviral
transcription control pathways in PBMC from people with high vs. low levels of sensitivity
to social disconnection. Data represent (log2-transformed) ratio of transcription factor-
binding motifs (TFBM) for beta-adrenergic-related (CREB), pro-inflammatory (NF-xB),
and antiviral (ISRE and STAT) transcription factors in the promoters of all genes showing >
1.2-fold greater magnitude of endotoxin-induced activation over the general range of
individual differences in sensitivity to social disconnection (-2SD vs +2SD relative to
mean). Differential gene expression was analyzed in continuous (log2) metric, with the 1.2-
fold discrete threshold used solely to define a discrete gene set for promoter-based
bioinformatics analysis.
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