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Although research has established links between feelings of social isolation and inflammation, the direc-
tion of these effects is unclear. Based on the role that proinflammatory cytokines play in initiating ‘‘sick-
ness behavior,” which includes symptoms such as social withdrawal, it is possible that inflammatory
processes heighten feelings of ‘social disconnection.’ Here, we examined whether exposure to an inflam-
matory challenge increased self-reported feelings of social disconnection. In addition, because both
inflammatory processes and feelings of social disconnection contribute to depressive symptoms, we also
explored whether increases in feelings of social disconnection played a role in the link between inflam-
mation and depressed mood. Participants were randomly assigned to either receive endotoxin, an inflam-
matory challenge, or placebo. Proinflammatory cytokines (IL-6, TNF-a) were collected at baseline and
then hourly for 6 h. Participants completed self-reports of sickness symptoms (‘‘fatigue”), social discon-
nection (‘‘I feel disconnected from others”), and depressed mood (‘‘unhappy”) hourly. Results revealed
that endotoxin led to significant increases (from baseline) in IL-6 and TNF-a levels as well as feelings
of social disconnection and depressed mood. Moreover, controlling for increases in social disconnection
eliminated the relationship between exposure to inflammatory challenge and depressed mood. This
study demonstrates that inflammation can have social psychological consequences, which may play a
role in cytokine-related depressive symptoms.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

A large body of epidemiologic data indicates that feelings of so-
cial isolation are strongly associated with human physical health
(Cacioppo and Hawkley, 2003; Seeman, 1996). Those who report
feeling socially isolated have increased risk of all-cause mortality
(Cacioppo and Hawkley, 2003; Seeman, 1996), as well as several
specific infectious, neoplastic, cardiovascular, and inflammation-
related diseases (Caspi et al., 2006; Cohen et al., 1997; Cole et al.,
2003; Kroenke et al., 2006).

Although the biological basis for these links are not known,
inflammatory processes may be involved. One study found that
the leukocytes of socially isolated older adults (defined by feelings
of loneliness) evidenced activation of inflammatory response genes
along with increased activity of the nuclear factor (NF) jB path-
way, a critical signal for the inflammatory cascade (Cole et al.,
2007). Together, these cross-sectional data point toward an associ-
ation between social isolation and inflammation. However, it is not
known whether subjective feelings of social isolation—which we
ll rights reserved.

er).
call ‘social disconnection’—activate inflammatory markers,
whether inflammatory dynamics contribute to social disconnec-
tion, or some combination of both.

Research on neuroimmune signaling has shown that proinflam-
matory cytokines initiate ‘‘sickness behavior,” a coordinated moti-
vational response that includes symptoms such as fatigue,
anorexia, and social withdrawal, and is thought to facilitate recov-
ery and recuperation from illness (Dantzer, 2001; Hart, 1988).
Although a principal component of sickness behavior is social
withdrawal, the psychological experience that accompanies these
social changes has been largely overlooked. To the extent that
there is a correlational relationship between feelings of social dis-
connection and inflammation, it is possible that cytokines may also
increase feelings of social disconnection even in the absence of any
overt changes in social behavior.

In addition, exploring the effect of inflammation on social dis-
connection may improve understanding of the emerging relation-
ship between inflammation and depression (Miller et al., 2009)
as both social disconnection and inflammation have been shown
to play a role in depressive symptomatology. Thus, feelings of so-
cial disconnection (loneliness) have been shown to contribute to
the development and maintenance of depression (Heinrich and
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Gullone, 2006), and cytokines have been shown to play a causal
role in the onset of depressed or negative mood (Harrison et al.,
2009; Reichenberg et al., 2001; Wright et al., 2005). As a result, it
is possible that inflammatory-induced feelings of social disconnec-
tion may play a role in the link between inflammation and depres-
sive symptoms. To date, however, these relationships have not
been examined.

In this study, we examined the effect of endotoxin, an inflam-
matory challenge, vs. placebo on circulating levels of the proin-
flammatory cytokines—interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a)1—and on self-reported social disconnection
and depressed mood. We hypothesized that endotoxin, compared
to placebo, would lead to increases in social disconnection in addi-
tion to increases in depressed mood. We also examined whether in-
creases in social disconnection mediated the relationship between
inflammation and depressed mood by examining whether control-
ling for increases in social disconnection eliminated the relationship
between exposure to inflammatory challenge and increases in de-
pressed mood.
2. Methods

2.1. Participants and procedures

Thirty-nine healthy participants (20 female; mean age:
21.8 + 3.4 years; range: 18–36 years) completed the study. Sample
size was based on previous studies of experimentally-induced
inflammatory challenge (Reichenberg et al., 2001). Participants
were recruited from flyers posted at the UCLA Medical Center
and advertisements posted in the campus newspaper. Prospective
participants with the following conditions were excluded from
participation through a structured telephone interview: claustro-
phobia, left-handedness, or metal in their body (relevant for a neu-
roimaging component that is reported separately, Eisenberger
et al., 2009); chronic physical or mental health problems; history
of allergies, autoimmune, or other severe chronic diseases; current
use of prescription medications; or recent nightshift work or time
zone shifts (>3 h).

After the telephone interview, if still eligible, participants com-
pleted an additional face-to-face screening interview to ensure eli-
gibility for the study. During this session, participants completed
the Structured Clinical Interview for DSM Disorders (SCID; First
et al., 1996) and were asked a series of questions about their phys-
ical health and use of medications or drugs. In addition, height,
weight, and vital signs were assessed, a urine sample was collected
to examine drug use (marijuana, opiates, cocaine, amphetamines,
methamphetamines), and blood was drawn to screen for abnor-
malities (e.g., complete blood cell count, chemistry panel, liver
function tests) as well as pregnancy, if female. Any participant
who: (1) had a BMI greater than 30, (2) reported physical health
problems or medication use, (3) evidenced an Axis I psychiatric
disorder based on the SCID assessment, (4) showed evidence of
drug use from a positive urine test, (5) had a positive pregnancy
test, or (6) showed abnormalities on the screening laboratory tests
were ineligible for the study. The final sample was 39% European-
American, 18% Asian, 18% Hispanic, 7% African-American, and 18%
‘‘other.”
1 It should be noted that endotoxin has been shown to lead to a coordinated
pattern of increases across several different proinflammatory cytokines (e.g., IL-6
TNF-a, IL-1 receptor antagonist) and thus we are not suggesting that the effects o
endotoxin are primarily or uniquely related to IL-6 or TNF-a levels. In the curren
study, however, we examined IL-6 and TNF-a levels, as these markers of inflamma-
tion have previously been shown to correlate with measures of depression (Miller
et al., 2009) and to map along with other markers of inflammation (e.g., IL-1 receptor
antagonist) in response to inflammatory challenge (Reichenberg et al., 2001).
,
f
t

The study was conducted between January and November 2007
at the UCLA General Clinical Research Center (GCRC) using a ran-
domized, double-blind, placebo-controlled design. Upon arrival to
the GCRC, a nurse, who was blind to condition, inserted a catheter
with a heparin lock into the dominant forearm (right) for hourly
blood draws and one into the non-dominant forearm (left) for a
continuous saline flush and for drug administration. Ninety min-
utes after arrival at the GCRC, each participant was randomly as-
signed to receive either endotoxin (0.8 ng/kg of body weight;
n = 23, 12 females) or placebo (same volume of 0.9% saline;
n = 16, 8 females), which was administered by the nurse as an
intravenous bolus. The endotoxin used was derived from Esche-
richia coli (E. coli group O:113, provided by the National Institutes
of Health Clinical Center) and has been shown to be safe for studies
of experimental inflammation in humans (Andreasen et al., 2008;
Suffredini et al., 1999; Suffredini and O’Grady, 1999). Random
assignment was determined by a consultant who was not involved
in running participants and was kept by the UCLA Pharmacy to en-
sure proper drug preparation for each participant. The random
allocation sequence was determined through the use of a random
number generator with consideration for the inclusion of equal
numbers of males and females in each group. No significant differ-
ences in age, years of education, or body weight were found be-
tween the two groups (p’s > .22).

Throughout the study, vital signs (temperature, pulse, blood
pressure) were assessed every half hour and blood draws (to assess
IL-6 and TNF-a) were collected at baseline and then approximately
every hour for the next 6 h. Participants also completed hourly
measures of sickness symptoms (e.g., fatigue), feelings of social
disconnection, and depressed mood. For safety reasons, the study
physician (M.R.I.) was aware of each participant’s group assign-
ment and was on call during each of the experimental sessions,
but did not take part in the testing procedures. Participants were
discharged from the GCRC following the last blood draw upon ap-
proval from the study’s physician; approval was granted if self-re-
ported physical and psychological symptoms returned to baseline
levels. All participants left the study feeling as good as they did
when they started, and there were no adverse events. At the end
of the study, participants were thanked, debriefed, and paid for
their participation ($200). Experimental procedures were approved
by the UCLA Human Subjects Protection Committee.

2.2. Behavioral assessments

2.2.1. Self-reported sickness symptoms
Physical sickness symptoms (muscle pain, shivering, nausea,

breathing difficulties, fatigue) were assessed at baseline and then
hourly following drug/placebo adminstration for 6 h. Participants
rated the extent to which they felt each symptom on a scale from
0 (no symptoms) to 4 (very severe symptoms).

2.2.2. Feelings of social disconnection
Feelings of social disconnection were assessed hourly. Partici-

pants rated the extent to which they were feeling the ‘‘following
feelings right now” on a 5-point Likert scale (1—not at all, to 5—
very much so): (1) ‘‘I feel like being around other people,” (2) ‘‘I feel
like being alone,” (3) ‘‘I feel overly sensitive around others (e.g., my
feelings are easily hurt),” (4) ‘‘I feel connected to others,” and (5) ‘‘I
feel disconnected from others.” Items 1 and 4 were reverse-coded,
and scores were averaged at each time point to create a measure of
self-reported social disconnection. The reliability of the scale (as-
sessed at the time of peak response) was high (a = .84).

2.2.3. Depressed mood
Depressed mood was assessed hourly, using an abbreviated ver-

sion of the Profile of Mood States (McNair et al., 1971). Participants
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rated the extent to which they felt: ‘‘unhappy,” ‘‘blue,” ‘‘lonely,”
‘‘gloomy,” and ‘‘worthless” on a scale from 0 (not at all) to 4 (extre-
mely). Depressed mood was calculated by averaging scores from
each of these items at each timepoint. The reliability of the scale
(assessed at the time of peak response) was good (a = .68).
2.3. Plasma levels of cytokines

Plasma blood samples were collected in pre-chilled tubes con-
taining sodium ethylenediaminetetraacetic acid and aprotinin.
Tubes were immediately centrifuged at 4 �C, plasma was harvested
into multiple aliquots, and then frozen in a �70 �C freezer. Plasma
levels of IL-6 and TNF-a were quantified by means of high sensitiv-
ity enzyme-linked immunosorbent assays (Quantikine HS Human
IL-6, Quantikine HS Human TNF-a, R&D Systems, Minneapolis,
MN). All assays were performed according to the manufacturer’s
protocols, with reported intra-assay and inter-assay coefficients
of variation less than 11%. For IL-6 assays, the lower limit of quan-
titation was 0.2 pg/ml; all samples were assayed in duplicate. For
TNF-a assays, the lower limit of quantitation was 0.5 pg/ml; re-
peated measures on each individual were assayed in single wells.

In order to minimize the potential effects of inter-assay varia-
tion, all samples from the same subject were initially assayed in
the same assay run; samples with cytokine concentrations exceed-
ing the upper limit of quantitation were diluted as directed in the
assay protocol and repeated. IL-6 levels were evaluated at all time
points for every subject. TNF-a levels were determined at all time
points for subjects in the endotoxin condition. TNF-a levels at all
time points were examined for four subjects in the placebo condi-
tion, and were observed to vary less than or equal to 0.3 pg/ml
within each subject. In light of the stable values observed, all
remaining subjects in the placebo condition were assayed for
TNF-a at baseline and 2 h post-injection, which corresponded to
the peak of TNF-a seen in endotoxin-exposed subjects.
2 Secondary analyses, focusing on the time of peak response (2 h post-injection),
revealed significant time by condition interactions for each social disconnection item
on its own (all p’s < .05), with the exception of the item ‘‘I feel overly sensitive around
others” (F(1, 35) = .57, ns).
2.4. Statistical analyses

To assess between-group differences in the effect of endotoxin
vs. placebo on cytokine levels, objective physical symptoms (e.g.,
blood pressure), self-reported sickness symptoms, and feelings of
social disconnection and depressed mood, we used a standard sta-
tistical software program (SPSS 16.0) to conduct repeated-measure
analyses of variance. These analyses tested time (baseline vs. each
subsequent time point) by condition (endotoxin vs. placebo) inter-
actions, as has been done previously (Reichenberg et al., 2001). Be-
cause IL-6 levels were not normally distributed at any of the time
points, each value was log-transformed. It should be noted that for
TNF-a, we could only examine time by condition interactions com-
paring baseline with T2, as only a small subsample of the placebo
subjects’ plasma samples were assayed at the other time points
(T1, T3–6; n = 4).

As an exploratory analysis, we also examined whether increases
in cytokine responses to endotoxin correlated with increases in
self-reported feelings of social disconnection. To do this, we exam-
ined whether subjects in the endotoxin group showed significant
correlations between increases in proinflammatory cytokine levels
(difference scores comparing baseline to T2) and increases in self-
reported social disconnection (difference scores comparing base-
line to T2).

Finally, because of the well-known sex differences in the prev-
alence of inflammatory disorders and depression (Nolen-Hoek-
sema, 2001; Whitacre et al., 1999), we also examined sex
differences in the effects of endotoxin. To do this, we conducted re-
peated-measures analyses of variance to examine time (baseline
vs. each subsequent time point) by condition by sex interactions
on all outcome variables. Significant interactions were then ex-
plored to examine the direction of the effects.
3. Results

3.1. Physiological responses to endotoxin

As reported previously (Eisenberger et al., 2009), endotoxin in-
duced a significant increase in IL-6 levels from one to 5 h post-
injection (reflected by significant time by condition interactions
at each time point compared to baseline: T1 (1 h post-injection)
through T5 (5 h post-injection): F(1, 37) = 23.19, 144.14, 177.11,
63.67, 11.36, p’s < .005; Fig. 1a, previously displayed in Eisenberger
et al. (2009)). Endotoxin also induced a significant increase in TNF-
a levels from baseline to 2 h post-injection F(1, 37) = 46.79,
p < .001 (Fig. 1b). Because we did not assay TNF-a levels for the
placebo group at the other time points, we could not assess other
time by condition interactions. However, paired-samples t-tests re-
vealed that, among those exposed to endotoxin, TNF-a levels were
significantly higher at all post-injection time points compared to
baseline (all p’s < .001). Regarding physical symptoms, endotoxin
led to significant increases in body temperature (T3–T6:
F(1, 37) = 14.18, 17.14, 17.93, 5.70, p’s < .05; Fig. 1c) and pulse
(T3–T6: F(1, 37) = 48.43, 24.01, 23.74, 14.59, p’s < .001), but not to
changes in blood pressure (p’s > .10). In addition, endotoxin in-
duced a significant increase in sickness symptoms at all measured
time points (F(1, 37) = 9.08, 32.37, 13.60, 8.54, 11.65, 8.01,
p’s < .01; Fig. 1d). There were no sex differences in any of these ef-
fects (p’s > .16).
3.2. Social and affective responses to endotoxin

3.2.1. Feelings of social disconnection
Confirming the notion that proinflammatory cytokines can in-

crease feelings of social disconnection, we found that endotoxin
(vs. placebo) led to significant increases (from baseline) in self-re-
ported social disconnection at two (F(1, 35) = 16.41, p < .001), three
(F(1, 35) = 4.01, p = .05), and four (F(1, 34) = 4.54, p < .05) hours
post-injection (Fig. 1e).2 Controlling for increases in each type of
sickness symptom (focusing on the time of peak response—T2)
did not change this relationship (p’s < .05), suggesting that in-
creases in social disconnection were not solely due to increasing
sickness symptoms.

In addition, there was a significant time (baseline vs. T2) by con-
dition by sex interaction (F(1, 33) = 6.02, p < .05), such that females
showed a greater increase in social disconnection from baseline to
2 h post-injection (F(1, 17) = 20.93, p < .001) than males
(F(1, 16) = 1.75, p = .21; Fig. 2). However, upon closer inspection,
it appeared that, when focusing on between-group differences at
the time of peak response, endotoxin led to significantly higher
levels of social disconnection than placebo in both males and fe-
males (males: F(1, 17) = 9.55, p < .01; females: F(1, 18) = 5.26,
p < .05). Thus, even though females showed a larger increase in
feelings of social disconnection than males (from baseline to T2),
both males and females showed significant between-group differ-
ences in feelings of social disconnection at 2 h post-injection.
Moreover, for males, endotoxin (vs. placebo) led to significantly
higher levels of social disconnection at three (F(1, 17) = 87.42,
p < .05), four (F(1, 16) = 10.86, p < .01), and 6 h (F(1, 15) = 4.59,
p = .05) post-injection as well (see Fig. 2), suggesting that the



Fig. 1. Changes over time in the endotoxin and placebo groups in: (A) plasma levels of IL-6 (raw values that have not been log-transformed; previously reported in
Eisenberger et al. (2009)), (B) plasma levels of TNF-a (note that values for T1 and T3–T6 do not include data for all placebo subjects), (C) oral temperature, (D) self-reported
sickness symptoms, (E) self-reported feelings of social disconnection, and (F) self-reported depressed mood (previously reported in Eisenberger et al. (2009)). Time points
with asterisks indicate significant time (baseline vs. each subsequent time point) by condition interactions.

Fig. 2. Changes over time in the endotoxin and placebo groups in self-reported feelings of social disconnection for (A) females and (B) males. Time points with asterisks
indicate significant between-group (endotoxin vs. placebo) differences.

3 Because the depressed mood scale included an item assessing ‘‘lonely” feelings—
which overlaps conceptually with social disconnection—we also reran all the reported
analyses (involving depressed mood) without the lonely item included in the scale
None of the results were altered by this change, and thus we report the depressed
mood subscale that included the ‘‘lonely” item in order to be consistent with prior
work (Eisenberger et al., 2009).
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effects of endotoxin on feelings of social disconnection in males
may be less pronounced but more enduring.

Additional exploratory analyses were performed to evaluate
associations between increases in IL-6 and TNF-a (from baseline
to T2) and increases in self-reported social disconnection (from
baseline to T2) among subjects in the endotoxin group. There
was one multivariate outlier (determined by Cook’s Distance resid-
uals) who was removed from these analyses. Analyses revealed
that greater increases in IL-6 and TNF-a were associated with
greater increases in feelings of social disconnection (IL-6: r = .35,
p = .13; TNF-a: r = .48, p < .05). When examining males alone,
greater increases in TNF-a, but not IL-6, were marginally signifi-
cantly associated with greater increases in social disconnection
(r = .61, p = .08). Finally, for females, greater increases in IL-6 and
TNF-alpha levels were not significantly associated with greater in-
creases in social disconnection; however, the effect sizes were
comparable to those observed for the full sample (IL-6: r = .36,
p = .27; TNF-a: r = .40, p = .23), and thus could reach statistical sig-
nificance with a larger sample. These results should be interpreted
with caution due to the small sample sizes (18 endotoxin subjects
with complete data: 11 females, 7 males).

3.2.2. Depressed mood
As reported previously (Eisenberger et al., 2009), endotoxin (vs.

placebo) led to a significant increase (baseline to T2) in self-re-
ported depressed mood (F(1, 35) = 8.13, p < .01; Fig. 1f, previously
displayed in Eisenberger et al., 2009)3, and there were no sex
.



562 N.I. Eisenberger et al. / Brain, Behavior, and Immunity 24 (2010) 558–563
differences in this effect (p > .26). In addition, the effect of endo-
toxin on depressed mood was not substantially altered by control-
ling for each type of sickness symptom (p’s < .11), with the
exception of fatigue. Not surprisingly, given conceptual overlaps
between fatigue and depressed mood, controlling for increases in
fatigue led to a non-significant time by condition interaction on de-
pressed mood (F(1, 34) = .10, ns).
3.2.3. A role for social disconnection in endotoxin-induced depressed
mood

Finally, we explored whether increases in feelings of social dis-
connection mediated the relationship between condition and in-
creases in depressed mood (baseline to T2). Although we cannot
assess temporal mediation (e.g., whether condition altered feelings
of social disconnection which then led to depressed mood), as both
feelings of social disconnection and depressed mood peaked at the
same time point, we can examine whether self-reported increases
in feelings of social disconnection carried the influence of condition
(endotoxin vs. placebo) on increases in depressed mood. Interest-
ingly, a mediation analysis revealed that increases in feelings of so-
cial disconnection were a significant mediator of the relationship
between condition and increases in depressed mood (Sobel test:
Z = 3.21, p < .005). Thus, when controlling for increases in social
disconnection, the relationship between condition and increases
in depressed mood was no longer significant (F(1, 32) = .02, ns).
Controlling for increases in depressed mood, however, did not
eliminate the relationship between condition and increases in so-
cial disconnection (F(1, 32) = 7.84, p < .01).4 Thus, feelings of social
disconnection may play a role in inflammatory-induced depressed
mood.
4. Discussion

Findings from this study extend previous work on endotoxin-
induced depressed or negative mood (Harrison et al., 2009; Rei-
chenberg et al., 2001; Wright et al., 2005) by demonstrating that
an inflammatory challenge can have social consequences as well.
Thus, in addition to endotoxin (vs. placebo) leading to significant
increases in depressed mood, it also led to significant increases
in feelings of social disconnection. Moreover, increases in social
disconnection mediated the relationship between inflammatory
activity and depressed mood, such that controlling for these social
psychological changes eliminated the relationship between expo-
sure to inflammatory challenge and depressed mood. Thus, inflam-
matory activity may have important social psychological
consequences, which could play a role in the link between inflam-
mation and depression. Future research will be needed to examine
the temporal sequence of these effects as, in the current study,
both self-reported feelings of social disconnection and depressed
mood peaked at the same time point. Thus, it would be interesting
to investigate whether feelings of social disconnection play a tem-
poral role in the longer-term links between inflammatory activity
and depressive symptoms more generally.

These results dovetail nicely with several previous findings.
First, although the effect of inflammation on social experience
has not been examined in humans, the notion that inflammation
contributes to social disconnection fits with animal studies, dem-
onstrating that social withdrawal is an important component of
inflammation-induced sickness behavior (Hart, 1988). Further-
more, the notion that feelings of social disconnection play a role
in cytokine-induced depressed mood aligns with research that
has separately shown that inflammation (Miller et al., 2009), as
4 Again, none of these results were altered by removing the item assessing ‘‘lonely”
feelings from the depressed mood scale.
well as feelings of social disconnection (Heinrich and Gullone,
2006), contribute to depressive symptomatology. Indeed, previous
work in rodents has shown that inflammatory-induced social with-
drawal was reversed by antidepressant treatment (Yirmiya, 1996),
suggesting a mechanistic relatedness between inflammation-in-
duced social changes and mood changes. Nonetheless, although
these links between inflammation, social disconnection, and de-
pressed mood are suggestive, it should be noted that the current
research only examined individuals who were free of clinical
depression. Thus, additional research will be needed to examine
how these effects unfold in depressed individuals as well as how
inflammation-induced social disconnection may or may not play
a role in clinical forms of depression.

In addition, further work will be needed to more carefully
examine the specific social psychological changes that occur as a
function of inflammation using more well-validated measures.
The questionnaire that was used to assess feelings of social discon-
nection in the current study included items that both reflected a
desire to socially withdraw (e.g., ‘‘I feel like being alone”) as well
as items that reflected a feeling of being socially isolated or discon-
nected (e.g., ‘‘I feel disconnected from others”). Although both
types of items were altered as a function of endotoxin, additional
work is needed to determine the specific types of social cognitions
that are altered by inflammatory processes. For instance, it would
be interesting to examine whether inflammatory activity also de-
creases the sense that one is socially supported, as a perceived lack
of social support is a risk factor for both endogenous and cytokine-
associated forms of depression (Capuron et al., 2004; Heinrich and
Gullone, 2006).

In sum, the findings presented here provide the first evidence
that an experimental inflammatory challenge can increase feelings
of social disconnection and that these changes may play a role in
depressed mood. Future research that investigates the social con-
sequences of inflammation is needed. Understanding how inflam-
mation alters social experience may shed new light on the
emerging links between inflammation and depression.
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