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Sex Differences in Depressive and Socioemotional Responses
to an Inflammatory Challenge: Implications for Sex Differences

in Depression

Mona Moieni', Michael R Irwin?, Ivana jevtic', Richard Olmstead?, Elizabeth C Breen? and
Naomi | Eisenberger*'

'Department of Psychology, University of California, Los Angeles (UCLA), Los Angeles, CA, USA; “Semel Institute for Neuroscience and Human
Behavior, Cousins Center for Psychoneuroimmunology, University of California, Los Angeles (UCLA), Los Angeles, CA, USA

Substantial evidence demonstrates that inflammatory processes may underlie depression for a subset of patients, including work showing
that healthy subjects exposed to an inflammatory challenge show increases in depressed mood and feelings of social disconnection.
However, despite the fact that depression is two times as likely to occur in females than males, the vast majority of this work has been
carried out in males. Thus, the objective of this study was to determine whether females (vs males) would show greater increases in
proinflammatory cytokines, depressed mood, and social disconnection in response to an inflammatory challenge. One hundred and
fifteen healthy participants (69 female) completed this double-blind, placebo-controlled, randomized clinical trial in which participants
were randomly assigned to receive either a single infusion of low-dose endotoxin (derived from Escherichia coli; 0.8 ng/kg of body weight)
or placebo (same volume of 0.9% saline). Interleukin-6 (IL-6), tumor necrosis factor-o (TNF-a), depressed mood, and feelings of social
disconnection were assessed hourly. Results showed that endotoxin (vs placebo) led to increases in proinflammatory cytokines (TNF-o,
IL-6), depressed mood, and feelings of social disconnection. Females exposed to endotoxin showed greater increases in depressed mood
and feelings of social disconnection. Furthermore, increases in TNF-o and IL-6 were correlated with increases in social disconnection for
females but not for males. These sex differences in the relationships between inflammatory and socioemotional responses to an
inflammatory challenge may be particularly important for understanding why females are two times as likely as males to develop

depressive disorders.

Introduction

Accumulating evidence suggests that inflammation con-
tributes to depression in at least a subset of patients (Raison
et al, 2006; Raison and Miller, 2011). Individuals with
inflammatory diseases are three to four times more likely to
experience depression (Covic et al, 2012; Duivis et al, 2011;
Margaretten et al, 2011), patients with major depression
have been found to have increased proinflammatory markers
(Howren et al, 2009), and an experimental inflammatory
challenge (ie, endotoxin-induced inflammation) in an
otherwise healthy population can increase depressed mood
(Reichenberg et al, 2001). Moreover, recent research
suggests that inflammation may contribute to depression,
in part, by altering social experience. Thus, endotoxin-induced
inflammation can increase feelings of social disconnection
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(Eisenberger et al, 2010) and social anhedonia (Hannestad
et al, 2011), and feelings of social disconnection have been
shown to mediate the relationship between inflammation
and depressed mood (Eisenberger et al, 2010). However,
little research has examined sex differences in these effects.
In fact, the vast majority of studies investigating the effects
of inflammation in relation to depressive symptoms have
been conducted in males (reviewed in Schedlowski et al,
2014). Given that females are at a greater risk for depression
(Grigoriadis and Robinson, 2007), are more sensitive to
social cues (Cyranowski et al, 2000), and show greater
inflammatory reactivity (O’Connor et al, 2007), it is impor-
tant to examine whether females are more susceptible to
inflammation-induced socioemotional changes, which may
increase risk for depression.

Specifically, females are two times as likely as males to
experience depression (Kessler et al, 1993; Weissman et al,
1996; Weissman and Klerman, 1977), and this sex difference
is robust, well-documented, and cross-cultural (Cyranowski
et al, 2000; Hyde et al, 2008; Kuehner, 2003; Weissman
and Klerman, 1977). Interestingly, one factor thought to
contribute to the sex difference in depression is females’
greater dependence on relationships or affiliative needs


http://dx.doi.org/10.1038/npp.2015.17
mailto:neisenbe@ucla.edu
http://www.neuropsychopharmacology.org

Sex differences in response to endotoxin
™M Moieni et al

@

(Cyranowski et al, 2000; Nolen-Hoeksema, 2001). Indeed,
females’ greater exposure and reactivity to interpersonal
stressors has been shown to contribute to the sex difference
in depression (Cyranowski et al, 2000; Hankin and
Abramson, 2001; Hyde et al, 2008; Nolen-Hoeksema and
Girgus, 1994). Importantly, there are also well-established
sex differences in inflammatory processes, such that females
are two to nine times more likely to develop autoimmune
disorders (Whitacre, 2001), and females show heightened
proinflammatory activity (Chapman et al, 2009; O’Connor
et al, 2007). However, it is not known whether these sex
differences in affiliative preferences or inflammatory activity
have a role in inflammatory-related depressive symptoms.
To address these issues, we examined the effect of endo-
toxin on proinflammatory cytokines, depressed mood, and
social psychological experience in a large sample of healthy
males and females. We hypothesized that females would
show greater increases in proinflammatory cytokines,
depressed mood, and feelings of social disconnection.

MATERIALS AND METHODS
Participants and Procedures

One hundred and fifteen healthy participants (69 female;
mean age: 24.2 £ 6.6 years) completed the study. Participants
were recruited from UCLA and the greater Los Angeles
community using flyers around the UCLA campus, adver-
tisements in campus and local newspapers, and online post-
ings (eg, Craigslist). Interested participants were screened
for eligibility using a two-step process, consisting of a
structured telephone interview and an in-person screening
session. If participants were still eligible, they completed an
additional interview at the UCLA Cousins Center for
Psychoneuroimmunology to ensure eligibility (see Supple-
mentary Materials and Methods for exclusionary criteria).

The study was conducted between March 2011 and
August 2013 (when the intended sample size was reached;
see Supplementary Materials) at the UCLA Clinical and
Translational Research Center (CTRC) using a randomized,
double-blind, placebo-controlled design. Upon arrival to the
CTRC, 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 minutes after arrival to the
CTRC, each participant was randomly assigned to receive
either low-dose endotoxin (0.8 ng/kg of body weight) or
placebo (same volume of 0.9% saline), which was adminis-
tered by the nurse as an intravenous bolus. The endotoxin
was derived from E. coli (E. coli group O:113: BB-IND 12948
to MRI) and provided by the National Institutes of Health
Clinical Center (Suffredini et al, 1999b); previous research
has demonstrated the safety of this reference endotoxin
across many different samples (Andreasen et al, 2008;
Suffredini et al, 1999a).

Throughout the study, vital signs (temperature, pulse,
blood pressure, respiration rate; results in Supplementary
Materials) and blood draws (to assess cytokine levels) were
collected at baseline (70) and then approximately every
hour after injection for the next six hours (T1-T6).
Participants also completed hourly measures of sickness
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symptoms, mood, and feelings of social disconnection
(detailed below). Because participants completed a neuroi-
maging session (reported separately) starting at exactly 2h
after injection, T2 was assessed before this scanning session
at 1h and 40min after injection and T3 was assessed
immediately after the scan at 3h and 30 min after injection;
T4-T6 were assessed hourly after T3. For safety reasons, the
study physician (MRI) confirmed all the eligibility criteria,
was aware of each participant’s group assignment, and was
on call during each of the experimental sessions, but did not
take part in the testing procedures. Participants were
discharged from the CTRC following the last blood draw
once self-reported physical and psychological symptoms
returned to baseline levels, and all participants left the study
feeling as well as they did when they started. At the end of
the study, participants were thanked, debriefed, and paid
for their participation (US$200 for the day of the study and
US$20 for the prior screening session for a total of US$220).
All subjects provided written consent before participating.
All procedures were approved by the UCLA Human
Subjects Protection Committee. Because subjects were not
asked if their data could be shared, data will be made
available upon request (stripped of subjects’ identifying
information) to be conservative towards protecting subjects.

Behavioral Assessments

Self-reported sickness symptoms. Physical sickness symp-
toms (headaches, muscle pain, shivering, nausea, breathing
difficulties, and fatigue) were assessed from T0 to T6.
Participants rated the extent to which they felt each
symptom on a scale from 0 (no symptoms) to 4 (very
severe symptoms).

Participants who reported anything other than ‘no
symptoms’ (ie, reporting anything other than ‘0’) for 3 or
more physical sickness symptoms at baseline were removed
from all analyses (two participants were removed using
these criteria). Additionally, to reduce the likelihood that
any between-group differences in social or affective responses
were due to severe sickness symptoms, any participant who
reported ‘very severe’ (ie, reporting ‘4’) sickness symptoms for
three or more symptoms across all timepoints were removed
(two participants were removed using these criteria). For the
rest of the participants, scores from each of these items were
then dichotomized for each timepoint: any reports of 3
(‘severe’) or greater for any of the symptoms were scored as a
physical symptom response, and 0 otherwise.

Depressed mood. Depressed mood was assessed from T0
to T6 using a short-form version of the Profile of Mood
States (Baker et al, 2002; McNair et al, 1971). Participants
rated the extent to which they felt: ‘unhappy’, ‘sad’, blue’,
‘hopeless’, ‘discouraged’, ‘miserable’, ‘helpless’, and ‘worthless’
on a scale from 0 (not at all) to 4 (extremely). Measures of
depressed mood were calculated by summing scores from each
of these items at each timepoint. The reliability of the scale
(assessed at the time of peak response) was high (o= 0.83).

Feelings of social disconnection. Feelings of social
disconnection were also assessed from TO to T6. Partici-
pants rated items such as: ‘I feel lonely’, ‘I feel disconnected



from others’, and ‘I feel isolated from others’ on a scale
from 1 (not at all) to 5 (very much so). The questionnaire
included 12 items and was created using items from a social
disconnection scale (Eisenberger et al, 2010), a loneliness
scale (Joiner et al, 2002), and adding two additional items:
I feel lonely’ and I feel liked’ (Russell, 1996), and scores
were averaged at each timepoint to create a measure of self-
reported social disconnection. The reliability of the scale
(assessed at the time of peak response) was high («=0.86).

Plasma Levels of Cytokines: Information about Assays

Whole blood samples were collected in prechilled 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.

Using a Bio-Plex 200 (Luminex) Instrument, Bio-Plex
software v.4.1, and a five-parameter logistic curve fit,
plasma levels of IL-6 and TNF-o were quantified by means
of high sensitivity bead-based multiplex immunoassays
(Performance High Sensitivity Human Cytokine; R&D
Systems, Minneapolis, MN). This R&D Systems multiplex
assay has been shown to have excellent intra- and interassay
reproducibility for these two analytes in a recent temporal
stability study of circulating cytokine levels (Epstein et al,
2013) and very strong correlations (r>0.94) across a wide
range of concentrations with high-sensitivity ELISA Kits
from the same manufacturer (Breen et al, 2014). All
multiplex assays were performed on plasma samples diluted
twofold according to the manufacturer’s protocol, and all
calculated concentrations generated by the BioPlex Manager
software were included in data analyses. Owing to the
strength of the parent study design (Eisenberger et al, 2009,
2010), which used repeated measures of cytokine values
over seven timepoints for each subject, each timepoint was
evaluated in a single determination. Every subject demon-
strated the expected profile of change of cytokine concen-
trations over time, based on these previous studies
(Eisenberger et al, 2009, 2010).

Paired samples from each subject (baseline and all sub-
sequent timepoints) were assayed on the same 96-well plate;
multiplex assays were chosen for the analyses because of the
large dynamic range necessary to evaluate both low
physiologic (baseline) and very high (postendotoxin) cyto-
kine concentrations in the same assay. The ranges of
detection for IL-6 and TNF-x were 0.2-3800 and 0.8-
3100 pg/ml, respectively, and no samples exceeded the
upper limit of detection for either analyte. The mean intra-
assay CV% of the standards was <8% for IL-6 and TNF-o;
the interassay CV% of an internal laboratory quality control
sample was <13% for both analytes.

Statistical Analyses

First, to establish between-group differences in the effect of
endotoxin vs placebo on cytokines, depression, and social
disconnection across time, we used a standard statistical
program (SPSS 22.0) to conduct an omnibus (from T1 to
T6) repeated-measures analyses of covariance (ANCOVA)
examining condition by time interactions controlling for
baseline values. ANCOVA was chosen in light of evidence
suggesting that this method (vs using repeated measures to
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detect changes from baseline) increases statistical power in
randomized studies and adjusts for baseline imbalances
(Van Breukelen, 2006; Winkens et al, 2007). Next, to
examine where these differences occurred, we conducted
ANCOVAs examining condition effects at specific time-
points (eg, T1) controlling for baseline values. Additionally,
to examine potential sex differences in the effects of endo-
toxin, we conducted ANCOV As examining condition by sex
interactions at each timepoint controlling for baseline.

Because the cytokine values were not normally distributed
at any timepoint, values were log-transformed, and because
of known effects of body mass index (BMI) on cytokines, we
controlled for BMI in all cytokine analyses. Additionally,
subjects whose scores were over 3SDs on the dependent
variables of interest were removed from the respective
analyses to improve the robustness of the results to repli-
cation, improve accuracy, and reduce errors (Osborne and
Overbay, 2004).

Finally, to examine differences in self-reported sickness
symptoms, a dichotomous outcome, we used a non-
parametric Fisher’s exact test to examine differences in
sickness symptoms by condition (endotoxin vs placebo) at
each timepoint.

RESULTS
Characteristics of the Sample

Participants who were outliers (£ 3 SD) on the Beck Depres-
sion Inventory (Beck et al, 1988) were removed from all
analyses (two participants were removed using these criteria).
Additionally, as mentioned above, four participants were
removed for being out of range on sickness symptoms. Of
the remaining 109 participants (65 female; mean age: 24.1 £ 6.3
years), 51 were randomized into the placebo condition and 58
were randomized into the endotoxin condition. The groups
were not significantly different (p’s>0.1) on the demographic
variables presented in Table 1. There were no sex differences
(p’s>0.1) on these variables except for age, where males were
older than females (#(107) = 2.49, p <0.05). Thus, we ran addi-
tional analyses controlling for age for all relevant analyses
below looking at sex differences; the results were unchanged
when controlling for age.

Physiological Responses to Endotoxin

Cytokines. As expected, an omnibus test revealed that
endotoxin (vs placebo) led to significant increases in IL-6
(Figure la; F(5,490) =132.71, p<0.001) and TNF-o levels
(Figure 1b; F(5,500) = 187.47, p<0.001) over time. Condi-
tion effects of endotoxin vs placebo at each timepoint
controlling for baseline were significant from T1 to T6 for
both IL-6 and TNF-a (p’s<0.001). There were no sex
differences in the effect of endotoxin on IL-6 or TNF-u«
levels; that is, there were no significant sex by condition
interactions at any timepoint controlling for baseline for
either IL-6 or TNF-o (p’s>0.3).

Self-reported sickness symptoms. Endotoxin (vs placebo)
participants reported significantly greater sickness symp-
toms at T2 (Fisher’s exact p<0.001), but not at any
other timepoints (Fisher’s exact p’s>0.2). At T2, 28% of
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Table | Characteristics of the Sample

Placebo males

Placebo females Endotoxin males Endotoxin females

(n=22) (n=29) (n=22) (n=36)

Mean age (SD) 26.3 (8.0) 214 (2.7) 255 (5.9) 242 (6.7)

Range 18-47 18-29 19-45 18-48
Mean body mass index (SD) 23.8 (2.6) 232 (2.8) 24.6 (2.5) 242 (3.2)
Race (%)

Caucasian 59.1 345 22.7 30.6

Asian/Pacific Islander 364 24.1 40.9 25

African American 0 6.9 4.5 2.8

Latino 0 27.6 273 30.6

Other 4.5 69 4.5 [
Alcohol use in 24 h before experimental session (% who said ‘yes') 0 0 0 28 (n=1)
Smoking in 24 h before experimental session (% who said ‘yes') 0 0 0 0
Exercise activity in 24 h before experimental session (% who said ‘yes’) 238 (n=5) 379 (n=11) 545 (n=12) 34 (n=11)

=& Placebo Males Placebo Females

=& Endotoxin Males

=< Endotoxin Females

180 1
160 -
140 -
120
100 -
80 A

IL-6, pg/mL

60 A
40
20

0 T — T — T T )
TO T1 T2 T3 T4 T5 T6

Time after injection (hours)

Figure |

b

TNF-o, pg/mL

TO T T2 T3 T4 T5 T6

Time after injection (hours)

Changes in cytokines. Changes over time in the endotoxin and placebo groups (split by sex) in plasma levels of (a) interleukin-6 (IL-6) and

(b) tumor necrosis factor-o. (TNF-a) (raw values that have not been log-transformed are shown). Cytokines were assessed at baseline (T0) and then
approximately every hour after injection for the next 6 h (T1-T6). Because participants completed a neuroimaging session (reported separately) starting at
exactly 2 h after injection, T2 was assessed before this scanning session at | h and 40 min after injection, and T3 was assessed immediately after the scan at 3 h
and 30 min after injection; T4—T6 were assessed hourly after T3. Error bars depict the standard error of the mean.

endotoxin participants reported at least one ‘severe’ or ‘very
severe’ symptom, compared with 0% of placebo partici-
pants. There were no sex differences in sickness symptoms
at any timepoint (Fisher’s exact p’s>0.2)

Social and Affective Responses to Endotoxin

Depressed mood. Consistent with prior work (Eisenberger
et al, 2010; Reichenberg et al, 2001), an omnibus test revealed
that endotoxin (vs placebo) led to significantly greater
increases in depressed mood over time, adjusted for baseline
(Figure 2a; F(5,460) =7.64, p<0.001). Analyses at each
timepoint revealed that endotoxin (vs placebo) led to signi-
ficant increases in depressed mood at T2 (F(1,101) =11.09,
p<0.01). These effects did not change when controlling for
sickness symptoms at T2 (F(1,99) =4.08, p<0.05).

Neuropsychopharmacology

Additionally, there were significant condition (endotoxin
vs placebo) by sex interactions in depressed mood at T1
(F(1,99) =5.12, p<0.05) and T2 (F(1,99) =5.91, p<0.05),
controlling for baseline. Females displayed significantly
greater increases in depressed mood than males in response
to endotoxin at T2 (F(1,51) =4.80, p<0.05) and marginally
at T1 (F(1,53) =3.68, p=0.06), controlling for baseline
values; however, among those who received placebo, there
were no sex differences (p’s > 0.1). These sex differences did
not change after controlling for sickness symptoms at T1
(F(1, 99) =5.12, p<0.05) or T2 (F (1,97) =5.44), p<0.05).

Feelings of social disconnection. As shown previously
(Eisenberger et al, 2010), endotoxin (vs placebo) led to signi-
ficantly greater increases in feelings of social disconnection
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Figure 2 Changes in socioemotional responses. Changes over time in the endotoxin and placebo groups (split by sex) in (a) depressed mood and
(b) feelings of social disconnection. Similar to the assessment of cytokines, socioemotional responses were assessed at baseline (T0) and then approximately
every hour after injection for the next 6 h (TI—=T6). T2 was assessed at | h and 40 min after injection; T3 was assessed at 3 h and 30 min after injection; and
T4-T6 were assessed hourly after T3. Timepoints with asterisks indicate significant condition by sex interactions at individual timepoints controlling for

baseline values. Error bars depict the standard error of the mean.

over time, adjusted for baseline (Figure 2b; F(5,505) = 4.35,
p<0.01). Analyses at each timepoint revealed that endo-
toxin (vs placebo) led to significant increases in social
disconnection at T2 (F(1,106)=13.04, p<0.001) and T4
(F(1, 103) =4.01, p<0.05). These effects remained when
controlling for sickness symptoms at T2 (F(1,104)=5.19,
p<0.05) and T4 (F(1,102) =3.26, p =0.07).

Importantly, there were also significant condition (en-
dotoxin vs placebo) by sex interactions on changes in felt
social disconnection at T1 (F(1,103) =4.77, p<0.05) and T2
(F(1,104) =6.02, p<0.05) and a marginal condition by sex
interaction at T5 (F(1,104) =3.9, p=0.05) controlling for
baseline values. Females showed greater increases in
feelings of social disconnection than males in response to
endotoxin at T1 (F(1,55)=5.54, p<0.05), T2 (F(1,55)=
7.44, p<0.01), and T5 (F(1,55) = 14.83, p<0.01). There were
no significant sex differences within the placebo group
(p’s>0.4). These effects remained significant when control-
ling for sickness symptoms at T1 (F(1,103) =4.77, p<0.05),
T2 (F(1,102) =5.41, p<0.05), and T5 (F(1,102)=4.00,
p<0.05).

Relationships between Cytokines and Affective and
Social Responses

To better understand the sex differences in the inflamma-
tory-induced changes in affective and social responses, we
also examined whether there were sex differences in the
relationships between changes in cytokines and changes in
affective and social responses. To do this, we looked at
correlations between changes from T0 to T2 in cytokines (ie,
IL-6, TNF-u) and affective and social changes (ie, depressed
mood, social disconnection) in the whole endotoxin sample
as well as for males and females separately. We focused on
changes from T0 to T2 for two reasons: (1) T2 was the peak
of cytokine response for both IL-6 and TNF-«, and (2) T2
was the only timepoint during which endotoxin (vs placebo)
subjects reported both significantly greater depressed
mood and feelings of social disconnection. All correlational
analyses controlled for BMIL

For the full sample, there were significant correlations
between changes in IL-6 and social disconnection (r=0.27,
p<0.05), as well as between changes in TNF-o and social
disconnection (r=0.37, p<0.01). The correlation between
changes in IL-6 and depressed mood was marginal (r =0.25,
p=0.08). Finally, the correlation between changes in TNF-o
and depressed mood was significant (r=0.30, p <0.05)

When examining males and females separately, the
correlation between changes in IL-6 and social disconnec-
tion was significant for females (Figure 3a; r =0.40, p <0.05)
but not for males (Figure 3b; r= — 0.04, p = 0.88). Similarly,
the correlation between changes in TNF-o and social
disconnection was significant for females (Figure 3c;
r=0.46, p<0.01) but not for males (Figure 3d; r=0.09,
p=0.69). The correlations between changes in IL-6 or
changes in TNF-a and depressed mood were not significant
for males or females (p’s>0.1).

DISCUSSION

Given mounting evidence showing that females are at a
greater risk for depression, are more sensitive to the social
environment, and show greater inflammatory activity, it is
critical to examine sex differences in the effect of inflam-
mation on social experience that may increase risk for
depression. Here, we demonstrated that in response to an
inflammatory challenge, females showed greater increases
in depressed mood and social disconnection. Furthermore,
increases in proinflammatory cytokines (ie, TNF-o, IL-6)
corresponded directly with increases in felt social discon-
nection for females but not for males.

Investigating sex differences has been largely overlooked
in this literature, where the majority of studies have been
conducted in male-only samples (reviewed in Schedlowski
et al, 2014). The sex differences found in this study in the
relationships between inflammatory and socioemotional
responses may be particularly important as they may
have implications for understanding why females are two
times as likely as males to develop depressive disorders

Neuropsychopharmacology
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Figure 3 Correlations between social disconnection and cytokines. Correlations between changes (T2—T0) in feelings of social disconnection and changes
in interleukin-6 (IL-6) (T2—T0) reported separately for (a) females and (b) males, and correlations between changes (T2—T0) in feelings of social disconnection
and changes in tumor necrosis factor-o. (TNF-a) for (c) females and (d) males. All values reported here and all analyses controlled for body mass index (BMI).

(Grigoriadis and Robinson, 2007; Weissman et al, 1996).
For example, in the present study, females (vs males)
showed greater increases in depressed mood in response to
endotoxin, indicating that females may be more sensitive to
the affective consequences of inflammation, which given
the potential role of inflammation in the pathogenesis of
depression (Raison and Miller, 2011), may contribute to the
increased likelihood for females to develop depressive
disorders.

Furthermore, females also showed greater increases in
feelings of social disconnection in response to endotoxin
compared with males. Importantly, feelings of social
disconnection contribute to the onset and perpetuation of
depression (Heinrich and Gullone, 2006), and it has been
argued that females’ greater dependence on social relation-
ships may contribute to the sex differences in depression
(Cyranowski et al, 2000). The present findings indicate that
females experience more pronounced changes in feelings of
social disconnection in response to increases in inflamma-
tion. Thus, this increased sensitivity to changes in social
experience may also have a role in the sex differences in
rates of depression.

Finally, there were no sex differences in proinflammatory
responses. Although some work has shown that females
show heightened proinflammatory activity (Chapman et al,
2009; O’Connor et al, 2007), the literature is equivocal.
Indeed, some have suggested that sex differences in inflam-
matory markers may be due to differences in adiposity
(Cartier et al, 2009). Furthermore, because the majority of
human studies using endotoxin did not include females
(reviewed in Schedlowski et al, 2014), we looked to another
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experimental context (ie, psychological stress) that elicits
inflammatory responses, where findings regarding sex
differences in cytokine responses are also mixed (Steptoe
et al, 2007). For example, one study found that females
showed greater IL-6 responses but smaller TNF-a to stress
compared with males (Steptoe et al, 2002). Another study
found that while there were no sex differences in the
magnitude of the increase in cytokine production in
response to social stress, there were sex differences in the
recovery period (Prather et al, 2009).

Additionally, in the context of the relationship between
inflammation and depression, findings about sex differ-
ences are also mixed. Some correlational work has found
that the relationship between inflammatory markers and
symptoms of depression or depressed mood is stronger in
males than females (Gimeno et al, 2009; Penninx et al,
2003). Conversely, in the context of clinical studies that
follow patients using the cytokine interferon-o (IFN-2),
some work has found that females who receive IFN-o are at
greater risk of developing depression than males (Gohier
et al, 2003; Koskinas et al, 2003). Still, others have reported
no sex differences in either correlational relationships
between inflammation and depression (Bremmer et al,
2008) or in IFN-g-induced depression (Bonaccorso et al,
2002). These mixed findings suggest that further studies
are needed to better understand sex differences in this
literature.

However, although there were no sex differences in pro-
inflammatory responses in the present study, the relation-
ship between changes in proinflammatory cytokines and
changes in social disconnection was significant for females



but not for males. This finding indicates that females may
be particularly sensitive to the social psychological changes
that accompany increases in inflammation. This increased
social sensitivity to changes in cytokines may further
contribute to the increased likelihood for females to develop
depressive disorders.

In addition to providing insight about sex differences in
depressive disorders, this study may ultimately have other
clinical implications if corroborated by future studies.
Namely, because these data suggest that women are more
sensitive to the socioemotional consequences of heightened
inflammation, females diagnosed with disorders marked
by chronic inflammation (eg, arthritis, multiple sclerosis)
may be particularly vulnerable to developing depressive
disorders. Although the literature is mixed, there is some
evidence to support this notion. For example, one study
found that females with arthritis had 33% higher odds of
major depression than males (Fuller-Thomson and Shaked,
2009), and other work has found that females with multiple
sclerosis have a higher prevalence of depression than males
(Patten et al, , 2000, 2003). These data, in combination with
the results from this study, would suggest that clinicians
may want to more carefully monitor females with disorders
characterized by chronic inflammation.

A few limitations should be considered. First, while one of
the study’s strengths was looking at measures of social
psychological experience, we did not measure social behavior
directly. Future work should examine the effect of experi-
mental inflammation on behavior in social situations to
determine whether the sex differences present in this study
extend to sex differences in social behavior. Furthermore,
while this study can aid our understanding of the role of
inflammation in depression and sex differences in rates of
depression, this study was conducted using a healthy, young
sample. Thus, additional work is needed to better under-
stand these processes in both older and clinically depressed
samples.

In conclusion, these findings make an important con-
tribution to the literature by providing evidence for sex
differences in alterations in mood and social psychological
experience from an experimental inflammatory challenge.
In response to endotoxin, females (vs males) showed greater
increases in depressed mood and social disconnection.
Additionally, the relationships between changes in proin-
flammatory cytokines and social disconnection was sig-
nificant for females but not for males. These findings may
ultimately be useful in understanding the link between
inflammation and depression, as well as sex differences in
rates of depression.
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