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Transcriptomic predictors of inflammation-induced

depressed mood
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Inflammation plays a significant role in the pathophysiology of depression. However, not all individuals exposed to inflammatory
challenge develop depression, and identifying those at risk is necessary to develop targeted monitoring, prevention, and treatment
strategies. Within a randomized double-blind placebo-controlled study (n = 115), we examined whether leukocyte transcriptome
profiles predicted inflammation-induced depressed mood in volunteers who received low-dose intravenous endotoxin (n = 58;
aged 18-50). At baseline, transcription factor (TF) activities were assessed using genome-wide transcriptional profiling of peripheral
blood mononuclear cells and promoter-based bioinformatic analyses. Then, participants were administered endotoxin. Self-
reported depressed mood was assessed using the Profile of Mood States. Based on extant studies linking transcriptional profiles to
depressive disorder, we examined whether post-endotoxin depressed mood is predicted by baseline activity of TFs related to
immune activation, sympathetic activation, and glucocorticoid insensitivity: respectively, nuclear factor kappa B (NF-kB), cCAMP
response element-binding protein (CREB), and glucocorticoid receptor (GR). Twenty-one participants (36%) experienced an increase
in depressed mood from baseline to 2 h post endotoxin, when depressive response peaks. Bioinformatics analyses controlling for
age, sex, ethnicity, body mass index, and physical sickness response revealed that post-endotoxin depressed mood was predicted
by increased baseline activity of TFs related to inflammation (NF-kB) and beta-adrenergic signaling (CREB) and by decreased activity
of GR-related TFs (P's < 0.001). Inflammation-induced depressed mood is predicted by peripheral transcriptome profiles related to
immune activation, sympathetic activation, and glucocorticoid insensitivity. With further replication, these stress-related molecular
profiles could be used for a novel genomic approach for identifying individuals at high-risk for the inflammatory subtype of

depression.
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INTRODUCTION
Inflammation is hypothesized to play an important role in the
onset and perpetuation of depression [1, 2]. Indeed, a high
proportion of depressed individuals present with elevated
inflammation. In the National Health and Nutrition Examination
Survey, 47% of individuals with Patient Health Questionnaire
(PHQ-9) scores=10 (i.e, depression) had C-reactive protein >
3 mg/L [3]. Additionally, a poor treatment response to antidepres-
sants such as selective serotonin reuptake inhibitors is found in
those with inflammatory disorders, inflammation-related gene
variants, and elevated levels of inflammatory biomarkers [4-6].
Thus, inflammation likely has a role in some types depression (i.e.,
inflammatory subtype) acting possibly as an etiological factor, a
correlate of severity, or a moderator of treatment response.
However, not all patients with inflammatory disorders present
with depression, and not all individuals exposed to robust
inflammatory stimuli such as interferon and endotoxin develop
depression [7-11]. One way of identifying individual risk factors for
inflammation-related depressive symptoms is to experimentally
induce inflammation and quantify variations in affective response.
Endotoxin administration is a safe procedure that, at low doses

(<1 ng/kg of body weight), induces symptoms such as depressed
mood, anhedonia, fatigue, reduced appetite, and cognitive
impairment, and has been used as a novel experimental model
for inflammation-associated depression [12, 13]. Notably, not all
variability in depressive responses to endotoxin is accounted
for by differences in the magnitude of inflammatory responses
[7-9, 14]. For example, females show greater increases in
depressed mood in response to endotoxin as compared to
males, even though both sexes show similar increases in
inflammation [9, 15]. Defining the factors that account for this
variability, i.e, predictors of depressive responses to an
inflammatory challenge, may identify individuals at risk of
developing depression when exposed to heightened inflamma-
tory states such as infection, inflammatory disorders, cancer,
aging, obesity, medical treatments (e.g., interferon), or psycho-
social distress. Furthermore, transcriptome profiles that predict
depressive symptoms following an inflammatory challenge
could be used to identify biological mechanisms underlying
inflammation-induced depression, which could inform the
development of more precise and targeted strategies for
monitoring, prevention, or treatment.
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This study sought to identify leukocyte transcriptome profiles
that predict inflammation-induced depressed mood by conduct-
ing baseline gene expression analyses of peripheral blood
mononuclear cells (PBMCs) from healthy volunteers who were
subsequently exposed to low-dose intravenous endotoxin.

Examination of transcriptome profile might involve either
individual gene transcripts or transcriptional control pathways. In
this study, we focused on the latter approach with a priori
hypotheses because, compared to small variations in expression of
individual downstream gene targets, variations in the activity of
upstream transcriptional control pathways might provide more
reliable information regarding the prediction of inflammation-
induced depression—see Mellon et al. [16] for more background
on this approach. Thus, a promoter-based bioinformatics strategy
was used to assess the activity of specific transcription factors (TFs)
that might contribute to the development of inflammation-
induced depressed mood. TFs can bind to closely related DNA
promoter sequences, or TF-binding motifs (TFBMs), in the
promoter regions of multiple genes to drive coordinated
alterations in gene expression. Therefore, examination of promo-
ter sequences of large sets of differentially expressed genes can
identify TFBMs that are selectively over-represented among those
genes, and thus provide information about transcriptional control
pathways that may contribute to inflammation-induced
depression.

Several previous studies have linked individual gene transcripts
and transcriptional control pathways involved in immune activa-
tion to major depressive disorder (MDD) [17-20] and to interferon-
induced depression [21]. In particular, the nuclear factor kappa B
(NF-kB)/Rel family of TFs, which directly mediates inflammation,
has been found to be increased in the periphery and central
nervous system of depressed individuals [22, 23]. Glucocorticoid
receptor (GR) dysfunction has been identified in MDD [24], and a
downregulation of GR-related individual gene transcripts and
transcriptional control pathways has been found in depressed
subjects [18, 19, 25-29]. The cyclic AMP response element-binding
protein (CREB) TF has also been implicated in signaling pathways
relevant for pathogenesis and therapy of depression [30, 31]. CREB
is downregulated in fibroblasts and neutrophils from patients with
MDD [32, 33] and in postmortem brains of suicide victims with a
history of depression [34]. Furthermore, CREB is upregulated by
chronic antidepressant treatment [35]; increasing CREB levels
result in antidepressant-like behaviors in rodent models [35]; and
an early increase in peripheral lymphocyte CREB is associated with
response to psychotherapy [36]. Promoter-based bioinformatic
analyses using PBMCs have revealed a decreased activity of CREB
in association with interferon-induced depression [21], although
an increased activity of CREB transcriptional control pathway and
an increased CREB mRNA expression in peripheral leukocytes have
also been found to be associated with MDD [16, 37]. Overall,
despite these conflicting findings, more studies have shown a
downregulated CREB gene expression in depression.

Of note, these transcriptional control pathways—NF-kB, GR, and
CREB—have also been implicated in the Conserved Transcrip-
tional Response to Adversity (CTRA), which refers to the pattern of
gene expression responses that favor proinflammatory antibacter-
ial responses at the expense of antiviral responses when people
face threatening or adverse situations [38]. Interferon-related
antiviral responses and inflammation-related antibacterial
responses derive from distinct gene expression programs that
are mediated by separate TF pathways (e.g., interferon response
factors vs. NF-kB) and are reciprocally regulated (i.e., upregulation
of one induces downregulation of the other) [39]. Under basal
conditions, mammalian immune systems show a bias toward
strong interferon/antiviral responses (possibly to counteract the
enhanced viral colonization of highly social species) [40]. However,
in response to extended periods of threat or uncertainty, the
sympathetic nervous system (SNS) induces the CTRA and shifts the
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basal immune cell transcriptome toward proinflammatory
responses that would be optimal for defense against wound-
related bacterial infection and tissue damage [23, 41]. Under
ancestral conditions, this molecular defense response was likely
adaptive because physical threats such as an animal attack would
cause injuries and tissue damage, situations in which bacterial
infections are imminent. However, in the modern world, this
physiologic linkage between stress and inflammation may allow
other types of adversity such as social isolation and social rejection
to promote proinflammatory responses [23].

Both physical and social threats can elicit SNS activation, which
results in stimulation of beta-adrenergic receptors and down-
stream activation of CREB TFs. Chronic social stress has also
been found to desensitize the activity of the anti-inflammatory GR
[42, 43]. In the context of the CTRA, an increased activity of NF-kB
and CREB and a decreased activity of GR would all contribute to
increased inflammation and thereby potentially predict depres-
sion. Thus, while most depression studies have found associations
between decreased CREB activity and depression, the CTRA would
link depression to increased CREB activity in circulating leukocytes.
In particular, given the coordinated actions of SNS, innate immune
system, and hypothalamic pituitary adrenal (HPA) axis according
to the notion of the CTRA, increased CREB activity in peripheral
blood cells may be an important predisposing factor for the
inflammatory subtype of depression.

Based on the aforementioned literature, we examined the
following a priori hypotheses in peripheral blood cells. Post-
endotoxin depressed mood would be predicted by (1) higher
baseline expression of genes regulated by NF-kB; (2) lower
baseline expression of genes regulated by GR; and (3) differential
expression of genes regulated by CREB (either up- or down-
regulated, as both have been observed in the literature).

MATERIALS AND METHODS

Participants

One hundred-fifteen healthy participants (mean age 24.2,
standard deviation [SD] 6.6 years; 69 females and 46 males)
completed a randomized controlled trial of endotoxin adminis-
tration between March 2011 and August 2013 (Supplemental
Material) [9]. Transcriptome data were available for 111 partici-
pants, 59 of whom had received endotoxin. One of these 59
participants had missing data on depressed mood. Here we report
the data from 58 participants who received endotoxin and had full
mood data (age range 18-50; mean age 25.2, SD 7.2 years; 37
females and 21 males) because the aim of this study was to
examine transcriptomic predictors of inflammation-induced
depressed mood.

Procedures

This randomized controlled trial was conducted at the UCLA
Clinical and Translational Research Center. All procedures were
approved by the UCLA Institutional Review Board. All subjects
provided written consent before participating. Partial results from
this trial (NCT01671150) were previously reported, including the
moderating roles of sex, preexisting sleep disturbance, and anxiety
in endotoxin-induced depressed mood [7, 9, 14] and the
enhancement of inflammatory response to endotoxin by sensitiv-
ity to social disconnection [44]. No prior study has examined
transcriptome profiles as predictors of inflammation-induced
depressed mood. Details of the trial protocol are provided in
previous reports [7, 9, 44]. Briefly, the participants received low-
dose endotoxin (0.8 ng/kg of body weight, Escherichia coli group
0:113) as an intravenous bolus, which mimics increases in
inflammation found in inflammatory disorders, infections, and
also psychological stress [45-47]. As reported previously [7],
endotoxin administration led to about 10-fold increases in
interleukin-6 levels and 5-fold increases in tumor necrosis
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factor-a levels (by comparing geometric means), which corre-
sponds to real-world clinical settings such as HIV infection [47] and
rheumatoid arthritis [48]. At baseline (prior to endotoxin admin-
istration), blood samples were drawn into B-D Biosciences CPT
Tubes for subsequent isolation of PBMCs and gene expression
profiling. Participants completed a self-report questionnaire on
mood at baseline (T0) and then approximately every hour post
injection for the next 6 h (T1-T6).

Assessment of depressed mood

Depressed mood was assessed approximately hourly from TO to
T6 using the depression subscale of the short-form Profile of Mood
States [49, 50]. Participants rated the extent to which they felt at
the moment (“right now”): “unhappy”, “sad”, “blue”, “hopeless”,
“discouraged”, “miserable”, “helpless”, and “worthless” on a scale
from 0 (not at all) to 4 (extremely). Depressed mood was
calculated by summing scores from each of these items at each
timepoint. The reliability of the scale was high (a = 0.83). The main
outcome measure of this study was “post-endotoxin depressed
mood”, a binary variable that was defined as any increase in
depressed mood from baseline to T2, when both inflammatory
and depressive responses to endotoxin peak. Absence of post-
endotoxin depressed mood was defined by no change or
decrease in depressed mood from baseline to T2.

Assessment of physical sickness symptoms

Physical symptoms such as headaches, muscle pain, shivering,
nausea, breathing difficulties, and fatigue were assessed from TO
to T6. Participants rated the extent to which they felt each
symptom on a scale from 0 (no symptoms) to 4 (very severe
symptoms). Scores from each of these items were then
dichotomized for each timepoint: any reports of 2 (“moderate”)
or greater for any of the symptoms were categorized as presence
of physical sickness symptoms, zero otherwise. Then, a new
variable, “physical sickness response”, was defined as any increase
in physical sickness symptoms from baseline to T2. Absence of
physical symptom response was defined by no change or
decrease in physical sickness symptoms from baseline to T2.

Gene expression profiling

Blood samples were collected immediately prior to endotoxin
administration, and genome-wide transcriptional profiling was
conducted on PBMCs isolated from 8 mL of blood using density
gradient centrifugation (B-D Biosciences CPT Tubes). RNA was
extracted (Qiagen QlAcube), 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. 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). Gene expression
data on 34,670 assayed transcripts were quantile normalized [51]
and log,-transformed for analysis. TF activity was inferred from
gene expression data using the TELiS promoter-based bioinfor-
matics analysis [52], with modification to yield individual-level
estimates of TF activity suitable for predicting individual
differences in depressive symptom response to endotoxin
exposure. Briefly, (1) a set of up- and downregulated genes were
defined for each individual’s expression profile by first standardiz-
ing data for each gene,

(Xgi — Xg.)

Zgi —
g Sg.

where g indexes genes, i indexes individuals, and the mean (X)
and SD (S) operators are applied to the vector of gene expression
data across individuals for gene g, with “.” indicating averaging
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over the substituted i index; collecting then all genes showing Zgi
> 1.5 (1.5 SD above the sample-wide average for that gene) or Zgi
< —1.5 (1.5 SD below the sample-wide average for that gene) for a
given individual; and excluding genes that showed little absolute
variability in expression across individuals (Sg<0.074 log,
expression units) or minimal expression levels (Xg.<7.04 log,
expression units); (2) promoters of up- and downregulated genes
for each individual were then scanned for TFBMs as defined by
TRANSFAC position-specific weight matrices for NF-kB/Rel family
factors (VSCREL_01, VSNFKAPPAB50_01, VSNFKAPPAB65_01, V
SNFKAPPAB_O01, VSNFKB_C, and VSNFKB_Q6), the GR (VSGRE_C
and VSGR_Q6), and CREB family factors (VSCREBP1CJUN_O1, V
SCREBP1_01, VSCREBP1_Q2, VSCREB_01, VSCREB_02, VSCREB_Q2,
and VSCREB_Q4); and (3) the relative activation of each TF for a
given individual was indicated by the log,-transformed ratio of
TFBM prevalence in the promoters of up- vs. downregulated
genes for that individual (with the total number of up- and
downregulated genes serving as a precision weight for that ratio);
these TFBM ratios were then used as predictor variables as
described below.

Statistical analysis

To evaluate whether activity of a priori selected TFs predicts post-
endotoxin depressed mood, we conducted multivariate weighted
logistic regression with (log;) TFBM ratios as the predictor
variables in their original continuous format and post-endotoxin
depressed mood as the outcome variable in the binary format as
described above. The numbers of genes declared up- and
downregulated for each individual were used as precision
weights. The covariates for multivariate analyses included not
only age, sex, ethnicity (white vs. non-white), and body mass index
(BMI), which are often associated with systemic inflammation and/
or depression [53], but also physical sickness response. This highly
conservative approach of controlling for physical sickness
response as well (since fatigue is one of the diagnostic criteria
for MDD) was adopted to ensure that the transcriptomic
predictors of post-endotoxin depressed mood identified in this
study are independent of the influence from post-endotoxin
sickness symptoms. The magnitude of prediction was described in
odds ratios (ORs), indicating the odds of developing post-
endotoxin depressed mood according to the baseline activity of
the pre-selected TFs. Statistical analyses were performed using
STATA 14.2 (StataCorp, College Station, TX).

RESULTS

Baseline sample characteristics

As described in Methods, the final analytical sample included
58 participants who were administered endotoxin; 21 of them
(36%) evidenced depressed mood in response to endotoxin. In
this final analytical sample, those with and without post-endotoxin
depressed mood did not significantly differ in age, sex, and
ethnicity (Table 1). Those with post-endotoxin depressed mood
had significantly lower BMI (23.1 vs. 24.7, P=0.04).

Transcriptomic predictors of post-endotoxin depressed mood

To bioinformatically determine whether the baseline activity of
the selected TFs predicts the development of post-endotoxin
depressed mood, we performed promoter-based bioinformatic
assessment of TF activity followed by logistic regression analysis
with: (1) individual-level measures of TFBM asymmetry in the
promoters of genes that were relatively up- and downregulated in
that individual at baseline (prior to endotoxin administration) as
the predictor variables; (2) post-endotoxin depressed mood as the
outcome variable; and (3) the total number of baseline up- and
downregulated genes serving as a precision weight. Multivariate
logistic regression models were constructed to compute adjusted
ORs, first controlling for age, sex, ethnicity, and BMI and then
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controlling for all these variables as well as physical sickness
response (Table 2). These two multivariate models were con-
structed and described so that the separate role of physical
sickness response in the final multivariate model could be clearly
visualized.

In accordance with the a priori hypotheses, higher activity of
NF-kB and lower activity of GR predicted post-endotoxin
depressed mood. As shown in Table 2 and Fig. 1, weighted
logistic regression controlling for age, sex, ethnicity, BMI, and
physical sickness response revealed that for five out of six distinct
TFBMs defined for the NF-kB/Rel family, higher TF activity
predicted a significantly higher likelihood of post-endotoxin
depressed mood as indicated by ORs greater than unity. This
was uniformly true for the four NF-kB TFBMs with the strongest
biochemical validation (those bearing the _01/_02 suffix from
the TRANSFAC database). For both TFBMs assessing GR activity,
lower TF activity predicted a higher likelihood of post-endotoxin
depressed mood.

Table 1. Sample characteristics at baseline

No post-endotoxin ~ P*
depressed mood

Post-endotoxin
depressed mood

Characteristic

(n=21) (n=37)
Mean age (SD) 243 (7.1) 25.7 (7.3) 047
Female (%) 16 (76.2) 21 (56.8) 0.14
White (%) 7 (33.3) 12 (32.4) 0.94
Mean body mass 23.1 (2.9) 24.7 (2.6) 0.04
index (SD)
Physical sickness 19 (90.5) 21 (56.8) 0.008

response (%)

SD standard deviation

*P-values from t-tests when the sample characteristic is a continuous
variable and from chi-square tests when the sample characteristic is a
categorical variable

Contrary to the hypothesis derived from much of the previous
depression literature, but consistent with the CTRA hypothesis,
bioinformatic indications of higher CREB activity predicted post-
endotoxin depressed mood. As shown in Table 2 and Fig. 1, results
for five out of seven CREB TFBM:s indicated the prediction of post-
endotoxin depressed mood by an increased activity of CREB.

Most of the associations tested here were highly statistically
significant (P's < 0.001). Furthermore, these associations remained
significant even after the conservative Bonferroni correction of
statistical significance at P <0.003 (i.e, P <0.05 divided by 15 as
we tested 15 variant models involving alternative specifications of
3 TF predictor hypotheses).

Transcriptomic predictors of post-endotoxin cytokine response
are provided in Supplemental Material.

DISCUSSION

In this human experimental study, inflammation-induced
depressed mood was predicted by baseline leukocyte transcrip-
tome profiles related to immune activation/inflammation, SNS
activation, and glucocorticoid insensitivity; more specifically,
higher activity of NF-kB and CREB and lower activity of GR. In
other words, individuals with baseline peripheral blood gene
expression profiles showing transcriptomic indications of immune
activation/inflammation, sympathetic activation, and glucocorti-
coid insensitivity were more likely to develop depressed mood in
response to administration of an experimental challenge with
endotoxin.

While increased activity of NF-kB and decreased activity of GR
are associated with depression [18, 19, 22, 23, 25-29], the direction
of the association between CREB and depression has been less
consistent, with either decreased [21, 32-34] or increased [16, 37]
CREB activities in association with depression. Furthermore,
depending on the brain region involved, increased CREB activity
can either reduce or increase depressive-like behavior in animal
models. While antidepressant treatments increase CREB activity in
hippocampus, a sustained elevation of CREB activity in nucleus
accumbens produces anhedonia [54]. Regarding the CREB activity
in peripheral blood cells, some studies have linked decreased

Table 2. Prediction of post-endotoxin depressed mood by baseline transcription factor activity

Transcription TFBM Unadjusted OR P Model 1Adjusted OR® P Model 2Adjusted OR® P

factor (95% Cl) (95% ClI) (95% Cl)

NF-kB/Rel family ~VSCREL_01 5.38 (4.76-6.08) <0.001 2.73 (2.39-3.12) <0.001 2.39 (2.08-2.75) <0.001
VSNFKAPPAB50_01 4.52 (4.32-4.74) <0.001 11.01 (10.31-11.76) <0.001 14.72 (13.74-15.77) <0.001
VSNFKAPPAB65_01 1.61 (1.51-1.72) <0.001 1.97 (1.83-2.12) <0.001 1.91 (1.77-2.06) <0.001
VSNFKAPPAB_O1 3.45 (3.19-3.73) <0.001 340 (3.14-3.69) <0.001 4.17 (3.82-4.54) <0.001
VSNFKB_C 1.00 (0.95-1.05) 0.97 1.61 (1.53-1.69) <0.001 1.68 (1.60-1.77) <0.001
VSNFKB_Q6 0.59 (0.55-0.62) <0.001 0.91 (0.86-0.97) 0.002 0.99 (0.93-1.05) 0.72

GR VSGRE_C 0.67 (0.64-0.70) <0.001 0.61 (0.58-0.64) <0.001 0.61 (0.57-0.65) <0.001
VSGR_Q6 0.29 (0.26-0.31) <0.001 0.28 (0.26-0.31) <0.001 0.30 (0.28-0.33) <0.001

CREB VSCREBP1CJUN_01 0.90 (0.86-0.95) <0.001 1.15 (1.09-1.21) 0.13 0.96 (0.91-1.01) 0.13
VSCREBP1_01 0.87 (0.85-0.90) <0.001 0.71 (0.68-0.73) <0.001 0.72 (0.70-0.75) <0.001
VSCREBP1_Q2 1.16 (1.11-1.22) <0.001 1.61 (1.53-1.70) <0.001 1.67 (1.58-1.76) <0.001
V$CREB_01 1.95 (1.83-2.07) <0.001 2.46 (2.30-2.63) <0.001 3.51 (3.26-3.79) <0.001
VSCREB_02 4.29 (3.99-4.62) <0.001 13.05 (11.88-14.33) <0.001 41.01 (36.79-45.72) <0.001
V$CREB_Q2 0.70 (0.67-0.73) <0.001 0.87 (0.83-0.92) <0.001 1.51 (1.42-1.61) <0.001
V$CREB_Q4 0.76 (0.72-0.81) <0.001 1.17 (1.09-1.25) <0.001 1.28 (1.18-1.38) <0.001

TFBM transcription factor-binding motif, OR odds ratio, C/ confidence interval, NF-kB nuclear factor kappa B, GR glucocorticoid receptor, CREB cyclic AMP

response element-binding protein

“Multivariate logistic regression model adjusted for age, sex, ethnicity, and body mass index

PMultivariate logistic regression model adjusted for age, sex, ethnicity, body mass index, and physical sickness response
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Magnitude and direction of the associations between baseline transcription factor activity and post-endotoxin depressed mood. Bars

represent the Z-scores derived from the multivariate weighted logistic regression analyses adjusted for age, sex, body mass index, ethnicity,
and physical sickness response. Positive and negative scores indicate, respectively, increased and decreased activity of the transcription
factors. Error bars indicate standard errors. NF-kB nuclear factor kappa B, GR glucocorticoid receptor, CREB cyclic AMP response element-

binding protein

CREB activity to depression [32, 33], whereas other studies have
linked increased CREB activity to depression [16, 37]. Our results
are consistent with the latter findings.

Whereas previous studies have focused on the association
between CREB activity and depression, the current study
examined the activity of the CREB transcription control pathway
in peripheral leukocytes as a predictor of inflammation-induced
depressed mood. Therefore, although this study does not provide
any direct evidence regarding the etiological association between
CREB activity and depression per se, it provides some insight
regarding the risk prediction potential for CREB in inflammation-
induced depression. Greater peripheral activity of CREB may
predict depressive responses to an inflammatory challenge, which
may occur in the context of physiological or psychological stress.
Predisposing stress may be expressed in the form of increased
peripheral beta-adrenergic activity, and therefore increased CREB
activity, which would be consistent with the concept of the CTRA.
In line with this possibility, preexisting anxiety symptoms serve as
a vulnerability factor for post-endotoxin depressive symptoms
[14]. Furthermore, the current experimental study design could
have introduced some element of psychological stress in addition
to inflammatory stress (i.e, endotoxin) because the study
participants may have experienced anticipatory anxiety and SNS
activation at baseline due to the anticipation of receiving

Neuropsychopharmacology (2019) 44:923 - 929

endotoxin vs. placebo. Thus, those who were vulnerable to
anticipation stress could have had an additional upregulation
of CREB at baseline beyond their preexisting stress and
CREB activation. Personality traits of anticipatory anxiety, long-
standing adversities, transient psychological stress, and concur-
rent enhancement of CREB activity could all contribute to
inflammation-induced depression.

Adversities in the form of physical, physiological, psychological,
or social stress may activate SNS and also trigger innate immune
responses with the elevation of catecholamines and inflammatory
mediators. Prolonged stress may lead to a state of glucocorticoid
insensitivity. Furthermore, catecholamines acting through alpha-
and beta-adrenergic receptors can activate inflammatory signaling
pathways, including NF-kB, and increase cytokine expression in
the brain and periphery [2]. Glucocorticoid insensitivity may result
in a reduced cellular response to cortisol, which is one of the most
potent anti-inflammatory hormones, despite the continued
presence of stressful factors (and continued cortisol output). Thus,
the combined neuroendocrine actions of SNS and HPA axis may
lead to a state of chronic systemic inflammation, predisposing
individuals to inflammation-associated conditions including
depression. More specifically, according to the sequence of events
corresponding to the current experimental study design, some
individuals may be found in a state of sympathetic activation,
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heightened inflammation, and glucocorticoid insensitivity for a
variety of reasons such as longstanding adversities; and when they
face physiological or psychosocial stress that induces an acute
proinflammatory state, they may develop depressive symptoms or
disorders.

The current study presents several strengths. It is a highly
controlled human experimental study using an innovative
inflammatory challenge model of depression (ie, post-
endotoxin depressed mood) and a novel transcriptomic approach.
Furthermore, the study hypotheses were formulated based on an
integrative theoretical concept of the CTRA, and the findings were
both consistent with this concept and highly statistically
significant. The following limitations should be considered. First,
although this experimental model of depression using endotoxin
is a unique opportunity for studying depression and has been
used in several previous studies [12], post-endotoxin depressive
symptoms cannot be equated with clinical depression. Future
clinical studies will be required to corroborate and translate the
current findings into clinical practice. Second, the study partici-
pants were healthy and mostly young, which may limit the
external validity of the findings to a broader sphere of the general
population including mentally or physically ill individuals and
older adults. Lastly, the association between baseline TF measures
and depressive symptom responses is fundamentally correlational
(even though they are measured at different time points), so the
causal relationships involved and their biological mechanisms
remain to be clarified in future research.

The current study suggests that CTRA- and stress-related
molecular profiles may hold potential as predictive biomarkers
for inflammation-induced depressive symptoms. These findings
also underscore the potential utility of targeting inflammation-
related biological processes in future efforts to prevent depres-
sion. Independent replication of these findings in prospective
cohort studies of clinical depression will be an important advance
in this endeavor. With further replication, these transcriptome
profiles could be used as a novel genomic approach for
identifying individuals at high risks for depression.
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