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Abstract

Inflammation has an important physiological influence on mood and behavior. Kynurenine
metabolism is hypothesized to be a pathway linking inflammation and depressed mood, in part
through the impact of kynurenine metabolites on glutamate neurotransmission in the central
nervous system. This study evaluated whether the circulating concentrations of kynurenine and
related compounds change acutely in response to an inflammatory challenge (endotoxin
administration) in a human model of inflammation-induced depressed mood, and whether such
metabolite changes relate to mood change. Adults (n=115) were randomized to receive endotoxin
or placebo. Mood (Profile of Mood States), plasma cytokine (interleukin-6, tumor necrosis factor-
a) and metabolite (kynurenine, tryptophan, kynurenic acid, quinolinic acid) concentrations were
repeatedly measured before the intervention, and at 2 and 6 hours post-intervention. Linear mixed
models were used to evaluate relationships between mood, kynurenine and related compounds,
and cytokines. Kynurenine, kynurenic acid, and tryptophan (but not quinolinic acid)
concentrations changed acutely (p’s all <0.001) in response to endotoxin as compared to placebo.
Neither kynurenine, kynurenic acid nor tryptophan concentrations were correlated at baseline with
cytokine concentrations, but all three were significantly correlated with cytokine concentrations
over time in response to endotoxin. Quinolinic acid concentrations were not correlated with
cytokine concentrations either before or following endotoxin treatment. In those who received
endotoxin, kynurenine (p=0.049) and quinolinic acid (p=0.03) positively correlated with depressed
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mood, although these findings would not survive correction for multiple testing. Changes in
tryptophan and kynurenine pathway metabolites did not mediate the relationship between
cytokines and depressed mood. Further work is necessary to clarify the pathways leading from
inflammation to depressed mood in humans.

Keywords
kynurenine metabolism; inflammation; depression; sex differences; experimental design

1. INTRODUCTION

Depression is a common and debilitating disorder (Kessler et al., 2005), and current
treatments are inadequate (Rush et al., 2006). Novel treatment targets for depression must be
identified through improved understanding of the biology of depressive symptoms.
Inflammation holds promise as a treatment target, given evidence that depressed patients
have higher concentrations of inflammatory markers relative to controls (Dowlati et al.,
2010; Kohler et al., 2017); experimental induction of inflammation induces depressive
symptoms in humans (Capuron et al., 2002; Eisenberger et al., 2010a; Raison et al., 2006;
Reichenberg et al., 2001; Udina et al., 2012); and patients with higher levels of inflammation
appear to respond differently to depression treatment interventions (Amitai et al., 2016; Eller
et al., 2008; Hashimoto, 2015; Kruse et al., 2018; Lanquillon et al., 2000; Machado-Vieira et
al., 2016; Raison et al., 2013; Rapaport et al., 2015; Rethorst et al., 2013; Strawbridge et al.,
2015; Uher et al., 2014; Yang et al., 2015). However, the pathways leading from
inflammation to depression and the reasons for variable depressive responses to
inflammation are not fully understood and require further investigation.

Alteration in glutamate neurotransmission is hypothesized to link inflammation and
depression, which may in part be accounted for by a change in the kynurenine pathway of
tryptophan metabolism (Lawson et al., 2013; O’Connor et al., 2009; Raison et al., 2010).
The kynurenine pathway is regulated by the immune system; in response to an inflammatory
stimulus, pro-inflammatory cytokines activate indoleamine 2,3-dioxygenase (IDO) (Bay-
Richter et al., 2014; Campbell et al., 2014; Erhardt et al., 2013). In turn, IDO metabolizes
tryptophan (Trp) to kynurenine (KYN), thus increasing concentrations of KYN and
decreasing concentrations of Trp. The ratio of KYN/Trp is used as a measure of IDO
activity. KYN is actively transported across the blood-brain barrier (Fukui et al., 1991).
Additional enzymes in both peripheral and central compartments metabolize KYN along
various pathways to form the metabolites quinolinic acid (QA) and kynurenic acid (KynA),
among others. These metabolites are neuroactive, impacting glutamate neurotransmission at
N-methyl-D-aspartate (NMDA) glutamate receptors. For example, QA is an agonist at the
glutamate binding site of the NMDA receptor, and KynA is an antagonist at the glycine site
of this receptor. It is hypothesized that imbalances between QA and KynA, with a net
overstimulation of the NMDA receptor, may contribute to the link between inflammation
and depression (Miller, 2013; Schwarcz et al., 2012; Walker et al., 2013).
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Animal studies have provided insight into the relationship between inflammation, the
kynurenine pathway, NMDA receptor activation, and depressive-like behavior. In mice,
peripheral administration of endotoxin (lipopolysaccharide, LPS) leads to higher
concentrations of brain KYN and QA, as well as depressive-like behavior (Walker et al.,
2013), and this behavior is prevented by blocking IDO activation (O’Connor et al., 2009).
Further, administration of the NMDA receptor antagonist ketamine successfully blocks (or
reverses) depressive-like behaviors (Walker et al., 2013). Together, these results suggest that
endotoxin-induced depressive-like behavior in mice may be mediated by NMDA receptor
activation by QA (Walker et al., 2013).

In human studies, differences in concentrations of KYN pathway metabolites in depressed
patients relative to controls have been identified (Bay-Richter et al., 2014; Erhardt et al.,
2013; Meier et al., 2016; Savitz et al., 2015; Steiner et al., 2011). The KYN pathway thus
may have clinical relevance for understanding mechanisms related to depression. Depressed
patients were found to have lower serum ratios of KynA to QA (Savitz et al., 2015),
suggesting potential for greater NMDA receptor stimulation in these patients. Suicide
attempters were found to have higher cerebrospinal fluid (CSF) concentrations of QA than
controls. Among suicide attempters, greater CSF QA concentrations correlated with higher
total scores on the suicide intent scale, and lower CSF KynA concentrations were associated
with more severe depressive symptoms (Bay-Richter et al., 2014; Erhardt et al., 2013). In
depressed patients who died by suicide, microglial QA was increased in the subgenual
anterior cingulate cortex and anterior midcingulate cortex compared to controls (Steiner et
al., 2011). Thus, a disrupted balance of KYN pathway metabolites, potentially leading to
greater NMDA receptor activation, is associated with suicide attempts and more severe
depressive symptoms.

Further human evidence of the link between inflammation, the KYN pathway, and
depression emerges from the literature on interferon-a. treatment for hepatitis C. Interferon-
a is a pro-inflammatory cytokine which leads to induction of a new onset major depressive
episode in up to 45% of those treated (Musselman et al., 2001). In a small study of hepatitis
C patients (n=27), those undergoing interferon-a treatment had higher CSF concentrations
of KYN and QA as compared to the no-treatment condition. CSF concentrations of KYN
and QA closely correlated with plasma concentrations of the same metabolites, and also
with depressive symptoms (Raison et al., 2010).

In humans, no prior experimental study has evaluated whether changes in concentrations of
KYN and its metabolites might be related to increases in depressive symptoms in response
to an inflammatory challenge. Given substantial evidence that administration of endotoxin to
healthy volunteer participants leads to increases in inflammatory cytokines and depressed
mood (Moieni et al., 2015b), the present study evaluated the link between inflammation,
kynurenine pathway measures, and depression by testing 1) whether an experimentally
administered inflammatory challenge (i.e., endotoxin) induced changes in KYN metabolism;
and 2) whether these changes in KYN metabolites correlated with inflammation-induced
depressed mood.
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2. METHODS

2.1. Participants
One hundred and fifteen healthy participants (age range 18-50 years; 69 females and 46
males) were deemed eligible and completed a randomized, placebo-controlled trial of
endotoxin administration, which was conducted between March 2011 and 2013, described in
detail previously (Moieni et al., 2015b). (Supplemental Figure 1). Sixty-one received
endotoxin and 54 received placebo (group comparisons shown in Table 1). Portions of these
data have been previously reported (Cho et al., 2019; Irwin et al., 2019; Moieni et al., 2015a;
Moieni et al., 2015b).

2.2. Procedures

In this double-blind, placebo-controlled, randomized clinical trial, participants were
randomly assigned to receive either an infusion of low dose endotoxin (0.8 ng/kg body
weight, Escherichia coli group 0:113) or placebo (same volume of 0.9% saline). Our prior
study involving healthy volunteers used 0.8 ng/kg (Eisenberger et al., 2010b)—the dose used
by Reichenberg et al. (Reichenberg et al., 2001)—and had induced a significant depressive
response with no major adverse effects. Thus, the same dose 0.8 ng/kg was used in the
current study also involving healthy volunteers. Participants provided baseline demographic
data and self-reported information regarding mood. At baseline and following the
intervention, approximately every hour (for six hours) participants had blood draws and
completed self-reports of depressed mood.

2.3. Measures

2.3.1. Depressed mood—Depressed mood was assessed at each time point using the
depression subscale of the short-form Profile of Mood States (Baker et al., 2002; McNair et
al., 1971). 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 time point. The reliability of the scale
(assessed at the time of peak response) was high (Chronbach’s a=0.83).

2.3.2. Tryptophan and kynurenine metabolites—Plasma was collected at baseline
(TO), approximately two hours (T2), and approximately six hours (T6) following
administration of endotoxin or placebo, and were assayed for Trp, KYN, KynA, and QA, by
high-performance liquid chromatography coupled to tandem mass spectrometry using an
adaptation of a previously described method.(Midttun et al., 2009)

Solutions of internal standards (500 pmol of 2Hs-KYN and 2 nmol of 2Hs-Trp), both in 10
uL of water, were added to plasma aliquots (100 pL). The samples were mixed vigorously
then treated with neat trifluoroacetic acid (20 uL) and mixed vigorously again. After
incubation [30 min, room temperature (RT)] followed by centrifugation (16,060 x g, 5 min,
RT) the supernatants were transferred to clean microcentrifuge tubes and dried in a vacuum
centrifuge. Dilute hydrochloric acid (0.1 N, 100 uL) was added to the dried residues and the
samples were vigorously agitated, centrifuged again (16,060 x g, 5 min, RT) and the
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supernatants transferred to liquid chromatography injector vials. Aliquots of the supernatants
were injected (5 pl) onto a reversed phase column (Scherzo C18 100 x 2.1mm, 1.7  particle
size and 100 A) equilibrated in solvent A (water/acetonitrile/formic acid, 100/3/0.1, all by
vol) and eluted (200 uL/min) with an increasing concentration of solvent B (450 mM
ammonium formate/acetonitrile, 6.5/93.5, vol/vol: min/%B; 0/0, 5/0, 30/100, 40/100, 50/0,
60/0). The effluent from the column was directed to an electrospray ion source connected to
a triple quadrupole mass spectrometer (Agilent 6460) operating in the positive ion multiple
reaction monitoring (MRM) mode. The intensities of peaks in selected MRM transitions
were recorded at previously determined retention times and optimized instrumental settings
(KYN m/z 209—192 and 174 at retention time (rt) 16.2 min; 2Hs-KYN m/z 214—96 and
122 at rt 16.2 min; W m/z 205—188 and 146 at rt 17.5 min; 2H3-Trp 208—147 and 119 at
rt 17.5 min; KynA m/z 190—144 and 172 at rt 20.8 min; QA 168—150 at rt 33.5).

The 345 samples (three per subject) were divided into seven batches (48 samples in each of
four batches, and 51 samples in each of 3 batches). Batches were arranged so that each was
similar with regard to group assignment and sex. Samples from the same subject were
assayed in the same batch. Each batch included ten standards (five dilutions, each in
duplicate), prepared as above with pH 7.2 phosphate-buffered saline substituting for plasma,
with the same amount of internal standards and increasing amounts of KYN, KynA and QA
(0, 50, 100, 200, and 400 pmol) and Trp (0, 1.25, 2.5, 5, and 10 nmol). The data from the
standards was used to construct standard curves in which the ratio of peak intensities using
the most intense transition for each compound (transitions in bold font above; ordinate;
KYN/2Hs-KYN, Trp/2H3-Trp, KynA/2Hs-KYN and QA/2H5-KYN) was plotted against
amount of analyte (abscissa); the analyte content of each sample was interpolated from the
respective standard curves. Samples in Batch 1 were prepared and run in duplicate, and the
intra-assay Coefficients of Variation for the entire batch were 10.3%, 17.5%, 16.6%, and
3.5% for KYN, KynA, QA and Trp, respectively. Quality control (QC) samples were also
included in each batch to monitor for significant differences between batches. The inter-
assay CV for the same compounds calculated from the data for the QC samples was 2.7%,
4.1%, 4.9% and 0.8%, respectively. The limit of detection (LOD) for all metabolites was
around 50 fmol injected (signal 3-fold greater than background), equivalent to 1 pmol/
sample when injecting 5 pL out of 100 pL. Signals greater than that obtained from water
injections, made periodically during the analysis of every batch, were detected in all samples
for all compounds. The Lower Limit of Quantitation (LLOQ) for all compounds was around
20 pmol/sample (estimated as 20-fold greater than the LOD) and this was significantly lower
than the amount of KYA, QA and Trp in the samples, and the amount of KynA in the
samples was at about the LLOQ. All four metabolites were detectable and quantifiable in
100% of samples.

2.3.3. Cytokines—Plasma levels of interleukin (IL)-6 and tumor necrosis factor-a (TNF-
a) were quantified by high sensitivity bead-based multiplex (Luminex) immunoassays
(Performance High Sensitivity Human Cytokine, R&D Systems, Minneapolis, MN, USA),
as previously described (Moieni et al., 2015a; Moieni et al., 2015b). The lower limits of
detection for IL-6 and TNF-a were 0.2 and 0.8 pg/ml, respectively. TNF-a was detectable in
100% of samples. For the small proportion of samples with I1L-6 below the lower limit of
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detection (<1%), the values were treated as missing. The mean intra-assay CV% of the
standards was <8% for IL-6 and TNF-a; the interassay CV% of an internal laboratory
quality control sample was <3% for both analytes. In the current study, analyses focused
only TO, T2, and T6 time points, given that these are the time points for which KYN
pathway data were available for comparison.

2.4. Data analysis

All data were examined for distributional qualities. Because the cytokine concentrations and
kynurenine pathway metabolite concentrations were not normally distributed at any time
point, we performed a base 10 logarithmic transformation on the data prior to statistical
analyses. For the same reason, and also to minimize the impact of outliers, we also
performed a base 10 logarithmic transformation on the POMS depression scores.

To establish between-group differences in the effect of endotoxin versus placebo on
kynurenine metabolite concentrations, we used linear mixed models examining condition by
time interactions. Linear mixed models use all available data, account for correlations
between repeated measurements on the same subject, have greater flexibility to model time
effects, and can handle missing data more appropriately than traditional models such as
repeated-measures analysis of variance.(Gueorguieva and Krystal, 2004) Compound
symmetry with heterogeneous variances was selected as the covariance structure in all
models, as this covariance structure was determined to best fit the data, using information
criteria scores. These models were not adjusted for covariates, as the independent variable in
these analyses was a randomly assigned intervention (i.e., endotoxin versus placebo).

Next, relationships between kynurenine pathway measure concentrations and cytokine
concentrations were evaluated. First, correlations between baseline concentrations were
evaluated among all participants. Then, to evaluate relationships in response to endotoxin,
linear mixed models were used only in the endotoxin group (n=61), with individual
cytokines and kynurenine pathway measures entered, respectively, as independent and
dependent variables. These models were adjusted for age, sex, and BMI, given possible
impact of these covariates.

Relationships between kynurenine pathway measures and depressed mood among the
endotoxin-exposed participants were also examined using linear mixed models, with
individual kynurenine pathway measures entered as the independent variables, and
depressed mood entered as the dependent variable. These models were adjusted for age, sex,
and BMI, given possible impact of these covariates, as the independent variables in these
models were not randomly assigned and thus there is a potential for confounding effect.

The Sobel-Goodman test was used for mediation analysis (MacKinnon et al., 2002) to
evaluate whether kynurenine pathway measures mediated the effect of cytokines on
depression.

Lastly, since we previously identified sex differences in depressive response following
endotoxin administration (Moieni et al., 2015b), sex was tested as a moderator (i.e., effect
modifier) of: 1) the changes in kynurenine metabolites in response to endotoxin; and 2) the
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associations between kynurenine pathway measures and endotoxin-induced depressed mood
using linear mixed models with an interaction term for sex.

All analyses, except the Sobel-Goodman test, were conducted using IBM SPSS (\Version
25), and statistical significance was established at p<0.05 (two-sided). As this was primarily
an exploratory effort to identify possible mechanisms for future study, corrections for
multiple testing were not applied. The Sobel-Goodman test was conducted using Stata
(\ersion 14).

3. RESULTS

3.1. Baseline Characteristics

Table 1 summarizes participant demographic information and baseline concentrations of
tryptophan, kynurenine, quinolinic acid, and kynurenic acid. No demographic characteristics
or baseline concentrations were different between the endotoxin and placebo groups. Of
note, at the peak depressive response time (T2), the mean score of the POMS depression
subscale in the endotoxin group was 2.02 (standard deviation 4.30), indicating a mild
subclinical level of depressed mood. Comparatively, the psychometric evaluation of the
POMS depression subscale in cancer patients had shown a mean score of 7.04 (Baker et al.,
2002).

3.2. Biomarker Responses to Endotoxin

3.2.1. Kynurenine, Tryptophan, and the Kynurenine/Tryptophan Ratio (IDO
Activity)—Linear mixed models demonstrated that KYN [F(2,182.36)=26.50; p <0.001]
and Trp [F(2,153.35)=50.70; p <0.001] both changed in response to acute administration of
endotoxin versus placebo (Table 2, Figure 1). As expected, the experimental inflammatory
challenge robustly increased the KYN/Trp ratio [F(2,167.99)=44.56; p<0.001], an indicator
of IDO activity, which is the rate limiting enzymatic step of the KYN pathway.

3.2.2. Kynurenic Acid, Quinolinic Acid—In addition to evaluating KYN and Trp
concentrations in response to endotoxin, changes in the downstream metabolites KynA and
QA were examined. Linear mixed model regression analyses demonstrated that KynA
increased significantly in response to endotoxin versus placebo [F(2,157.62)=12.55; p
<0.001], but concentrations of QA did not acutely change in response to endotoxin
[F(2,170.10)=0.55; p= 0.58] (Figure 1).

3.2.3. Cytokines—As previously reported by our group, concentrations of the pro-
inflammatory cytokines IL-6 and TNF-a in this sample increased significantly in response
to endotoxin versus placebo (p’s <0.001), without moderation by sex.(Moieni et al., 2015b)
For consistency with the methods used to analyze the kynurenine metabolites, prior analyses
of cytokine change were repeated with linear mixed models, utilizing only T0, T2, and T6
time points. The results of these analyses were highly significant for both IL-6
[F(2,180.78)=226.57; p <0.001] and TNF-a [F(2,211.93)=475.71; p <0.001], consistent
with prior results. Concentrations of cytokines over time are reported in Table 2.

Psychoneuroendocrinology. Author manuscript; available in PMC 2020 November 01.
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3.2.4. Relationships between Cytokines, Tryptophan and Kynurenine
Pathway Measures—There were no significant correlations at baseline between Trp and
any KYN pathway measure and I1L-6 or TNF-a.. To better understand and describe
relationships over time between cytokines and kynurenine pathway measures in response to
endotoxin (N=61), linear mixed models were used, with individual cytokines and kynurenine
pathway measures entered, respectively, as independent and dependent variables in the
models. Within the group who received endotoxin, there were significant positive
relationships identified over time between KYN and cytokines [IL-6: F(1,97.54)=110.97; p
<0.001; TNF-a: F(1,98.85)=124.58; p <0.001], as well as between KynA and cytokines
[IL-6: F(1,81.37)=7.45; p= 0.008; TNF-a.: F(1,80.93)=5.53; p=0.02]. Negative relationships
were identified between Trp and cytokines [IL-6: F(1,80.00)=9.07; p=0.003; TNF-a.:
F(1,80.53)=11.00; p=0.001]. No significant relationships were identified between QA and
cytokines [IL-6: F(1,113.41)=1.17; p=0.28; TNF-a.: F(1,114.86)=1.11; p=0.3]. See
Supplemental Figure 2 for graphical temporal relationships between cytokine and
kynurenine measure change over time.

3.3. Affective Responses to Endotoxin

As previously reported (Moieni et al., 2015b), participants exposed to endotoxin versus
placebo had a significant increase in depressed mood at T2. This finding did not change
when controlling for physical sickness symptoms at T2 (Moieni et al., 2015b). Depressed
mood increased from baseline to T2, and then decreased from T2 to T6.

3.3.1. Relationships between Cytokines and Depressive Response—As
previously reported (Moieni et al., 2015b), there were significant relationships identified
between cytokine change and affective response to endotoxin. These analyses of cytokine
change in relation to depressed mood were repeated with linear mixed models, utilizing only
TO, T2, and T6 time points. Results were highly significant, with correlations identified
between depressed mood and both IL-6 [F(1,99.15)=18.01, p<0.001] and TNF-a
[F(1,106.45)=9.74, p=0.002].

3.3.2. Relationships between Tryptophan, Kynurenine Pathway Metabolites
and Depressive Response—In participants exposed to endotoxin (N=61), we examined
the relationships between kynurenine pathway measures and depressed mood over time
using linear mixed models, with individual kynurenine pathway measures and depressed
mood entered, respectively, as independent and dependent variables in the models. We found
significant positive relationships between KYN and depressed mood [F(1,159.47)=3.93,
p=0.049], and between QA and depressed mood [F(1,120.99)=4.91, p=0.029], but not
between depressed mood and Trp [F(1,105.66)=1.80; p=0.18] or KynA [F(1,100.13)=0.00; p
= 0.99], nor between depressed mood and the ratio of KYN/Trp [F(1,107.29)=0.06; p=
0.80]. See Figure 2 for a graphical representation of the joint change in depressed mood,
KYN, and QA.

3.3.3. Mediation Analysis—To evaluate whether kynurenine pathway measures

mediated the effect of cytokines on depressed mood, the Sobel-Goodman mediation test was
performed, using cytokines as the independent variables, depressed mood as the dependent
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variable, kynurenine pathway measures as mediating variables, and sex, age, and BMI as
covariates. No significant mediation was identified with less than 5% of the total effect of
cytokines on depressed mood being mediated by kynurenine pathway measures (p’s all
>0.10), indicating that plasma kynurenine pathway measures did not mediate the
relationship between pro-inflammatory cytokines and depressed mood.

3.4. Sex Differences

Sex did not moderate changes of kynurenine metabolites after endotoxin challenge or the
associations between kynurenine pathway measures and depressive response.

4. DISCUSSION

This study demonstrates that experimentally-induced inflammation in humans leads to rapid
changes in plasma concentrations of kynurenine, tryptophan, and kynurenic acid. As
expected, endotoxin challenge robustly increased IDO activity as indexed by the KYN/Trp
ratio. Whereas baseline levels of cytokines and kynurenine pathway measures did not
correlate with one another, inflammatory challenge was followed by positive correlations
over time between cytokines and KYN and KynA, and negative correlations between
cytokines and Trp. Further, among endotoxin-exposed participants, changes in KYN
(p=0.049) and QA (p=0.03) positively correlated with changes in depressed mood. However,
these latter findings are exploratory and would not survive correction for multiple testing.
Nevertheless, a recent pre-clinical study has shown that the blockade of KYN transport
across the blood-brain barrier by leucine effectively abrogates inflammation-induced
depression-like behavior in mice. (Walker et al., 2018)

KYN metabolism is increasingly recognized as a key neurochemical pathway in the link
between inflammation and depression (Reus et al., 2015; Savitz, 2019). Inflammatory
mediators activate IDO, an enzyme that converts Trp to KYN. Circulating KYN is then
transported into the brain by the large amino acid transporter LAT1, which is expressed in
endothelial cells of the blood-brain barrier. (Dantzer, 2016) To our knowledge, this is the
first human experimental study to demonstrate acute changes (i.e. within hours) in KYN
metabolism in response to an inflammatory challenge.

Concentrations of kynurenine pathway measures and cytokines did not correlate at baseline.
This is in contrast to previously reported correlations between IL-6 and the KYN/Trp ratio in
elderly adults (Capuron et al., 2011) and depressed patients (Quak et al., 2014). However,
this finding has not been consistently identified across studies (Chiappelli et al., 2018), and
may depend upon the group being studied. Here, we have evaluated a group of relatively
healthy, young individuals. In the absence of substantial variation in baseline concentrations
of inflammatory markers in this population (see Table 2), it may be difficult to detect
baseline correlations between these measures.

While concentrations of KYN, Trp, and KynA all changed significantly in response to
endotoxin, the time course of this change varied. KYN increased by the 2 hour time point,
and by the six hour time point KYN concentrations were decreasing back toward baseline
levels. This is similar to our findings regarding cytokine concentrations, which peaked at the
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2 hour time point following endotoxin administration (Eisenberger et al., 2010a; Inagaki et
al., 2012; Moieni et al., 2019). However, changes in concentrations of KynA and Trp were
largely driven by later change, occurring between the 2 hour and the 6 hour time points
(Figure 1). Though QA did not change at the time points measured in the current study, it is
possible that QA may have changed significantly at unmeasured time points between
baseline and six hours, or that a longer time course may be required to observe effects of
endotoxin on plasma QA concentrations. However, if QA changed at a later time point, this
would be of unclear significance to our model of depression, given that transient induction
of depressed mood in response to endotoxin had resolved by the six hour time point.

Interestingly, though QA concentrations did not change significantly in response to
endotoxin at the time points measured in the current study, nor did they correlate with
cytokine change, plasma QA concentrations correlated with depressed mood. Similar to our
lack of finding regarding QA change in response to an inflammatory challenge, a study of
hepatitis C patients, who were either treated with interferon-a. (IFN-a) or not treated, found
significant differences in plasma KYN concentrations between groups (p<0.01), yet no
difference in plasma concentrations of QA (Raison et al., 2010). However, in the current
study, despite lack of change in QA concentrations in endotoxin-exposed participants, we
have found an intriguing correlation between plasma QA concentration and mood following
endotoxin exposure (p=0.03). Given that the statistical significance of this correlation would
not survive correction for multiple comparisons, this finding should be interpreted with
caution. However, the IFN-a study provides an interesting context within which to consider
this finding. Despite lack of plasma QA change, there was a highly significant difference in
cerebrospinal fluid (CSF) QA concentrations (p<0.001) in IFN-a treated patients that
positively correlated with depression scale score (p=0.019). Additionally, plasma and CSF
QA concentrations following IFN-a treatment were highly correlated (p<0.001), but
relationships between plasma QA and mood were not reported. In the current study, we do
not have central measures of Trp, KYN and its metabolites, which is a limitation.

The current study may have implications for understanding the mechanisms of
inflammation-associated depression in humans. This study demonstrates that in a human
experimental model of inflammation-induced depressed mood, there is rapid change in
plasma concentrations of KYN pathway measures (in tandem with previously demonstrated
change in pro-inflammatory cytokines), with positive correlations between depressed mood
and KYN pathway measures (KYN, QA). However, KYN pathway measures did not
mediate the relationship between cytokine change and depressive response in this sample.

There are several strengths of this study, including the randomized placebo-controlled design
and the repeated paired monitoring of mood, cytokines, and kynurenine metabolites over
several hours, which allowed for the evaluation and tracking of acute effects of inflammation
on multiple variables in an otherwise healthy population. This is in comparison to the
existing influential and important quasi-experimental studies in patients with hepatitis C
virus (HCV). In studies of HCV patients, the impact of cytokine therapy (IFN-a) on mood,
cytokines, and kynurenine metabolites has been evaluated over longer time frames.
However, due to the population studied and the chronicity of IFN-a therapy in HCV
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patients, these studies do not closely map the ebb and flow of acute mood symptoms onto
acute patterns of cytokine and KYN metabolite change, as we have done in the current study.

The absence of central measures of inflammation (e.g. CSF concentrations of analytes) is a
limitation of the current study. Future studies of inflammation-associated depression would
benefit from analysis of CSF concentrations of Trp, KYN and its metabolites, and/or
neuroimaging measures of central inflammation. Our mediation analysis approach was
limited by the number of available time points for kynurenine pathway measures, and we
were thus unable to complete time-lagged mediation analysis, which would be a strength of
further research. Another limitation is that the participants were all healthy and free of
psychiatric illness. It is unclear the extent to which inflammation-induced depressive
symptoms in a nonpsychiatric population is relevant to clinical psychiatric populations. In
this regard, this research informs current efforts to better identify and treat the
“inflammatory subtype” of depression, by evaluating mechanisms related to the acute
induction of depressive symptoms in response to inflammation, without the confounding
influence of other illnesses. Finally, though the vast majority of significant results would
remain so with a correction for multiple testing, the relationships of KYN and QA to
depressed mood would not.

5. CONCLUSION

To our knowledge, this study provides novel evidence testing the link between KYN, QA,
and inflammation-induced depression in humans. An inflammatory challenge rapidly
increased concentrations of KYN, which in turn was correlated with inflammation-induced
depressed mood, as was QA. However, KYN pathway metabolites did not mediate the
relationship between inflammation and depressed mood. To the extent that these
experimental findings are relevant to depression, it remains unclear whether the KYN
pathway serves as mediator between inflammation and depression in humans.
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HIGHLIGHTS

. Experimental inflammatory challenge acutely increases plasma levels of
kynurenine pathway measures in humans.

. Changes in plasma kynurenine and quinolinic acid positively correlate with
inflammation-induced depressed mood.

. Kynurenine metabolism may be a pathway linking inflammation and
depressed mood.
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Figure 1. Change in kynurenine pathway metabolites over time in response to endotoxin versus

placebo

In response to endotoxin (n=61), there was a significant change in the plasma concentration
of A) kynurenine [F(2,182.36)=26.50; p <0.001], B) tryptophan [F(2,153.35)=50.70; p
<0.001], and C) kynurenic acid [F(2,157.62)=12.55; p <0.001], but not D) quinolinic acid
[F(2,170.10)=0.55; p= 0.58]. All units for the analytes are in log pmol/uL. Error bars are +/

- 1SE.
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Figure 2. Depressed Mood Associates with Kynurenine and Quinolinic Acid Change in Response
to Endotoxin

In response to endotoxin (n=61), linear mixed effect models identified significant
relationships between POMS depression score and both kynurenine [panel A;
F(1,159.47)=3.93, p=0.049] and quinolinic acid [panel B; F(1,120.99)=4.91, p=0.029]. All
units for the analytes are in log pmol/uL. Error bars are +/- 1 SE.
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Table 1.

Baseline Characteristics of the Sample

Placebo (n=54) Endotoxin (n=61)  Group Differences

Age, mean (SD) 23.3 (6.0) 249 (7.1) t(113)=1.32
Sex, female, % 57% 62% Xz(l, N=115)=0.29
Body mass index, mean (SD) 23.5(2.6) 24.2 (2.9) t(113)=1.44
Kynurenine, pmol/ul, mean (SD) 3.6 (0.3) 35(0.3) t(113)=0.92
Tryptophan, pmol/ul, mean (SD) 55.0 (3.0) 55.0 (2.8) t(113)=0.09
Kynurenic acid, pmol/ul, mean (SD)  0.26 (0.03) 0.25(0.02) t(113)=1.87
Quinolinic acid, pmol/ul, mean (SD) 1.5(0.3) 1.5(0.3) t(113)=0.13

p=0.19
p=0.59
p=0.15
p=0.36
p=0.93
p=0.06
p=0.90
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Table 2.

Analyte Concentrations Over Time (Endotoxin group, n=61)

Group (endotoxin vs. placebo) x

Baseline 2 hours 6 hours time interaction

Analyte Q1 Median Q3 Q1 Median Q3 Q1 Median Q3 F statistic p value
Kynurenine 330 355 370  3.92 412 423 3.56 3.79 391 F(2,182.36)=26.50 <0.001
(pmol/uL)*

Tryptophan 5257 55.28 5740 5219 5384 56.00 47.20 49.34 50.11 F(2,153.35)=50.70 <0.001
(pmol/uL)*

Kynurenic 0.228 0.244 0.266 0.235 0.257 0.277 0.250 0.278 0.311 F(2,157.62)=12.55 <0.001
Acid (pmol/

u) ™

Quinolinic 1.26 1.43 1.69 1.35 1.58 1.69 1.24 1.56 1.77 F(2,170.10)=0.55 0.58
Acid (pmol/

u)”

IL-6, pg/mL* 1.03 171 269 5041 98.78 15355 346 497 8.0 F(2,180.78)=226.57 <0.001

TNF-a, 519 6.21 7.82 8295 13699 20136 1420 19.13 27.61 F(2,211.93)=475.71 <0.001
pg/mL*

*
Values were transformed by base 10 logarithm before all statistical analyses, but original scale medians and IQR are presented here.
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