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Abnormalities in the kynurenine pathway (KP) of tryptophan degradation, leading to the dysfunction of neuroactive KP metabolites
in the brain, have been implicated in the pathophysiology of schizophrenia (SZ). One plausible mechanism involves dysregulation
of various pro-inflammatory cytokines associated with the disease, which affect indoleamine-2,3-dioxygenase (IDO), a key enzyme
for tryptophan to kynurenine conversion. In order to test this hypothesis directly, we measured plasma levels of the major KP
metabolites kynurenine and kynurenic acid (KYNA), as well as four major cytokines, in a sample of 106 SZ patients and 104 control
participants. In contrast to the replicable findings of elevation of KYNA in the central nervous system in SZ, plasma levels of KYNA
were significantly lower in SZ compared to controls (p =.004). Kynurenine levels were significantly correlated with levels of
interferon-y (p <.001), which is involved in the regulation of IDO, in both patients and controls. However, although patients had
higher levels of interleukin-6 (IL-6) compared to controls (p =.012), IL-6 levels were not correlated with kynurenine or KYNA, and
did not explain group differences in KYNA. Based on the lack of evidence that pro-inflammatory cytokines were significantly related
to the KP abnormality in SZ despite an adequate sample size, further studies must consider alternative hypotheses to identify the

origins of the KP abnormalities in SZ.
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INTRODUCTION

The kynurenine pathway (KP) of tryptophan metabolism has
emerged as a focus of psychiatric research as this pathway is
activated in conditions of inflammation and stress, and several
kynurenine metabolites are neuroactive and can modulate
oxidative stress, glutamatergic and acetylcholinergic receptors
relevant to major mental illnesses [1]. The initial and rate
limiting step of the KP is the conversion of tryptophan to
kynurenine, catalyzed by two enzymes, tryptophan 2,3-dioxygen-
ase (TDO2) and indoleamine 2,3-dioxygenase (IDO-1 and IDO-2).
Kynurenic acid (KYNA), produced from kynurenine by kynurenine
aminotransferases, can act as an antagonist at NMDA and a7
nicotinic acetylcholine receptors. These neuroactive properties of
KYNA may contribute to cognitive deficits observed in psychiatric
disorders such as schizophrenia, thus making the KP an attractive
target for development of novel treatment strategies [2-4].

Increased TDO expression [5, 6] and elevated concentrations of
kynurenine and KYNA [6-8] have been repeatedly found in post-
mortem brain tissue and in cerebrospinal fluid (CSF; [9-11]) of
individuals with SZ. In contrast, although increased kynurenine:
tryptophan ratios have been reported in the plasma of SZ patients
[12-14], findings for peripheral KYNA levels in the disease have so
far been inconsistent [15, 16].

One plausible hypothesis for abnormal KP metabolism in SZ is
that elevated inflammatory activity drives elevations of kynur-
enine and KYNA levels through the activation of IDO, which is
strongly stimulated by interferon gamma (IFN-y), but can also be

independently induced by other pro-inflammatory cytokines,
including interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNF-a) [17]. Elevated plasma levels of pro-inflammatory cytokines,
including IL-6 and TNF-a, have been found in chronic SZ [18, 19],
in first episode SZ, and in individuals with high risk for psychosis
[20-22]. Notably, increased levels of IL-6 have also been found in
the CSF of SZ patients [23]. On the other hand, although
elevations in circulating IFN-y levels have been noted in
individuals with SZ [18], findings from drug-naive, first episode
patients are less consistent [22]. Taken together, the relationship
between peripheral cytokines and KP metabolites, and especially
their possible relevance for SZ pathophysiology, should be
critically examined.

The present study was designed to investigate the question by
measuring peripheral levels of kynurenine and KYNA in
a large sample of mostly stable, medicated SZ patients and
appropriately matched controls, and to determine if disease-
related changes may correlate with circulating levels of cytokines.
We analyzed four cytokines: IFN-y, due to the known effects on
IDO; TNF-a, and IL-6, pro-inflammatory cytokines that are
consistently found to be elevated in schizophrenia patients [18,
22]; and interleukin 10 (IL-10), which tends to have anti-
inflammatory effects and served as a control for different
inflammatory mechanisms. As some of these cytokines are present
in very low concentration in people with no apparent infectious or
inflammatory disease, ultra-sensitive assays were used to ascertain
their basal levels.
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Table 1. Summary of demographic characteristics and plasma measures
Control (n = 104) SSD (n=106) Test-statistic p-value
Age (years) 354143 36.3+13.4 t=047 .64
Smoker/non-smoker 26/78 37/69 X' =245 12
Male/female 59/45 69/37 Y'=154 21
Duration of illness (years) n/a 141+12.6 n/a
Body mass index 26.8+53 279+6.2 t=1.39 17
Kynurenine (pmol/ul) 1.16+0.39 1.07 £0.42 t=1.55 12
Kynurenic acid (fmol/pl) 31.8+14.0 26.3+12.8 t=294 .004
IL-6 (pg/ml) 4.08 £9.5 9.11+238 Z=12.52 .012
IL-10 (pg/ml) 237+6.7 4.16+10.2 Z=253 012
TNF-a (pg/ml) 7.74+17.0 15.27 +34.9 Z=134 .18
IFN-y (pg/ml) 0.44 +1.56 0.36+0.73 Z=092 34
Variance reported as + standard deviation. Values were mean + standard deviation
SSDschizophrenia spectrum disorder
METHODS Measurement of kynurenine, KYNA, and cytokine levels

Participants

Individuals with schizophrenia spectrum disorder (SSD; 106 total,
including 81 with schizophrenia and 25 with schizoaffective
disorder, age range 17-62) were recruited from the outpatient
clinics at the Maryland Psychiatric Research Center and neighbor-
ing mental health clinics. Healthy controls (n =104, age range
14-63) were recruited through media advertisements, with
particular effort given to recruiting controls who smoke, in order
to frequency-match smoking status. Diagnoses were confirmed
with the Structured Clinical Interview (SCID) for DSM-IV in all
participants. Exclusion criteria included history of major neurolo-
gical illnesses and any uncontrolled major medical illnesses,
epilepsy, cerebrovascular accident, head injury with cognitive
sequelae, and mental retardation. Participants with a history of an
autoimmune disorder or chronic infection were not excluded if
there were no active symptoms of these illnesses and participants
were not being treated for such conditions at time of study. There
were 4 SSD participants who reported a history of autoimmune
disorder (2 with celiac disease; 1 with Crohn’s disease; 1 with
lupus) and 4 SSD participants who reported a history of hepatitis C
infection. Exclusion of these participants from the analyses did not
materially alter the primary findings, and so data from these
participants are included in the results below. Patients and
controls with substance dependence within the past 6 months, or
current substance use disorder (except nicotine or marijuana)
were excluded. Controls had no current DSM-IV Axis |
diagnoses and no family history of psychosis in two generations.
Except for 4 medication-free participants, all SSD patients
were on antipsychotic medications, including 88 taking atypical
antipsychotics, 6 taking typical antipsychotics, and 8 taking a
combination of antipsychotic types. Of the patients on atypical, 25
were on clozapine. Participants gave written informed consent.
This study was approved by the University of Maryland Baltimore
IRB.

Clinical assessments

Overall psychiatric symptoms were assessed with the mean of the
20 item Brief Psychiatric Rating Scale (BPRS). Negative symptoms
were assessed using the Brief Negative Symptom Scale (BNSS;
[24]). To assess cognitive deficits, participants were tested with the
Digit Symbol Coding task of the WAIS-3 [25] and the Digit
Sequencing task from the Brief Assessment of Cognition in
Schizophrenia [26], to assess processing speed and working
memory, respectively; deficits in these measures are among the
most robust cognitive impairments in schizophrenia [27].

SPRINGERNATURE

Whole blood was collected in EDTA-containing tubes (Vacutainer)
which were immediately centrifuged (1000xg, 10 min). Plasma
was then aliquoted into separate tubes and stored at —80 °C until
assay. For kynurenine and KYNA measurement, plasma samples
were thawed on the day of the assays, and diluted 1:2 (v/v) with
ultrapure water. One hundred pl of the sample were acidified with
25 ul of 6% perchloric acid. After centrifugation (16,000xg, 10 min),
30l of the supernatant were subjected to high-performance
liquid chromatography, and KYNA and kynurenine were isocrati-
cally eluted and fluorimetrically detected as previously described
[28, 29]. For cytokine assays, samples were analyzed using ultra-
sensitive Single Molecule Array (Simoa) technology (Quanterix,
Lexington, MA) for the four cytokines. This technology uses
antibody-coated paramagnetic beads to capture analytes, after
which a biotin-labeled detection antibody is added. Beads are
isolated in individual wells, and fluorescence from hydrolysis of a
substrate is measured. Lower limits of detection for these
molecules using this technology are: 0.006 pg/ml for IL-6; 0.011
pg/ml for TNF-a; 0.0022 pg/ml for IL-10, and 0.0104 pg/ml for IFN-
Y, representing superior sensitivities compared to the commonly
used multiplex panel or ELISA methods [30]. Intra-assay coefficient
of variance was <15% for all cytokines in these assays. The
cytokine assays were performed by PBL Assay Science (Piscataway,
NJ). All assays were blinded to group or behavior information until
after the results were finalized.

Statistical analyses

Plasma levels of kynurenine and KYNA did not significantly deviate
from normal distribution as determined by Kolmogorov-Smirnov
tests. Independent sample t-tests were used to compare patients
and controls for these variables. Levels of all four cytokines
measured were heavily skewed, and could not be brought into
normal distribution by routine data transformations and therefore
nonparametric statistical tests were employed. Group differences
on these measures were analyzed using Mann-Whitney tests.
Bonferroni corrections for multiple patient-control group compar-
isons were applied to kynurenine and KYNA plasma measures,
such that only group comparisons with p <.025 (.05/2) were
considered significant. Similarly, Bonferroni corrections were
applied for the cytokine measures, such that only group
comparisons with p <.0125 (.05/4) were considered significant.
Correlations between cytokine levels and levels of kynurenine and
KYNA were examined with Spearman’s rank-correlation coeffi-
cients, with Bonferroni correction for 8 comparisons (4 cytokines x
2 KP metabolites), resulting in a threshold p value of .0063. Further
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Fig. 1 Density dot plots displaying values of (a) plasma kynurenine (KYN) and (b) kynurenic acid (KYNA) in control and schizophrenia samples.

Black lines indicate group means

analyses explored effects of age, body-mass index (BMI), sex,
smoking status, as well as diagnosis x smoking or diagnosis X sex
effects. Potential effects from current psychotropic medications
were also explored. These exploratory secondary analyses were
not corrected for multiple comparisons.

RESULTS

Group differences

Patient and control groups were not significantly different in age
and sex (Table 1). Plasma levels of KYNA were significantly lower in
patients compared to controls ((207)=2.94, p=.004; Fig. 1).
Patients had significant elevation in IL-6 (Z=2.52, p=.012) and IL-
10 levels (Z=2.53, p =.012) compared to controls. There were no
significant group differences for kynurenine, TNF-qa, or IFN-y.

Relationship of kynurenine, KYNA, and cytokine levels
Kynurenine levels were significantly correlated with levels of IFN-y
in the predicted direction in the combined sample (rho =28,
p <.001) and the relationship was similar in patients (rho = .28,
p=.005) and controls (rho=.29, p=.003) examined indepen-
dently. In comparison, kynurenine was not significantly correlated
with IL-6 (p=.75), TNF-a (p=.020) or IL-10 (p=.043) in the
combined sample or in each group examined independently (all
p's >.0063, Bonferroni correction). Finally, KYNA was not signifi-
cantly correlated with any of the cytokines measured (Table 2).
Kynurenine and KYNA were highly correlated as expected in the
combined sample (r = .68, p <.001) and also in patients (r=.70, p
<.001) and controls (r=.65, p <.001) separately.

Relationship of kynurenine and KYNA to age, sex, smoking, and
medications
Females had lower levels of KYNA (M=26.6+12.4fmol/ul)
compared to males (M =30.6 + 14.3 fmol/ul) (F=5.70, p=.018)
but there was no sex x diagnosis interaction (p =.79). Females had
lower kynurenine levels than males but this was not statistically
significant (p =.11). Age was not significantly related to kynur-
enine or KYNA (all p’s >.27). Kynurenine and KYNA levels did not
differ between current smokers and non-smokers (p =.92 and .72,
respectively), and diagnosis x smoker interactions were not
statistically significant (p =.06 and .07, respectively). Body-mass
index (BMI) was not correlated with either kynurenine or KYNA (all
p’s > .84).

There were positive correlations between dosage of antipsy-
chotic medications (chlorpromazine equivalent, or CPZ)
and kynurenine (rho=0.21, p=.040) and KYNA (rho=0.21,
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Table 2. Spearman’s rank-order correlation coefficients and p values
between kynurenine, kynurenic acid (KYNA), and cytokines

Entire sample Controls SSD

Kynurenine KYNA Kynurenine KYNA Kynurenine KYNA

IL-6 .023 .050  .000 073 084 .088
n.s. n.s. n.s. ns. n.s. n.s.
IL-10  .743 .082  .122 075 .198 157
p=.043 n.s. n.s. n.s. p=.049 n.s.
TNF-o  .164 .108  .093 027 222 .188
p=.020 n.s. n.s. n.s. p=.027 n.s.
IFN-y .283 103 292 .150  .283 .081

p <.001 n.s. p =.003 n.s. p =.005 ns.

Nominally significant correlations are italicized. Significant correlations
passing correction for multiple comparisons are in bold. n.s.=not
significant (p >.05)

SSD schizophrenia spectrum disorder

p =.039). In addition, 24 patients were also on mood stabilizers,
44 on antidepressants, 17 on benozodiazepines, and 17 on
anticholinergic medications, all of which are commonly used in
managing patients with SSD. To explore the potential effects of
different classes of psychotropic medications, linear regression
models were run with kynurenine (and then KYNA) as the
outcome measure and predictor variables including binary
factors denoting typical antipsychotics, atypical antipsychotics
other than clozapine, clozapine, mood stabilizers, antidepressants,
benzodiazepines, and anticholinergic medications, as well as a
variable for total number of medications patients were on
at time of study. The overall model was significant for kynurenine
(R>=0.18, p=.020), where total number of medications was
associated with higher levels of kynurenine (8 = .44, p =.002), but
use of typical antipsychotics predicted lower levels of
kynurenine (8 = —0.25, p = .046). The model for KYNA found that
use of mood stabilizers was associated with lower levels of KYNA
(8= —.32, p=.005). No other medication classes were signifi-
cantly associated with either kynurenine or KYNA. A further
exploratory analysis using a one-way ANOVA suggested that the
effect of mood stabilizers on KYNA levels may be specific to
valproate, as patients taking valproate (n=11) had significantly
lower levels of plasma KYNA (M = 15.9 + 6.8) compared to patients
not on a mood stabilizer (n=81; M=27.7+13.2; p=.012). The
difference between patients taking valproate versus those taking
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other mood stabilizers approached significance (n =12; M= 28.1
+10.2; p=.061).

Relationship of plasma measures to clinical characteristics

Within SSD, patients with schizophrenia had lower levels of
kynurenine (n=76; M=1.01+£0.38puM) than patients with
schizoaffective disorder (n=23; M=1.26+0.50 uM; F(1,97) =
6.40, p =.013). However, these groups did not differ in levels of
KYNA (F(1103) = 0.62, p = .43). Levels of kynurenine or KYNA were
not significantly correlated with psychiatric symptoms as mea-
sured with BPRS or BNSS, nor were these metabolites correlated
with scores for working memory or processing speed in patients
(all p's > .06). Exploratory analyses examining correlations between
levels of cytokines and symptom and cognitive measures revealed
no significant relationships (all p's >.13).

DISCUSSION

In the present study, we tested the hypothesis that elevated basal
plasma levels of pro-inflammatory cytokines may contribute to
abnormal KP metabolism in schizophrenia spectrum disorders.
Although some of our findings, for example the positive
correlations between IFN-y and kynurenine and between kynur-
enine and KYNA, were consistent with predictions, they were seen
in both groups, indicating that peripheral IDO activation may not
be abnormal in the disease. Consistent with previous studies [18,
19], we found an elevated level of IL-6 in SSD patients; but
contrary to our hypothesis, we found no evidence that this was
related to altered KP metabolite levels in SSD.

Given the evidence of a possible chronic, low-grade inflamma-
tory state in SSD as indicated by replicated findings of elevated
cytokines like IL-6 and TNF-a in plasma [18], we predicted that
elevated levels of pro-inflammatory cytokines would affect IDO,
leading to increased production of kynurenine and KYNA. Previous
studies in other cohorts provided evidence to support this
hypothesis. Advanced age (>80 years) was found to be associated
with elevated plasma levels of IL-6, C-reactive protein (CRP) and
kynurenine, with positive correlations between levels of plasma IL-
6, CRP, and kynurenine:tryptophan ratio [31]. A large study of
patients with major depressive disorder also found positive
correlations between IL-6, CRP, and kynurenine:tryptophan ratio,
though only CRP was elevated in the patient group compared to
controls [32]. Another study found elevated levels of both IL-6 and
KYNA in the CSF of patients with SZ, with a negative correlation
between IL-6 and tryptophan:KYNA ratio [13]. The same study also
showed increased KYNA production in astrocytes cultured with IL-
6 [13]. In the present well-powered study with over 100 SZ
patients and relatively well-matched controls, we found only a
trend-level correlation (rho=.16, p =.020) between TNF-a and
kynurenine levels, but no significant relationship between IL-6 and
kynurenine.

In line with previous studies in SZ and schizoaffective disorders
[16, 33, 34], we found plasma KYNA to be significantly lower in
patients with SSD compared to controls. As also noted by
others, this result is inconsistent with findings in post-mortem
brains [6-8, 15] and CSF [9-11, 23]. Kynurenine and KYNA were
measured only in the periphery in this study, which may not
reflect their levels in the brain, as kynurenine can pass the blood
brain barrier but KYNA cannot [35]. In contrast, during psycholo-
gical stress, peripheral KYNA responses as measured by saliva
showed significantly elevated KYNA responses in some schizo-
phrenia patients compared with controls [36]. Therefore, it is
conceivable that abnormally high KYNA levels are present in the
brain, specifically during stress conditions in schizophrenia, but
are not readily captured by a cross-sectional, basal plasma
assessment.

There are several other limitations to the current study. Plasma
samples were not collected under fasting conditions, so there was

SPRINGERNATURE

no control of the basal levels of tryptophan, the parent compound
of all KP metabolites. Also, recent studies indicate that aerobic
exercise can increase plasma levels of KYNA in humans [37]; in this
study we did not account for levels of physical exercise,
which may potentially differ between patients and controls.
Nicotine may have effects on KP metabolites in the brain or the
blood [38, 39]. We matched the proportion of smokers in the
samples, and did not observe an overall effect of smoking on
plasma kynurenine or KYNA. There was a non-significant trend for
SSD patients who smoked to have lower levels of both
metabolites, whereas controls who smoked tended to have
increased levels. Another potentially relevant limitation, which
notably applies to most studies of peripheral KP metabolism in
psychiatric patients published to date, is that up to 80% of
kynurenine and KYNA in the plasma appear to be bound to
albumin or other circulating binding proteins [35, 40]. Thus, as
only total plasma levels of these two metabolites were
measured in the present study, we may have missed group
differences caused by possible differential availability of free
kynurenine, which can readily penetrate the blood-brain barrier
and then function as a highly effective bioprecursor of KYNA
within the brain. Finally, most patients in this study were on
psychotropic medications. However, as we observed modest
positive  correlations  between antipsychotic dosage and
plasma KYNA levels), antipsychotic medications are unlikely to
account for the lower plasma level of KYNA seen in patients
compared to controls. Notably, a small number of patients taking
valproate had lower levels of plasma KYNA compared to other
individuals with SSD, which we speculate could reflect displace-
ment of KYNA from albumin and hence greater renal clearance
[41, 42]. Additional studies with assays of free vs. bound
tryptophan and its metabolites are needed to determine whether
acute or chronic administration of valproate in SSD patients
impacts KYNA. Although we did not find significant associations of
plasma measures with cognition, it should be noted that
only a limited range of cognitive tasks were included in this
study. In particular, as animal studies suggest KP abnormalities
may impact context-dependent learning and cognitive flexibility
in particular [29, 43], the working memory and processing speed
tasks used here may not have been sufficiently sensitive to KP
changes.

A strength of this study is the use of the Single Molecule Array
technology. With the greater sensitivity of this method, less than
6% of the samples had cytokines levels below detectable
thresholds, compared to multiplex and ELISA methods, where
up to 50% of the samples have undetectable levels (unpublished
data). This methodological advance was important, because it
permitted more accurate assessments of potential effects
of basal circulating cytokines levels on kynurenine and
KYNA in plasma. Basal levels of IFN-y were thus found to be
positively correlated with kynurenine levels in both SSD patients
and in controls, whereas such correlations could be confidently
ruled out for the other cytokines tested. However, our selection of
cytokines measured in this study was not exhaustive. In particular,
IL-1B is another pro-inflammatory cytokine that is also elevated in
plasma in schizophrenia [18, 22] and can induce TDO2 [44].
Notably, a recent study in schizophrenia patients reported a
positive correlation between IL-13 and kynurenine levels
although IL-1B was not significantly elevated in schizophrenia in
that study [45].

In summary, we observed decreased levels of KYNA in the
plasma of patients with SSD but no evidence that this was
substantially related to abnormal inflammatory cytokines, sug-
gesting that IDO or low-grade cytokine increases in SSD may not
be directly responsible for the KP abnormalities observed in this
disorder [46-49]. A negative finding using a large sample is
important for re-directing the field to focus on other causes that
may lead to KP abnormalities in SSD.
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