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a b s t r a c t

The neuroimmunological kynurenine pathway (KP) has been implicated in major depressive disorder
(MDD) in adults and adolescents, most recently in suicidality in adults. The KP is initiated by the enzyme
indoleamine 2,3-dioxygenase (IDO), which degrades tryptophan (TRP) into kynurenine (KYN) en route to
neurotoxins. Here, we examined the KP in 20 suicidal depressed adolescents—composed of past
attempters and those who expressed active suicidal intent—30 non-suicidal depressed youth, and 22
healthy controls (HC). Plasma levels of TRP, KYN, 3-hydroxyanthranilic acid (3-HAA), and KYN/TRP (index
of IDO) were assessed. Suicidal adolescents showed decreased TRP and elevated KYN/TRP compared to
both non-suicidal depressed adolescents and HC. Findings became more significantly pronounced when
excluding medicated participants, wherein there was also a significant positive correlation between
KYN/TRP and suicidality. Finally, although depressed adolescents with a history of suicide attempt
differed from acutely suicidal adolescents with respect to disease severity, anhedonia, and suicidality, the
groups did not differ in KP measures. Our findings suggest a possible specific role of the KP in suicidality
in depressed adolescents, while illustrating the clinical phenomenon that depressed adolescents with a
history of suicide attempt are similar to acutely suicidal youth and are at increased risk for completion of
suicide.

Published by Elsevier Ireland Ltd.

1. Introduction

Suicide is among the most serious health problems for children
and adolescents in the United States. According to a recent report
by the Centers for Disease Control and Prevention (CDC), suicide
has become the second leading cause of death among children
aged 12–17 years after non-intentional injuries and ahead of
homicides and malignancies (Perou et al., 2013). The two most
prominent risk factors for completed suicide in youth are a past
suicide attempt and a diagnosis of a depressive episode, each
independently representing a 10–30 fold increased risk for com-
pleted suicide (Shaffer et al., 1996). Consequently, depressed

adolescents with a past suicide attempt are at high risk for
completion of suicide (Brent et al., 1993).

There has been sparse research into the neurobiology of
suicide. Clinical and postmortem work has mainly focused on
the monoamine system, documenting serotonin (5-HT) and dopa-
mine deficiency with limited progress on the contributory biology.
Over the past decade there has been a shift in research from the
monoamine system to complex mechanisms that induce neuro-
plasticity impairment, such as inflammation and glutamatergic
excitotoxicity. The neuroimmunological kynurenine pathway (KP)
is hypothesized to play a key role in such processes, linking
peripheral inflammation and glutamate disturbances (Laugeray
et al., 2010). The KP (illustrated in Fig. 1) is activated by the
enzyme indoleamine 2,3-dioxygenase (IDO), which is induced by
pro-inflammatory cytokines and is the rate-limiting enzyme of the
pathway. IDO metabolizes tryptophan (TRP) into kynurenine
(KYN), thereby reducing TRP availability for 5-HT synthesis. KYN
by itself is not neuroactive, but crosses the blood brain barrier to
generate free-radical-producing 3-hydroxykynurenine (3-HK) and
3-hydroxyanthranilic acid (3-HAA) or the glutamatergically active
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kynurenine metabolite quinolinic acid (QUIN). Conversely, KYN
can also be metabolized into kynurenic acid (KA), which is a
glutamate receptor antagonist, constituting the neurotrophic
branch of the KP. Converging evidence dating back to the 1970s
has implicated the KP neurotoxic branch with major depressive
disorder (MDD) (Curzon and Bridges, 1970; Heyes et al., 1992;
Laugeray et al., 2010). Work from our laboratory documented
relationships between KP activation and anhedonia (Gabbay et al.,
2010a, 2012) in adolescents with MDD. More recently, the KP has
been associated specifically with suicidality in adults (Sublette et
al., 2011; Erhardt et al., 2013; Bay-Richter et al., 2015). Findings
included elevated cerebrospinal fluid (CSF) QUIN levels in suicide
attempters across psychiatric disorders compared to healthy
control adults (Erhardt et al., 2013; Bay-Richter et al., 2015).
However, these studies did not include a non-suicidal psychiatric
group and thus, findings may be related to the psychiatric
condition rather than the suicidal behavior. In a separate study,
plasma KYN, TRP, and IDO (indexed by KYN/TRP) were examined,
with only KYN levels elevated in depressed patients with a history
of suicide attempt compared to those who had never attempted
suicide (Sublette et al., 2011). However, there was no acutely
suicidal subgroup.

Based on the above observations, we sought to examine the KP
in depressed suicidal adolescents, composed of both past attemp-
ters and those who expressed active suicidal intent, compared to
non-suicidal depressed adolescents and healthy controls (HC).
Hypotheses were that depressed suicidal adolescents would exhi-
bit increased KP activation, indexed by increased IDO (quantified
by KYN/TRP), KYN and 3-HAA, and decreased TRP. Since psycho-
tropic medications are known to have anti-inflammatory effects
(Kostadinov et al., 2014; Liu et al., 2014; Obuchowicz et al., 2014),
analyses were repeated while excluding medicated participants.
Finally, we explored whether KP metabolites differed between
subgroups of depressed adolescents who were actively suicidal
and those with prior attempts, both of which were included in the
suicidal group.

2. Methods

2.1. Subjects

The current sample is part of previous published studies examining a) plasma
cytokine levels in suicidal depressed adolescents (Gabbay et al., 2009) and b) the KP
in adolescent MDD (Gabbay et al., 2010a). Participants were 30 non-suicidal
adolescents with MDD (mean age¼15.21, S.D.¼1.93, 12 females), 20 adolescents
with MDD and at high risk for suicide (actively suicidal or previous attempt; mean
age¼16.82, S.D.¼1.84, 15 females), and 22 healthy controls (HC; mean age¼15.96,
S.D.¼2.64, 13 females). The entire MDD group (n¼50) and healthy controls (n¼22)
were matched on age and gender; however, suicide subgroups were not specifically
matched on these variables. Therefore, age and gender were included in statistical
models.

Adolescents with MDD (both suicidal and non-suicidal) were enrolled from the
New York University (NYU) Child Study Center, the NYU Tisch inpatient psychiatric
unit, and the Bellevue Department of Psychiatry. The healthy controls were
recruited from the New York Metropolitan area. This study received NYU School
of Medicine IRB approval. Participants aged 18 and older (n¼14) provided signed
informed consent; those under age 18 provided assent, and a parent or guardian
provided signed consent.

2.2. Inclusion and exclusion criteria

Exclusion criteria for all subjects included: immune-affecting medications
taken in the past 6 months, any immunological or hematological disorder, chronic
fatigue syndrome, any infection during the month prior to the blood draw
(including the common cold), significant medical or neurological disorders, and
in females, a positive urine pregnancy test. For subjects with MDD, the following
disorders were exclusionary: (1) schizophrenia, (2) pervasive developmental
disorder, (3) posttraumatic stress disorder, (4) obsessive–compulsive disorder,
(5) Tourette's disorder, (6) eating disorder, and/or (7) a substance-related disorder
in the past 3 months (based on history and urine toxicology test). Due to
recruitment challenges, especially of patients expressing active suicidal intent
and the need to start treatment as soon as possible, psychotropic medication
treatment was not exclusionary for adolescents with MDD. Healthy controls could
not have any major current or past psychiatric diagnosis as per the Diagnostic and
Statistical Manual of Mental Disorders (4th ed., text rev., DSM-IV-TR; American
Psychiatric Association, 2000), and could not be taking psychotropic medications.

Adolescents with MDD were required to have a depressive episode lasting at
least 6 weeks and a minimum severity score of 36 on the Children's Depression
Rating Scale-Revised (CDRS-R). Adolescents at high risk for suicide all met MDD
criteria and were either expressing active suicidal intent and were thus hospita-
lized inpatients or had a past suicide attempt. Previous suicide attempts were
differentiated from self-harm behavior without suicidal intent as serious incidents
that would have resulted in death if not intervened, such as hanging, overdose, and
ingestion of toxic materials.

2.3. Assessments

Baseline assessment consisted of both psychiatric and medical evaluations. To
determine psychiatric status, a board-certified child and adolescent psychiatrist
(V.G., C.A.) interviewed subjects and parents at the NYU Child Study Center using
the Schedule for Affective Disorders and Schizophrenia-Present and Lifetime
Version for Children (K-SADS-PL; Kaufman et al., 1997). Additional assessments
included the CDRS-R, the Children's Global Assessment Scale (CGAS), and the Beck
Depression Inventory, 2nd edition (BDI-II).

2.3.1. Suicidality
Suicidal ideations were assessed by the Beck Scale for Suicidal Ideation (BSSI).

The BSSI has two subscales with a subtotal maximum score of 10 for subscale 1 and
of 32 for subscale 2. Per the instructions, participants who answered “0” on
questions 4 and 5 of subscale 1 did not proceed to subscale 2. Therefore, only those
participants who completed both parts 1 and 2 of the BSSI questionnaire were
included in the correlational analyses that assessed the relation between KP
metabolites and suicidality, to ensure that participants' scores were based on the
same final total.

2.3.2. Medical assessments
Baseline evaluations included medical history and laboratory tests, containing

complete blood count, metabolic panel, liver and thyroid function tests, a urine
toxicology test (assessing amphetamines, barbiturates, benzodiazepines, cocaine,
marijuana, methadone, opiates, phencyclidine, and propoxyphene), and a preg-
nancy test for females.

Fig. 1. Depiction of the kynurenine pathway.
Note:nindicates metabolites that cross the blood–brain barrier.
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2.4. Determination of kynurenine pathway metabolite concentrations

All blood samples (10 mL) were drawn in the morning following a 12-h
overnight fast. Samples were processed within 20 min of collection and stored at
�80 1C. All analyses were conducted while blind to the clinical status of partici-
pants. Analyses of TRP, KYN, and 3-HAA were done by high-performance liquid
chromatography (HPLC) and are detailed in Gabbay et al. (2010a).

2.5. Statistical analysis

Statistical analyses were computed using SPSS, version 20. Descriptive statistics
including frequency distributions, measures of central tendency, and variance were
used to describe the groups on demographic and clinical variables. Groups were
compared on these variables using analysis of variance (ANOVA), t-tests, and chi-
square tests where appropriate. When underlying assumptions were violated, non-
parametric analogs were employed. Distributions of the KP metabolites were
positively skewed, so Quade’s (1967) non-parametric analysis of covariance
(ANCOVA) based on ranks compared KP plasma levels [i.e. TRP, KYN, 3-HAA,
KYN/TRP (index of IDO activity)] between groups, adjusting for age and gender. A
priori comparisons between groups were carried out only for significant composite
F tests using Fisher's least significant difference procedure. Spearman rank
correlations assessed the relation between KP metabolites and suicidality as
measured by the BSSI. Statistical significance was defined as two-sided po0.05,
and trending towards significance was defined as po0.10. All tables display raw KP
plasma levels for ease of interpretation.

3. Results

3.1. Demographic and clinical features

Demographic and clinical characteristics of non-suicidal ado-
lescents with MDD (n¼30), adolescents with MDD at high risk for
suicide (n¼20), and healthy controls (n¼22) are summarized in
Table 1. The MDD sample at high risk for suicide consisted of 11
actively suicidal adolescents and nine with a previous suicide
attempt. The most common previous attempt was overdoing on
medications, followed by hanging. Two adolescents previously
attempted suicide more than once. Active suicidal attempts also

included going to the roof with a plan to jump, drinking household
cleaners, or trying to stab themselves.

Seventeen adolescents with MDD (34%) were treated with
psychotropic medications at the time of blood draw but had failed
to respond to treatment. Of these participants, 13 were in the
group at high risk for suicide (11 with active intent and two with
past attempt) and four were non-suicidal. Medications included
bupropion, citalopram, fluoxetine, lamotrigine, lithium, methyl-
phenidate, mirtazapine, quetiapine, risperidone, sertraline, and
mixed amphetamine salts. Thirty-three adolescents with MDD
(66%) were non-medicated, 28 of whom were medication-naïve
and five of whom were psychotropic medication-free for at least
1 year.

The entire group of adolescents with MDD (n¼50) and healthy
controls (n¼22) were not significantly different in age [t(70)¼
0.186, p¼0.853], gender [χ2(1)¼0.160, p¼0.689], or ethnicity (i.e.
Caucasian, African American, Other) [χ2(2)¼0.335, p¼0.846].
However, suicidal and non-suicidal MDD subgroups differed sig-
nificantly with respect to age and gender (Table 1).

3.2. Clinical comparisons between groups

As expected, a Kruskal–Wallis test determined that illness
severity, as measured by the CDRS-R, was significantly different
between the three groups [χ2(2)¼49.58, po0.0005]. The non-
suicidal MDD (po0.0005) and suicidal MDD (po0.0005) groups
both had higher CDRS-R scores than healthy controls, but the MDD
groups were not significantly different (p¼0.115).

Anhedonia scores were also significantly different between the
three groups [χ2(2)¼40.34, po0.0005]. Similarly to depression
severity, both suicidal (po0.0005) and non-suicidal (po0.0005)
groups scored higher than healthy controls, but the MDD groups
were not significantly different (p¼0.693).

Lastly, scores on the BSSI were significantly different between
the three groups [χ2(2)¼42.26, po0.0005]. Suicidal depressed
adolescents had elevated suicidal ideation compared to both the

Table 1
Demographic and clinical characteristics of the study population across diagnostic groups.

Characteristic Suicidal MDD (n¼20) Non-suicidal MDD (n¼30) HC (n¼22)

Age [mean7S.D.] 16.8271.84a 15.2171.93a 15.9672.64
Gender [n female] (%) 15 (75.00)a 12 (40.00)a 13 (59.09)
Ethnicity [n Caucasian/African American/Other] (%) 9/5/6 (45/25/30) 17/1/12 (57/3/40) 13/2/7 (59/9/32)

Illness history
Episode duration in months [mean7S.D.] (Range) 19.50718.40 (3–84) 18.75716.11 (1.5–72) 0
Past suicide attempts [% 0/1/2/3] 10/60/20/10 100/0/0/0 100/0/0/0
Medication status [n] (%)

Medicated 13 (65.00) 4 (13.33) 0
Medication free 2 (10.00) 3 (10.00) 0
Medication naïve 5 (25.00) 23 (76.67) 22 (100)

CDRS-R1 [mean7S.D.] (Range) 64.40715.56b 51.86710.42c,þ 18.2772.47b,c

(36–97) (37–81) (17–27)
BDI-II2 [mean7S.D.] (Range) 26.44711.47þ þ 19.6079.55 2.0072.71

(8–53) (4–44) (0–11)
BSSI3 [mean7S.D.] (Range) 14.4778.75a,b,þ 2.6074.36a 0.0970.29b

(2–24) (0–15) (0–1)
Anhedonia [mean7S.D.] (Range) 7.3972.97b,þ þ 5.9372.43c,þ 1.1870.39b,c

(1–13) (1–10) (1–2)

1 Children's Depression Rating Scale-Revised.
2 Beck Depression Inventory, Second Edition.
3 Beck Scale of Suicidal Ideation.
a Suicidal and non-suicidal MDD subgroups differed significantly with respect to age (p¼0.03), gender (p¼0.015), and suicidal ideation (BSSI; po0.0005), but not

ethnicity (p¼0.069), CDRS-R (p¼0.115), or anhedonia (p¼0.693).
b The suicidal MDD and HC groups differed significantly with respect to CDRS-R (po0.0005), BSSI (po0.0005), and anhedonia (po0.0005), but not age (p¼0.400),

gender (p¼0.275), or ethnicity (p¼0.368).
c The non-suicidal MDD and HC groups differed significantly with respect to CDRS-R (po0.0005) and anhedonia (po0.0005), but not age (p¼0.429), gender (p¼0.173),

ethnicity (p¼0.614), or BSSI (p¼0.190).
þ Missing data from one participant.
þ þ Missing data from two participants.
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non-suicidal MDD (po0.0005) and HC groups (po0.0005) as
expected. However, the healthy controls did not differ from non-
suicidal adolescents with MDD (p¼0.190).

3.3. Group differences in KP metabolites

KP metabolite means, standard deviations, and comparisons are
summarized in Table 2. The composite F-tests from non-parametric
ANCOVAs controlling for age and gender yielded significant differences
between the three groups in TRP [F(2,67)¼4.70, p¼0.012] and KYN/
TRP (IDO) [F(2,67)¼3.25, p¼0.045] plasma levels (Fig. 2). However,
there were no differences between groups with respect to KYN [F
(2,69)¼1.23, p¼0.299] and 3-HAA [F(2,69)¼1.35, p¼0.267].

3.3.1. TRP plasma levels
Suicidal adolescents with MDD had significantly lower TRP

than both healthy controls (p¼0.006) and non-suicidal adoles-
cents with MDD (p¼0.013). There were no significant differences
between healthy controls and non-suicidal adolescents with MDD
(p¼0.580).

3.3.2. KYN/TRP plasma levels
Suicidal adolescents with MDD had significantly higher KYN/

TRP levels than both healthy controls (p¼0.043) and non-suicidal
adolescents with MDD (p¼0.019). There were no significant
differences between healthy controls and non-suicidal adolescents
with MDD (p¼0.853).

3.4. Correlations between suicidality and KP measures

In all adolescents with MDD (i.e. non-suicidal MDD and suicidal
MDD subgroups) who completed both parts 1 and 2 of the BSSI
(n¼20), Spearman correlations showed no significant relations
between raw plasma levels of TRP (p¼0.080), KYN (p¼0.191),
KYN/TRP (IDO) (p¼0.180), or 3-HAA (p¼0.623) and suicidality.
Additionally, the rank transformed analogs were not correlated (all
p40.05).

3.5. Excluding medicated adolescents with MDD

Results remained significant when non-parametric ANCOVAs
controlling for age and gender were rerun to compare the three
groups (i.e. HC, non-suicidal MDD, suicidal MDD) excluding
medicated adolescents with MDD. TRP levels were significantly
reduced in suicidal adolescents compared to healthy controls
(p¼0.005) and non-suicidal adolescents with MDD (p¼0.008).
Additionally, KYN/TRP was elevated in the suicidal MDD group
compared to both the HC (p¼0.018) and non-suicidal MDD groups

(p¼0.011). There were no significant differences in any metabo-
lites between the non-suicidal MDD and HC groups (Fig. 2).

Results of Spearman correlations were different when medi-
cated depressed adolescents were excluded. There was a signifi-
cant positive correlation between KYN/TRP plasma levels and BSSI
scores [rs (n¼11)¼0.63, p¼0.038]. The negative correlation
between TRP and BSSI scores approached significance [rs
(n¼11)¼�0.59, p¼0.057]. A graph of the KYN/TRP correlation
can be seen in Fig. 3.

3.6. Exploratory analyses

Exploratory analyses were conducted to examine differences
within the suicidal MDD group (n¼20) between acutely suicidal
adolescents (n¼11) and those with a history of suicide attempt
(n¼9). Mann–Whitney U-tests revealed that adolescents with a
history of suicide attempt (mean CDRS-R¼56.25, S.D.¼10.87)
were significantly different from acutely suicidal adolescents
(mean CDRS-R¼72.60, S.D.¼13.45) with respect to disease sever-
ity [U¼87.00, p¼0.003]. Additionally, acutely suicidal adolescents
(mean anhedonia¼8.90, S.D.¼2.77) had significantly increased
anhedonia compared to those with prior suicide attempts [mean
anhedonia¼5.50, S.D.¼2.07; U¼67.50, p¼0.012]. Lastly, acutely
suicidal adolescents (mean BSSI¼19.6, S.D.¼5.89) showed increa-
sed suicidality on the BSSI compared to those with a history of
suicide attempt [mean BSSI¼7.00, S.D.¼6.34; U¼82.50, p¼0.001].

Despite these behavioral differences, actively suicidal adoles-
cents and those with a history of suicide attempt were neurobio-
logically similar with respect to KP metabolites. Non-parametric
ANCOVAs controlling for age and gender yielded no significant
differences between these suicidal subgroups in TRP (p¼0.103),
KYN/TRP (p¼0.118), KYN (p¼0.166), or 3-HAA (p¼0.960). Analyses
could not be repeated excluding medicated participants, as 13 out of
20 suicidal adolescents were taking psychotropic medications.

4. Discussion

As hypothesized, our findings suggest a role for the KP in
suicidality in adolescents with MDD. Specifically, we documented
that depressed adolescents who are considered at high risk for
suicide (i.e. acutely suicidal or history of attempt) exhibited
decreased TRP and increased KYN/TRP (index of IDO activity)
compared to non-suicidal depressed adolescents and healthy
controls. However, our other hypotheses pertaining to KYN and
3-HAA were not supported. Our second major finding was that
when participants treated with psychotropic medications were
excluded, differences became more significantly pronounced, and
the KYN/TRP ratio was also found to positively correlate with
suicidal scores in the depressed group. Lastly, when differences

Table 2
Mean (S.D.) plasma concentrations (in ng/ml) of kynurenine (KYN), tryptophan (TRP), 3-hydroxyanthranilic acid (3-HAA), and the KYN/TRP ratio, an index of indoleamine
2,3-dioxygenase (IDO) activity in suicidal adolescents with MDD, non-suicidal adolescents with MDD, and healthy controls (HC).

Measure Suicidal MDD (n¼20) Non-suicidal MDD (n¼30) HC (n¼22) Group effect p

KYN 324.64 (98.43) 407.23 (150.40) 408.65 (148.08) 0.299
TRP 609.07a,þ (343.00) 1092.13b (782.39) 982.87þ (406.31) 0.012n

3-HAA 8200.45 (1977.20) 9774.74 (2545.74) 9630.58 (2251.77) 0.267
KYN/TRP (IDO) 0.69c,þ (0.38) 0.50d (0.29) 0.49þ (0.27) 0.045n

Note: Group effect is for the rank-based ANCOVA controlling for age and gender.
n Indicates significance at po0.05.
þ Missing data from one participant.
a Compared to HC (p¼0.006); excluding medicated participants (p¼0.005).
b Compared to suicidal MDD (p¼0.013); excluding medicated participants (p¼0.008).
c Compared to HC (p¼0.043); excluding medicated participants (p¼0.018).
d Compared to suicidal MDD (p¼0.019); excluding medicated participants (p¼0.011).

K.A.L. Bradley et al. / Psychiatry Research 227 (2015) 206–212 209



were explored between the depressed suicidal subgroups—those
with a history of suicide attempt and those who acutely expressed
suicidal intent—no differences were found in TRP or KYN/TRP
plasma levels despite significant differences in anhedonia and
depression severity.

Our findings replicate prior studies documenting monoamine
deficiency (Mann et al., 1996), particularly of the serotonergic
precursor TRP in suicidal populations. Investigations in both
children (Pfeffer et al., 1998) and adults (Almeida-Montes et al.,
2000) have found decreased levels of TRP in suicide attempters
compared to non-attempters. Additionally, both a diagnosis of
major depression and serum TRP levels predicted suicidal behavior
in a study of teenagers with alcohol use disorders (Clark, 2003).
While this evidence supports our finding of decreased TRP in
suicidal depressed adolescents, there is also substantiation that
TRP may not be a distinctive marker for suicidality. For example,
Roggenbach et al. (2007) found no differences in TRP between
suicidal psychiatric inpatients and non-suicidal depressed adults.
Similarly, Sublette et al. (2011) found that TRP levels did not differ
in adults with and without a history of suicide attempt; however,
KYN levels did differ, suggesting that activation of the KP and
neurotoxicity, and not serotonin deficiency, may play a more
important role in suicidality. Consistent with this view, our study

Fig. 2. Group differences in TRP and KYN/TRP (index of IDO) plasma levels (in ng/ml). (A) Differences between healthy controls, non-suicidal adolescents with MDD, and
suicidal adolescents with MDD. (B) Group differences when medicated participants were excluded. n indicates a significant difference between groups (po0.05).

Fig. 3. Correlation between BSSI scores and KYN/TRP (index of IDO) (in ng/ml).
Only unmedicated adolescents with MDD that completed both sections of the BSSI
(n¼11) were included. The correlation between BSSI and KYN/TRP (index of IDO)
was significant [rs¼0.63, p¼0.038].
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also found an increase in the KYN/TRP ratio, a marker for IDO
activity, which indicates that inflammatory processes play a role in
TRP metabolism and depression (Maes et al., 1994; Myint and Kim,
2003). This hypothesis is supported by the recent report of
increased CSF QUIN, along with concomitant increases of inter-
leukin (IL)-6 in suicidal individuals compared to healthy controls
(Erhardt et al., 2013). In addition, the possible role of inflammatory
processes in suicide in our sample can also be inferred by the
enhanced significant findings of the KYN/TRP ratio and TRP
subsequent to the exclusion of participants treated with psycho-
tropic medications, known to have anti-inflammatory effects
(Kostadinov et al., 2014; Liu et al., 2014; Obuchowicz et al., 2014).

Despite our peripheral measures, converging evidence suggests
that KP activity in the blood parallels its activity in the brain. For
example, increased plasma IDO activity is coupled with simulta-
neous increases of KYN, QUIN, and KA in the CSF subsequent to
interferon-alpha (IFN-α) treatment (Raison et al., 2009). Further,
preclinical data have specifically linked peripheral and central IDO
activation to depressive-like behaviors (Henry et al., 2008; Moreau
et al., 2008), while peripheral inhibition of IDO blocked the central
transcription of IDO in the brain and the development of
depressive-like symptoms following immunological stimulation
(O’Connor et al., 2009; Salazar et al., 2012).

One possible pathway that may explain the relation between the
KP and suicidality in depressed adolescents may involve neurotoxi-
city in the reward circuitry, manifesting as anhedonia and known to
be associated with suicidality (Gabbay et al., in press). Supporting
evidence includes preclinical data documenting that striatal and
cortical neurons are particularly vulnerable to 3-HK and 3-HAA
toxicity (Okuda et al., 1998; Heyes et al., 2001). Similarly, our
laboratory also reported highly significant positive correlations
between KYN and 3-HAA and striatal total choline (tCho)—reflecting
membrane breakdown—in anhedonic patients (Gabbay et al., 2010b)
and associations between IDO (indexed by KYN/TRP) and anhedonia
(Gabbay et al., 2012). Relatedly, a recent review of structural and
functional neuroimaging studies concluded that dysfunction in
fronto-striatal circuitry specifically is involved in suicidal behavior
(Zhang et al., 2014). Further, while our combined high-risk suicidal
group was not significantly more anhedonic than the non-suicidal
adolescents with depression, those who were actively suicidal did
exhibit increased anhedonia. Therefore, it is possible that anhedonia
may be an acute clinical marker for suicidality in depressed adoles-
cents. Our findings also demonstrated that with respect to KP
activation, depressed adolescents with a history of suicide attempt
were similar to those who were acutely suicidal even though
behaviorally, they were not as clinically depressed, anhedonic, or
suicidal. This finding is consistent with the clinical phenomenon that
depressed individuals with past attempts are at the highest risk for
suicide despite their communication that they are not experiencing
suicidal ideations (Pfeffer et al., 1993; Lewinsohn et al., 1994; Brown
et al., 2000).

The current study has several limitations. First is the narrow
assessment of KP metabolites, in which 3-HK, QUIN, and KA were
not assessed (as illustrated in Fig. 1). Additionally, other factors
affecting the metabolism of TRP were not explored. For example,
pyridoxine (vitamin B6) deficiency alters TRP metabolism (Linkswiler,
1967), with depletion of vitamin B6 inhibiting the breakdown of KYN
and 3-HK and increasing the quantities of these metabolites (Yess et
al., 1964). Furthermore, there is a potential methodological confound
of quantifying IDO activity using the KYN/TRP ratio. While this is an
accepted method of indexing IDO activity, the enzyme tryptophan 2,3-
dioxygenase (TDO) also metabolizes TRP to KYN (Oxenkrug et al.,
2014; Quak et al., 2014). Therefore, the KYN/TRP ratio indirectly
measures IDO and TDO activity. Moreover, our analyses of the KP
metabolites did not include a multiple comparison correction due to
the small sample; however, when medicated patients were excluded,

our pairwise comparisons between suicidal and non-suicidal depre-
ssed individuals survived a conservative Bonferroni corrected alpha-
level of 0.0125 (α¼0.05/4 based on number of metabolites measured),
suggesting that despite the small sample size, these effects were likely
real. Finally, a fundamental clinical limitation to studies of suicide is
the limited ability to ascertain the “true” state of mind during a suicide
attempt/self-injurious behavior. In order to minimize this dilemma,
acts classified as suicide attempts were all serious.

In summary, our findings imply a possible specific role of the
KP in suicidality in depressed adolescents. Findings should be
replicated in a larger medication-free sample, while also examin-
ing other KP metabolites and cytokines in order to further eluci-
date the relation between neuroinflammation and neurobiological
correlates of adolescent MDD. Identification of biological mechan-
isms that contribute to disease severity among adolescents is of
paramount importance to both identifying and treating those
youth that are at increased risk for suicide.
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