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Abstract

Dysregulated kynurenine (KYN) pathway has been implicated in the pathophysiology of 

depression. In this systematic review, we examined the relationship between kynurenine pathway 

metabolites (KYN, kynurenic acid KYNA, tryptophan TRP, quinolinic acid QUIN, KYN to TRP 

ratio) and depression symptoms in the context of pro-inflammatory activation and immune 

response. Out of 5,082 articles, fifteen studies were suitable; ten studies (N=315 medically ill 

patients treated with Interferon-alpha IFN-α) reported baseline and post-intervention plasma 

KYN, TRP and KYN/TRP ratios which were included in quantitative meta-analysis. Data from 

five studies were summarized (Interferon-alpha IFN-α, Interferon-beta IFN-β, and 

lipopolysaccharide LPS). We found that IFN-αtreatment in patients with chronic illnesses was 

associated with decreased TRP, increased levels of KYN and KYN/TRP ratio and depression 

scores from baseline to follow-up at both 4 and 24 weeks. Our findings suggest that increased risk 

of depression observed after immune-activating agents in patients with chronic medical illnesses 

likely is mediated by the kynurenine pathway. Further prospective studies are required to 

investigate the exact pathophysiology of the KYN pathway in depression.
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Introduction

Major Depressive Disorder (MDD) is the most common mental health problem and the 

second major contributor to the global disease burden worldwide (Ferrari et al., 2013). 

Patients with depression have an increased risk of mortality, which persists for up to two 

decades, even after symptomatic remission (Cuijpers et al., 2014). Only 50-60% of 

depressed patients achieve full remission with usual pharmacotherapy, and the need for more 

treatment options is increasingly imperative (Rush et al., 2006).

An increasing number of studies demonstrate an association between inflammatory markers 

and altered mood (Harrison et al., 2009; Wright et al., 2005). Notably, patients with a history 

of MDD have been shown to have elevated levels of interleukin-6 (IL-6) despite the presence 

of comorbidities (Dowlati et al., 2010). Inflammatory markers such as tumor necrosis factor-

α (TNF-α) and interferon-γ (IFN-γ) may also be associated with depressive symptoms 

(Leonard and Maes, 2012). One of the possible mechanisms by which these cytokines 

induce depression is the kynurenine pathway (Dantzer, 2017; Dantzer et al., 2011; Tanaka et 

al., 2020).

The kynurenine (KYN) pathway is the process by which tryptophan (TRP) is broken down 

into KYN metabolites leading to the production of nicotinamide adenine dinucleotide (NAD

+) (Figure 1). TRP is an essential amino acid and precursor of serotonin, a key 

neurotransmitter involved in the regulation of mood and a target for most antidepressant 

treatments. The KYN pathway accounts for 95% of TRP metabolism (Gál and Sherman, 

1980), produces metabolites collectively known as kynurenines, and altered levels of 

kynurenines have been implicated in psychiatric and neurodegenerative diseases (Lovelace 

et al., 2017; Maddison and Giorgini, 2015). Altered KYN metabolites have been found in 

MDD, cancer, diabetes, cardiovascular disease, autoimmune syndromes, and other 

neurodegenerative diseases such as Alzheimer’s, Parkinson’s disease, and amyotrophic 

lateral sclerosis (ALS) (Lovelace et al., 2017).

The KYN pathway begins with the conversion of TRP to N-formylkynurenine by tryptophan 

2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygenase (IDO) in the liver or extrahepatic 

tissues, respectively (Fujiwara et al., 1978). IDO is more specifically found in macrophages, 

monocytes, microglia, astrocytes, and neurons (Guillemin et al., 2007; Jones et al., 2013). 

IDO has two isoforms, IDO1 and IDO2, and IDO1 is considered the major enzyme involved 

in tryptophan degradation (Löb et al., 2009). Kynurenic acid (KYNA) is formed from L-

kynurenine, a known N-methyl-D-aspartate (NMDA) antagonist that may exhibit 

antidepressant and neuroprotective effects (Müller and Schwarz, 2008a; Stone, 2000). 

Quinolinic acid (QUIN) is an NMDA agonist and, together with 3-hydroxykynurenine (3-

HK) is considered to be neurotoxic (Guillemin, 2012; Müller et al., 2009). Chronic exposure 

of neurons to elevated QUIN disrupts the structure of dendrites and decreases microtubule-

associated protein 2 immunoreactivity, which perpetuates neurodegenerative disease (Kerr et 

al., 1998). Picolinic acid is also an NMDA agonist, although it is considered neuroprotective 

(Guillemin et al., 2007).
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Evidence shows that inflammatory mediators increase the activity of IDO, as well as its gene 

expression (Werner-Felmayer et al., 1989). Inflammatory cytokines, such as IL-6, TNF-α, 

and IFN-γ have been shown to activate the KYN pathway (Leonard and Maes, 2012). 

Increases in IL-6 result in an elevation of KYN and KYNA (Schwieler et al., 2015). The 

release of TNF-α by macrophages activates nuclear factor κB (NFκB), which triggers an 

increase in IL-6 as well as the production of IFN-γ by T cells (Leonard and Maes, 2012). 

IFN-γ, produced in response to infection, has been shown to activate IDO specifically 

(Pfefferkorn, 1984). Activation of IDO promotes the catabolism of TRP and increases the 

production of KYN, 3-HK, and 3-hydroxylanthranilic acid, which inhibits the proliferation 

of pathogens (O’Farrell and Harkin, 2017). Furthermore, inflammation can activate 

kynurenine 3-monooxygenase (KMO) that can potentially favor the neurotoxic metabolites 

of the KYN pathway (Connor et al., 2008).

In our recent systematic review, we found that people with unipolar major depression had 

lower KYN levels than healthy controls, although TRP levels and KYN/TRP ratio were not 

significantly different (Arnone et al., 2018). However, most of the studies included in the 

review were cross-sectional case-control studies that likely are affected by illness 

heterogeneity and other confounders. A prospective clinical study will help clarify the 

relationship between KYN and the emergence of mood symptoms. Prospective follow-up 

studies investigating human subjects treated with drugs that activate the immune system 

(such as IFN-α) or administered an inflammatory challenge (such as lipopolysaccharides 

LPS) have been widely used as experimental paradigms to study the relationship between 

elevated cytokines, and KYN metabolites in depression (Dantzer, 2017). Prospective follow-

up studies usingIFN-α in healthy humans to study the emergence of depression symptoms is 

not feasible due to ethical reasons. IFN-α has been used as a treatment for a wide range of 

chronic illnesses such as hepatitis C, malignancies, and multiple sclerosis (George et al., 

2012). IFNtreatment-induced emergence of depression is a common iatrogenic side effect of 

IFN therapy, occurring in up to 60% of patients (Capuron and Miller, 2004). Increases in 

plasma KYN metabolite levels in hepatitis C and cancer patients undergoing IFN-αtherapy 

have been associated with depressed mood symptoms (Capuron and Miller, 2004; Smith et 

al., 2011). Although a previous history of depression and other physical comorbidities are 

predictors of the early development of depression duringIFN treatment (Smith et al., 2011), 

the precise role of KYN metabolites in the causation of treatment-induced or secondary, 

depression is less clear.

In this systematic review, we evaluated the effect of immune activation treatments (IFN-α or 

Interferon-beta IFN-β) administered to patients treated for chronic medical conditions and 

experimental inflammatory challenge (LPS or vaccines) on KYN metabolites in humans. We 

predict that the administration of inflammatory challenge results in decreased TRP, KYNA, 

elevated KYN, KYN/TRY ratio (as proxy measure of IDO activity), and QUIN. In addition, 

we assessed the relationship between KYN metabolites and depression symptoms, with the 

prediction of a positive correlation between elevated KYN and depression symptoms.
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Methods

Search Strategy

The research was conducted following the guidelines set forth by the Preferred Reporting 

Items for Systematic Reviews and Meta-Analysis (PRISMA) (Moher et al., 2009). The 

following eligibility criteria were designated to study the relationship between agents that 

activate the immune system and inflammation and KYN pathway metabolite levels: 1) 

English language articles, 2) human in vivo studies, 3) clinical or experimental studies in 

which an immune activation agent or inflammatory challenge was administered, and serum 

KYN metabolites were periodically measured before and after the intervention. We excluded 

any studies that were 1) animal studies, 2) in vitro, 3) administered antidepressants or anti-

inflammatory drugs to patients without clear discrimination between groups exposed to 

these drugs, 4) only measured non-serum levels of KYN. For the secondary analysis, we also 

collected data on mood, as it was available from the selected studies.

A systematic search was conducted on Ovid Medline, Elsevier EMBASE, Cochrane library, 

and Ovid PsycINFO on June 21, 2019. The search terms included: “Vaccines” [MESH] OR 

“vaccines” [ti,ab,kw] OR “endotoxins” [MESH] OR “endotoxins” [ti,ab,kw] OR 

“lipopolysaccharides” [MESH] OR “lipopolysaccharides” [ti,ab,kw] OR “Interferon-alpha” 

[MESH] OR “Interferon-alpha” [ti,ab,kw] OR “Interferon-beta” [MESH] OR “Interferon-

beta” [ti,ab,kw] OR “inflammatory challenge” [ti,ab,kw] AND “Kynurenine” [MESH] OR 

“kynurenine” [ti,ab,kw] OR “Quinolinic Acid” [MESH] OR “quinolinic acid” [ti,ab,kw] OR 

“Picolinic Acids” [MESH] OR “picolinic acid” [ti,ab,kw] OR “3-Hydroxyanthranilic Acid” 

[MESH] OR “3-Hydroxyanthranilic Acid” [ti,ab,kw] OR “kynurenine metabolite” [ti,ab,kw] 

OR “Tryptophan” [MESH] OR “tryptophan” [ti,ab,kw] OR “Indoleamine-Pyrrole 2,3,-

Dioxygenase” [MESH] OR “Indoleamine-Pyrrole 2,3,-Dioxygenase” [ti,ab,kw]. A detailed 

search strategy can be made available upon request. Articles were deduplicated then 

assessed by two independent reviewers (CH and VACL) for eligibility. Demographic 

information and KYN metabolite data were then systematically extracted for analysis. 

Specifically, we extracted sample size, demographic variables of the study participants such 

as age and sex, type of inflammatory challenge and agents, patient illness, medications in the 

protocol, KYN biomarkers and mood rating scores. Study authors were contacted for 

missing or additional data.

Summary Measures and Data Extraction

Meta-analysis was performed to determine standardized mean change (SMC) over time from 

baseline for four relevant measures (KYN, KYN/TRP ratio, TRP, and Hamilton Depression 

Rating scores (HAM-D)) to two follow-up points (4 weeks later; 24 weeks later). The 

follow-up points, which were selected due to the cumulative incidence of significant 

depressive symptoms in 1,391 euthymic patients with chronic hepatitis C who were started 

IFN plus ribavirin, were 6% and 25% after 4 and 24 weeks respectively (Udina et al., 2012). 

We investigated both the early and late changes in KYN metabolites and their association 

with the onset of depression. Positive SMC values reflected increases from baseline. Data 

were extracted from each article and checked for accuracy. Where possible, raw values were 

extracted from tables, descriptive text or plots for baseline and follow-up measurements. 
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Given the assumption of some meaningful degree of study-level variability, random (as 

opposed to fixed) effects were used to determine the SMC in each model. As the SMC 

requires each model to stipulate a correlation between time points for each measure, and this 

correlation is not typically known a priori (Cuijpers et al., 2017), a generic value was set for 

each model. This generic value was set to r = 0.54, following from a reported median value 

for within-group correlation across studies of continuous outcomes for individuals receiving 

active treatments in the literature (Balk et al., 2012). Follow-up sensitivity analyses 

evaluated the degree to which each model was robust to this assumption by also testing 

lower and higher values for the correlation (r = 0.34 and r = 0.74, respectively).

Forest plots were generated for each model to visualize the relative contribution of each 

study to the SMC. Funnel plots with trim and fill were used to explore the possibility of 

publication bias. Asymmetry was assessed visually, as Egger’s test of asymmetry was 

considered inappropriate for the present analysis because fewer than ten studies were 

included in each model. Individual study influence was investigated via leave-one-out 

jackknife sensitivity analysis, whereby SMC values were calculated by omitting each study 

in turn. All analyses were performed using the metafor package (Viechtbauer, 2010) in the R 

statistical computing environment [34].

Results

Study Characteristics

The database search identified 5,082 eligible studies, of which 1,281 duplicates were 

removed. Following assessment for eligibility and inclusion of one additional study from 

hand search, 15 studies were included in the final review. Of these 15 studies, ten IFN-

αstudies were included in the quantitative meta-analysis (Bannink et al., 2007; Baranyi et 

al., 2015; Bonaccorso et al., 2002; Capuron et al., 2003; Comai et al., 2011; Frick et al., 

2004; Pawlowski et al., 2018; Van Gool et al., 2008; Wichers et al., 2005; Zignego et al., 

2007). A total of 315 patients (200 men and 152 women; mean age: 47 standard deviation 

(SD): 4.3) that received IFN-α and took part in the prospective follow up. Data from the 

other five studies are summarized in Table 1(one IFN-α (Raison et al., 2010), two IFN-β 
(Amirkhani et al., 2005; Durastanti et al., 2011), two LPS (Kruse et al., 2019; Padberg et al., 

2012) (Figure 2). Also, due to limitations on QUIN and KYNA data, full quantitative 

analysis was not possible. Table 1 summarizes the details of all the studies included in this 

review.

Methodological Quality

Most of the studies included in this review were nonrandomized prospective studies. Only 

three were randomized studies. The quality of all studies was assessed using the Newcastle-

Ottawa Scale (GA Wells, B Shea, D O’Connell, J Peterson, V Welch, M Losos, P Tugwell, 

n.d.) and the results are described in Supplementary Table 1.

Primary Analyses

Eight models derived the standardized mean change (SMC) from baseline to follow-up at 

either 4 weeks or 24 weeks for each of 4 measures: KYN, TRP, KYN/TRP ratio, and HAM-
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D scores. Random (rather than fixed) effects were used to determine SMC in each model. 

Moderate-to-large effect sizes were determined for each model. Figures 3 (KYN),4 (TRP) 

and 5 (KYN/TRP ratio) provide forest plots for each measure; these plots describe change 

over time (with 95% confidence intervals) for each study as well as the overall SMC, 

including indices of between-study variability (i.e., heterogeneity: I2; Q). Overall effect sizes 

are summarized here. KYN values increased over time such that SMC = 0.68 (95% CI = 

[0.40, 0.96]) and 0.55 (95% CI = [0.39, 0.71]) were found for the change over time from 

baseline to follow-up at week 4 and week 24, respectively (Figure 3). TRP values decreased 

such that SMC = −0.77 (95% CI = [−1.03, −0.51]) and −0.83 (95% CI = [−1.08, −0.58]), 

respectively (Figure 4). For KYN/TRP ratio values increased over time such that SMC = 

0.84 (95% CI = 0.56, 1.13]) and 0.99 (95% CI = [0.84, 1.15]) were found for the same 

follow-up points (Figure 5). For HAM-D scores, values increased such that SMC = 0.69 

(95% CI = [0.54, 0.84]) and 0.57 (95% CI = [0.44, 0.71]).

Risk of Bias and Sensitivity Analyses

Visual inspection of funnel plots found that for four of the models, one study was outside the 

margin; however, in each case, the study demonstrated low standard error, potentially 

indicating reliable studies with divergent results (i.e., (Pawlowski et al., 2018)). Trim and fill 

indicated that for six of the eight models, a small number of studies (2 to 3) were implied to 

be missing due to publication bias. Results adjusting for these biases did not result in any 

changes to inferences. Jackknife leave-one-out sensitivity analyses similarly indicated no 

changes in inference from leaving out any given study in any of the models. Supplementary 

Tables 2 and 3 summarize the results from the trim and fill and the jackknife analyses, 

respectively. Sensitivity analysis for the correlation between baseline and follow-up 

indicated no differences in inferences resulting from setting the value lower or higher.

Discussion

The primary aim of this research was to evaluate the potential effect of immune activation or 

experimental inflammatory challenge in the levels of KYN pathway metabolites in humans. 

Our results indicate that: (1) there was an association between KYN metabolites levels and 

immune activation interventions, and (2) IFN-α treatment was associated with a reduction in 

TRP levels and an increase in KYN levels and KYN/TRP ratio activity in quantitative 

analysis. TRP level analysis effect size was medium and decreased between 4 and 24 weeks’ 

time points. KYN levels and KYN/TRP ratio activity analysis had an elevated effect size that 

increased between 4 and 24 weeks’ time points.

We also found increases in depressive symptoms after IFN-α treatment, similar to the 

increases in KYN pathway metabolites. Although quantitative analyses indicated the 

elevation of depression scores over time, after IFN-α treatment, it was not possible to 

establish any associations between depression scores and the levels of KYN metabolites due 

to the limited number of studies. Our study corroborates pre-clinical evidence of alteration 

of TRP levels and increased KYN pathway activation after peripheral inflammatory stimuli 

in humans. The lower levels of TRP were associated with increased levels of KYN, likely 

reflecting increased IDO activity. It is to be noted, the studies included do not differentiate 
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IDO1 or IDO2, but the majority of tryptophan degradation is regulated by IDO1 (Löb et al., 

2009, p. 1). Our findings also support the association between the activation in 

inflammation/immune response and the development of depressive symptoms.

Systemic inflammation has been shown to trigger depression-like symptoms. Animal and 

human studies indicate an association between depressive mood and immune pathways, e.g., 

sickness-related depressive mood and increased prevalence of psychiatric disorders in 

populations with autoimmune conditions (Dantzer, 2017; Myint et al., 2009). Regarding the 

KYN pathway, although not fully understood, the models of the possible mechanisms 

between this metabolic stream and depressive symptoms are either based on the TRP 

depletion hypothesis or based on the toxic effect of KYN metabolites produced by KMO on 

the CNS (Dantzer, 2017). According to the TRP depletion hypothesis, the competition 

between the KYN pathway and the serotonin pathway for TRP uptake could lower the 

bioavailability of the amino acid to the production of serotonin (which is aligned with the 

serotonin hypothesis of depression). The risk of depressive symptoms have been associated 

with low serotonin levels in plasma and elevated KYN/serotonin ratio. Also, a lower 

serotonin level has been associated with the history and current suicidal behavior in patients 

with depressive symptoms. (Achtyes, 2020).

On the other hand, toxic metabolites of the KYN pathway, mainly produced in the microglia 

by the action of KMO, typically exert their effect through excitotoxicity, altering 

glutamatergic activity, lipid peroxidation and activation of reactive oxygen species in the 

CNS (Guillemin, 2012; Parrott et al., 2016). Thus, dysregulated KYN mechanism has been 

linked to the development of inflammation-driven depression (Wichers et al., 2005). KYN is 

converted to neurotoxic QUIN. It has been reported that microglia in the anterior cingulate 

cortex of acutely depressed patients contained greater QUIN expression. (Steiner, 2011) 

QUIN, an NMDA receptor agonist, has been proposed as a target and biomarker of the 

antidepressant effect of ketamine (Vedonk, 2019).

Due to the limited number of studies reporting downstream metabolites of the KYN pathway 

(KYNA and QUIN) and heterogeneity between them in the method used to analyze these 

parameters, we were unable to perform quantitative analysis. Seven of the articles included 

in this review investigated the levels of downstream metabolites of the KYN pathway. Six 

studies (Amirkhani et al., 2005; Baranyi et al., 2015; Kruse et al., 2019; Pawlowski et al., 

2018; Van Gool et al., 2008; Wichers et al., 2005) analyzed the KYN metabolites in 

peripheral blood, and only one of the studies (Raison et al., 2010) investigated both 

peripheral blood and cerebrospinal fluid (CSF). In the blood analysis, KYNA levels or 

KYNA ratios with other KYN metabolites were measured by six of these studies. KYNA 

levels were found to be elevated in two studies (Kruse et al., 2019; Pawlowski et al., 2018) 

and the KYN/KYNA ratio was elevated in two studies (Van Gool et al., 2008; Wichers et al., 

2005). The KYNA/3-HAA ratio was reduced in one study (Van Gool et al., 2008), and only 

one study (Amirkhani et al., 2005) did not show alterations in KYNA. Taken together, while 

two studies found elevated KYNA levels, that would suggest an increased activation of the 

neuroprotective KYN-KYNA branch. The ratios between KYNA and KYN or 3-HAA found 

in the other studies suggest increased levels of metabolites linked to the neurotoxic branch of 

the KYN pathway in relation to KYNA levels. Of note, a recent meta-analysis investigated 
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the variability of KYN and KYNA metabolites in the setting of depression and found that 

KYNA and KYN levels were lower in depressed patients when compared to healthy controls 

(Ogyu et al., 2018). The other primary metabolite investigated was QUIN, which represents 

the main character in the toxic arm of the KYN pathway regulated by KMO. Three studies 

reported QUIN blood levels (Baranyi et al., 2015; Kruse et al., 2019; Raison et al., 2010). 

Only one of them (Baranyi et al., 2015) found it to be increased compared to baseline, but all 

three studies found associations between QUIN levels and depressive symptoms. Two 

studies (Baranyi et al., 2015; Raison et al., 2010) found a positive correlation between QUIN 

levels and depression scores.

Raison et al. (Raison et al., 2010) was the only study that evaluated CSF and blood KYN 

pathway metabolites. Although this study did not show a statistically significant increase in 

QUIN blood levels, they found elevated QUIN levels in the CSF, along with the elevated 

KYN and KYNA levels and no alterations in TRP or QUIN/KYNA ratio. Plasma TRP was 

reduced and KYN and KYN/TRP ratio was increased, which is in line with the results of our 

meta-analysis. In this sense, the evidence from the study counters the TRP depletion 

hypothesis, as the concomitant low blood levels of TRP but normal CSF levels of the amino 

acid suggest that in the onset of inflammatory driven depression the reduced bioavailability 

of blood TRP has little or no influence on the brain’s TRP uptake. Raison et al. (Raison et 

al., 2010) findings are in line with animal models that investigated the effects of QUIN on 

the CNS and provided evidence for the role of the neurotoxic branch of the KYN pathway 

on the pathogenesis of inflammation-induced depression in humans.

One of the main limitations of this meta-analysis was that the findings were extended from 

medically ill patients treated with IFN-αand other immune-activating agents developing 

depression to MDD etiology. However, it is possible, the mechanisms of inflammation 

contributing to endogenous depression symptoms may differ between patients with MDD 

and patients with chronic medical illness treated with immune activating agents. Therefore, 

the generalizability of these etiological associations should be further investigated. Also, 

many of the included studies did not control for medications such as psychotropics and anti-

inflammatory drugs that could influence the results. Anti-inflammatory agents such as 

cyclooxygenase-2 (COX-2) inhibitors could contribute to alleviating depressive symptoms 

(Müller and Schwarz, 2008b), thereby interfering with the mood analysis. From the ten 

studies included in the quantitative analysis, only one explicitly stated that patients had no 

influence from other drugs besides the ones included in the study protocol, i.e., IFN-a, 

ribavirin (Bonaccorso et al., 2002). In the other nine studies, six had exclusion criteria for 

patients under psychotropic medications that included anti-depressants, antipsychotics, or 

psychotropics in general (Bannink et al., 2007; Comai et al., 2011; Pawlowski et al., 2018; 

Van Gool et al., 2008; Wichers et al., 2005; Zignego et al., 2007). However, two studies did 

not have any clear exclusion criteria for drugs outside their study protocol (Capuron et al., 

2003; Frick et al., 2004), and three studies stated that medications for pain, fever and nausea 

were allowed (Capuron et al., 2003; Frick et al., 2004; Wichers et al., 2005). Likewise, the 

influence of anti-inflammatory drugs would also contribute to attenuate the influence of 

inflammatory mediators over IDO activity. Thereby, it is reasonable to infer that the 

correlations found in our analysis were strong enough to endure the possible influence of 

these drugs and still reveal statistical significance with an elevated summary effect size.

Hunt et al. Page 8

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Communication between the immune system and the brain takes place through multiple 

pathways, including neural afferents and circulating immune mediators that activate brain 

endothelial and innate immune cells (perivascular and meningeal macrophages, microglia) 

(Dantzer et al., 2008; Perry et al., 2010). In the context of this complex interaction, it seems 

that the immune system modulation of the KYN pathway is intrinsically related to 

alterations on the CNS, as it is evident from animal and humans studies. Haroon et al., in 

unmedicated depressed patients (N=72), reported a significant association between plasma 

TNF and plasma KYN and KYN/TRP (Haroon et al., 2020). Using pathway analysis, they 

also found a correlation between the plasma and CSF KYN, KYNA, and QUIN, supporting 

the hypothesis that peripheral inflammation may mediate the depression symptoms through 

the KYN pathway. In our previous meta-analysis of KYN studies in depression, we found 

decreased levels of plasma KYN but no differences in KYN/TRP ratios in MDD patients vs. 

healthy controls and thus suggesting heterogeneity of KYN findings in MDD patients 

(Arnone et al., 2018). It seems plausible that only the subgroup of MDD patients with higher 

peripheral inflammation activate the KYN pathway resulting in depression symptoms. Our 

results provide further evidence from human studies corroborating that the KYN pathway is 

indeed upregulated in the context of immunotherapy or inflammatory challenge and related 

to the emergence of depression symptoms. Some questions remain on the contribution of 

TRP depletion and KP downstream metabolites on the emergence of depressive symptoms.

Future studies should evaluate further the individual effects of KYN metabolites, especially 

discriminating the balance between KYNA and QUIN/AA and their relationship with KMO 

and KAT activity, weighing the contribution of the neuroprotective and the neurotoxic 

branches of the KYN pathway. These findings should also encourage new efforts on research 

over drugs involved in the modulation of the KYN pathway as possible strategies to 

approach inflammatory driven depression. The use of IDO inhibitors has been shown to 

reduce QUIN levels and subsequent neurotoxicity and oligodendrocyte death (Sundaram et 

al., 2014). KMO inhibitors demonstrate further benefits in that they lower neurotoxic QUIN 

levels while increasing the levels of neuroprotective KYNA (Chiarugi et al., 2001). Overall, 

the lowering of neurotoxic KYN metabolites and elevation of the neuroprotective can be an 

important new method of treatment for neurologic disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Degradation of Tryptophan (TRP) in the Kynurenine pathway and the main 
metabolites.
IFN-γ = Interferon-γ; IDO = Indoleamine 2,3-dioxygenase; TDO = Tryptophan 2,3-

dioxygenase; KYN = L-kynurenine; KAT = Kynurenine aminotransferase; KMO = 

Kynurenine 3-monooxygenase; KYNA = Kynurenic acid; QUIN = Quinolinic acid; 3-HK = 

3-hydroxykynurenine; AMPAr = Alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic 

acid subtype glutamate receptor; NMDAr = N-methyl-D-aspartate receptor.
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Figure 2. Systematic Search Flow Chart
Study flow for the systematic review.
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Figure 3. Forest plot for Kynurenine levels analysis
The graphic shows the forest plot for Kynurenine levels analysis comparing baseline and 

two-time points: 4 weeks and 24 weeks.
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Figure 4. Forest plot for Tryptophan activity analysis
The graphic shows the forest plot for TDO activity analysis comparing baseline and two-

item points: 4 weeks and 24 weeks.
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Figure 5. Forest plot for Kynurenine/Tryptophan ratio activity analysis
The graphic shows the forest plot for TDO activity analysis comparing baseline and two-

item points: 4 weeks and 24 weeks.
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