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ABSTRACT

Chronic low-grade inflammation (LGI) is increasingly recognized as a biologically meaningful contributor to het-
erogeneity in major psychiatric disorders. The tryptophan (Trp)—kynurenine (KYN) metabolic pathway is a leading
candidate mechanism because immune and stress-related signals can redirect Trp metabolism toward bioactive
KYNs that influence glutamatergic signaling, redox balance, energetics, and immune feedback. In treatment-re-
sistant depression and schizophrenia spectrum psychosis, this pathway is especially relevant because inflammatory
burden often coexists with anhedonia, fatigue, cognitive dysfunction, and negative symptoms. Yet the literature
remains difficult to integrate. Studies often rely on shallow biomarker panels, inconsistent inflammatory pheno-
typing, mixed matrices, and incomplete handling of major confounders, including smoking, adiposity, sleep dis-
ruption, infection timing, and medication exposure. Interpretation is further complicated by the kynurenic acid
(KYNA) paradox and by central—peripheral discrepancies, as KYNA-related findings are strongly shaped by bio-
logical context and compartment, with blood measures often diverging from cerebrospinal fluid profiles and there-
fore not reliably reflecting central branch balance. This review therefore aimed to identify the Trp—KYN nodes
most relevant to chronic LGI in psychiatry, synthesize clinical and preclinical evidence by disorder and symptom
module, and define realistic near- and long-term research priorities. Here we highlight that Trp—KYN findings
become more coherent when interpreted as context-dependent branch-balance signatures rather than standalone
biomarkers. This framework can improve comparability, sharpen stratification, and support biomarker-enriched
translational psychiatry. More broadly, it offers a practical model for linking immune biology to symptom dimen-
sions across heterogeneous brain disorders.

Keywords: Depressive disorder, major (MDD); depressive disorder, treatment-resistant (TRD); schizophrenia
(SCZ); inflammation; kynurenine (K'YN); biomarkers
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Inflammation, Trp—KYN branch balance, and psychiatric symptom dimensions
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Abbreviation list

AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine;
BMI, body mass index; CA, cinnabarinic acid; CRP, C-reactive protein; CSF, cerebrospinal
fluid; HPA, hypothalamic—pituitary—adrenal; hsCRP, high-sensitivity C-reactive protein; IDO,
indoleamine 2,3-dioxygenase; IDO1, indoleamine 2,3-dioxygenase 1; IDO2, indoleamine 2,3-
dioxygenase 2; IFN, interferon; IL, interleukin; KAT, kynurenine aminotransferase; KMO,
kynurenine 3-monooxygenase; KP, kynurenine pathway; KYN, kynurenine; KYN/Trp,
kynurenine-to-tryptophan ratio; KYNA, kynurenic acid; LC-MS, liquid chromatography—tan-
dem mass spectrometry; LGI, low-grade inflammation; NMDAR, N-methyl-D-aspartate recep-
tor; NAD", nicotinamide adenine dinucleotide; NMDA, N-methyl-D-aspartate; PA, picolinic
acid; PBMC, peripheral blood mononuclear cell; PTSD, post-traumatic stress disorder; QA,
quinolinic acid; QAA, quinaldic acid; QC, quality control; SCZ, schizophrenia; TDO, trypto-
phan 2,3-dioxygenase; TDO2, tryptophan 2,3-dioxygenase 2; TNF, tumor necrosis factor,
TNF-a, tumor necrosis factor-alpha; TRD, treatment-resistant depression; Trp, tryptophan; XA,
xanthurenic acid.

1. INTRODUCTION

Major depressive disorder, particularly treatment-resistant depression (TRD), and schizo-
phrenia spectrum disorders remain leading drivers of disability, and their stubborn heterogene-
ity continues to frustrate biomarker discovery and treatment selection (Buch and Liston, 2021,
Marquand et al., 2016b, Serretti et al., 2025). Across health systems and countries, resistance
to standard treatments concentrates morbidity, suicidality, service use, and escalating direct and
indirect costs, while psychosis similarly imposes enduring functional impairment and relapse-
prone trajectories that erode recovery despite ongoing care (Gaynes et al., 2020, Siskind et al.,
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2022). These realities sharpen the need for mechanistically grounded stratifiers that can explain
why ostensibly similar patients diverge so dramatically in course and treatment response (Liloia
et al., 2026, Marquand et al., 2016b, Meehan et al., 2022, Solmi et al., 2023, Tanaka, 2025c,
Tanaka, 2025d). Among the candidate modifiers of this heterogeneity, immune activation and
chronic low-grade inflammation (LGI) have emerged as repeat signals, albeit unevenly across
patients (Goldsmith et al., 2016, Osimo et al., 2020, Yuan et al., 2019).

Inflammatory phenotypes are not a blanket feature of psychiatric illness; they tend to con-
centrate in subgroups shaped by metabolic burden, smoking, sleep disruption, sedentary life-
style, early-life adversity, and persistent psychosocial stress, factors that are overrepresented in
both TRD and psychosis populations (Bauer and Teixeira, 2019, Byrne et al., 2022, Hassamal,
2023). Frameworks for an inflammatory or immuno-metabolic subtype of depression converge
on the idea that elevated high-sensitivity C-reactive protein (hsCRP) and cytokine signals co-
occur with energy-related symptoms and poorer antidepressant response, making enrichment
clinically feasible rather than theoretical (Figueiredo Godoy etal., 2025, Milaneschi et al., 2020,
Miller, 2025, Zwiep et al., 2025). Pragmatic stratifiers such as hsCRP cut-offs, atypical energy
symptom scores, and multi-omic or imaging-informed clustering can therefore be used to define
trial-ready strata in difficult-to-treat cohorts, with the explicit goal of increasing effect sizes and
interpretability (Battaglia and Tanaka, 2026, Miller et al., 2025, Miller and Raison, 2023,
Penninx et al., 2025, Tanaka, 2025a, Tanaka, 2025b). This raises a translational challenge: we
need mechanisms that can convert a high-inflammatory context into specific, testable neuro-
chemical and symptom-level predictions (Goldsmith et al., 2023, Miller and Raison, 2023).
One reason this translation remains difficult is that the pathway’s entry signals are rarely de-
composed into their inflammatory and endocrine components (Maes et al., 2011, Tanaka et al.,
2021, Tsuji et al., 2023). In psychiatric cohorts, interpreting cortisol-linked tryptophan 2,3-di-
oxygenase (TDO) plausibility alongside cytokine-linked indoleamine 2,3-dioxygenase (IDO)
plausibility may help explain why superficially similar tryptophan (Trp)—kynurenine (KYN)
readouts diverge across diagnoses and clinical states (Fellendorf et al., 2022, Maes et al., 2011,
Messaoud et al., 2019).

The Trp—KYN metabolic pathway is a compelling candidate for this role because immune
signaling can reroute Trp metabolism toward KYNs that are not merely by-products, but bio-
active mediators with immune and neurobiological effects (Badawy, 2017a, Savitz, 2020,
Tanaka and Battaglia, 2025a, Tanaka et al., 2021). This is mechanistically plausible because
several KYNs engage receptor and redox-sensitive pathways, including N-methyl-D-aspartate
receptor (NMDAR)-linked signaling, a7-nicotinic modulation, and NAD*-relevant energetics,
and because immune cues can bias flux at multiple Trp—KYN nodes (Badawy, 2017a, Juhész
etal., 2025, Pathak et al., 2024, Stone et al., 2013). Plausibility alone, however, is not evidence
of'in vivo pathway dominance in psychiatric cohorts, especially when panels stop at Trp, KYN,
and KYN/Trp ratio (Almulla et al., 2022a, Tanaka et al., 2021). Psychiatric syntheses and cer-
ebrospinal fluid (CSF)-focused studies further suggest that the direction of change is not uni-
form across disorders or compartments, reinforcing the need for branch-resolved interpretation
rather than single-marker narratives (Huang et al., 2023, Lovelace et al., 2017, Tanaka et al.,
2021). If Trp—KYN is the switchboard, then the key question becomes which “switches” matter
most—entry enzymes, branch points, or downstream effectors—and under what inflammatory
conditions (Pires et al., 2022, Stone and Williams, 2024, Yan et al., 2024).

At the pathway’s entry, inducible enzymes such as IDOs and stress-linked TDO govern
KYN availability, while downstream branching, often conceptualized as a kynurenine ami-
notransferases (KATs) and kynurenic acid (KYNA) versus KMO and quinolinic acid (QA) tilt,
can shape glutamatergic signaling, oxidative balance, and neuroimmune feedback loops
(Badawy, 2017a, Parrott and O'Connor, 2015, Sathyasaikumar et al., 2022, Stone and Williams,
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2024). Cell-type localization sharpens this logic: microglial kynurenine 3-monooxygenase
(KMO) activity favors 3-hydroxykynurenine (3-HK) and QA with pro-oxidant and NMDAR
agonist properties, whereas astrocytic KAT activity enriches KYNA with NMDAR and a7-
nicotinic receptor antagonism (Anderson et al., 2021, Garrison et al., 2018, Parrott and
O'Connor, 2015, Tanaka, 2026). In TRD, a QA-leaning pattern is mechanistically plausible as
a contributor to anhedonia and cognitive slowing because QA can amplify NMDAR -linked and
pro-oxidant cascades, but plausibility alone is not evidence of in vivo pathway dominance in
psychiatric cohorts (Anderson et al., 2021, Bansal et al., 2022, Hestad et al., 2022). Mechanistic
support is stronger when node perturbation or target engagement shifts a prespecified metabo-
lite pattern and that change tracks a symptom module, ideally under defined immune context
and with branch-resolving markers (Bai et al., 2021, Garrison et al., 2018, Zeng et al., 2025).
These downstream consequences align with the symptom dimensions that most resist treatment
in TRD and psychosis, anhedonia, fatigue, cognitive dysfunction, and negative symptoms, sug-
gesting a pathway-level lens may outperform diagnosis-only approaches (Aleman et al., 2017,
Anderson et al., 2021, Hestad et al., 2022, Liloia et al., 2026, Tanaka et al., 2025b).

Yet Trp—KYN findings in TRD and psychosis often appear inconsistent, largely because
studies differ in biomarker depth (e.g., Trp/KYN ratios without downstream metabolites), bio-
specimens (serum vs plasma vs CSF), sampling conditions, and confounding structures such as
smoking, adiposity, infection timing, and psychotropic exposure (Almulla et al., 2022b, Marx
etal., 2021). Critical appraisals of blood quantification highlight preanalytic fragility, including
fasting status, tube type, albumin binding, and free versus total fractions, while liquid chroma-
tography—mass spectrometry (LC—MS) method reviews show wide variability in validation and
cross-matrix coverage (Badawy and Guillemin, 2019). Even normative datasets demonstrate
that matrix and platform shift “baseline” Trp and KYN values, destabilizing cut-offs (Metri et
al., 2023). A coherent framework therefore requires integrating mechanism with measurement;
otherwise, “differences” may reflect methodology rather than biology (Badawy and Guillemin,
2019).

This review focuses on psychiatric disorders, emphasizing TRD and schizophrenia spec-
trum psychosis, and on transdiagnostic symptom modules within these conditions, while ex-
cluding studies where neurodegenerative or primary neurologic diseases form the main clinical
context. Psychiatric Trp—KYN syntheses and meta-analyses already show rich, diagnosis- and
compartment-sensitive Trp—KYN patterns that warrant a dedicated appraisal without being di-
luted by Alzheimer’s, Parkinson’s, or other neurologic primaries (Almulla et al., 2022a, Inam
et al., 2023). When neurologic insults are discussed, they are considered only insofar as they
illuminate secondary psychiatric outcomes (Chen et al., 2014, Taquet et al., 2021). Within this
boundary, the priority is to clarify what is known, what is uncertain, and what is missing (Inam
etal., 2023, Muneer, 2020).

Recent meta-analyses and systematic reviews already establish several anchor points for the
field (Arnone et al., 2018, Marx et al., 2021). Across mood and psychosis disorders, the KYN
pathway shows reproducible but non-uniform abnormalities, with stronger convergence for re-
duced Trp and context-sensitive shifts in KYN metabolites than for any single diagnosis-wide
signature (Brum et al., 2023, Haroon et al., 2020, Liloia et al., 2026, Marx et al., 2021). Meta-
analytic work in depression, bipolar disorder, and SCZ also suggests that interpretation changes
with compartment and panel depth: CSF studies more often support central branch imbalance,
whereas blood-based studies are more heterogeneous and more vulnerable to matrix, treatment,
and metabolic confounding (Inam et al., 2023, Skorobogatov et al., 2021). Disorder-focused
reviews further indicate that cognitive and reward-related phenotypes, as well as symptom di-
mensions linked to inflammation, may be more informative than diagnosis totals alone
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(Goldsmith et al., 2023, Kindler et al., 2020). Taken together, these syntheses support the rele-
vance of Trp—KYN biology to psychiatry, but they also show that shallow panels, inconsistent
inflammatory phenotyping, and weak cross-compartment validation remain major barriers to
integration (Haroon et al., 2020, Hunt et al., 2020, Skorobogatov et al., 2021). The purpose of
the present review is therefore not to revisit whether the pathway matters at all, but to clarify
which nodes, contexts, and symptom-linked signals are most interpretable under chronic low-
grade inflammatory conditions (Table 1).

Accordingly, this narrative review addresses four questions designed to translate a broad
pathway literature into an actionable framework for TRD and psychosis while retaining rele-
vance across psychiatric disorders. First, which nodes of Trp—KYN metabolism are most rele-
vant to chronic LGI in psychiatric disorders? Second, what does clinical evidence show by
disorder and by symptom modules, particularly anhedonia, fatigue, cognition, and negative
symptoms? Third, which preclinical data provide causal leverage linking immune perturbation,
Trp—KYN shifts, and psychiatric-relevant behaviors? Fourth, what are the key gaps and the
most realistic near- and long-term research directions for biomarkers and interventions? To
answer these questions, we use a pathway-first structure that moves from biology to measure-
ment and then to human and model evidence (Table 1).

We begin by outlining Trp—K'YN pathway architecture and its immune triggers, highlight-
ing entry enzymes and branch points most likely to mediate low-grade inflammatory effects.
We then discuss how the pathway is measured and interpreted, before synthesizing clinical
findings with emphasis on TRD and psychosis and organizing outcomes by symptom modules
alongside diagnoses. Next, we use mechanistic and translational frameworks that treat KYNs
as context-dependent signals to reconcile apparent contradictions across matrices and cohorts,
and we draw on emerging gut—brain and lifestyle-linked Trp—K'YN models as integrative test
beds. Finally, we integrate preclinical causal evidence to identify where translation is strongest,
and we conclude by prioritizing the most urgent research gaps and a near- and long-term
roadmap toward stratified psychiatry (Table 1).
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Table 1: Prior meta-analyses and systematic reviews informing the current understanding of Trp—KYN alterations in psychiatric disorders

Matrix / .
Study  Year Design Clinical focus  compart- arll\g?;?es Main conclusion Key limitation Why it matters here
ment
Depression was asso-
ciated with lower KYN Provides a foundational
and KYNA overall; an- Substantial heteroge-  depression-specific
Systematic Mainl tidepressant-free sam- neity in sample char- quantitative benchmark
Ogyu et 2018 review and Depression ori geral KYN, KYNA, ples showed higher acteristics and treat- and supports the need
al., 2018 meta-analy- P berp QA QA, supporting state- ment status; limited to distinguish current
; blood - )
sis sensitive branch im- branch depth across state, treatment expo-
balance rather thana  included studies. sure, and downstream
single uniform signa- branch markers.
ture.
IFN-alpha treatment . Anchors the manu-
. . Focused on immune- -
was associated with o script's argument that
. ) activating treatments ; : .
. Peripheral lower Trp, higher KYN . . defined immune activa-
Immune acti- blood, longi- and KYN/Trp, and ris- medical cohorts ra- tion produces a predict-
Hunt et Systematic  vation and de- od, fong Trp, KYN, . P, ther than primary psy- P b
2020 i .~ " tudinal treat- ing depressive symp- L ) able entry-level Trp—
al., 2020 review pression risk in KYN/Trp . chiatric samples; .
N ment set- toms over time, sup- KYN signal and helps
medical illness . o : downstream branch .
tings porting immune-trig- . : establish a human ref-
metabolites were lim-
gered pathway en- ited erence pattern for Step
gagement in humans. ’ 1 diversion.
Across major psychi-  Marked heterogeneity  This is the strongest
Major depres- Mainl Trp, KYN, atric disorders, Trp in matrix, medication cross-diagnostic syn-
Marx et 2021 Meta-analy- sive disorder, ori r?eral KYNA, QA, and KYN were broadly exposure, iliness thesis and directly sup-
al., 2021 sis bipolar disor- Eloo% 3-HK, key ra- reduced; mood disor-  stage, and analyte ports the manuscript's
der, and SCZ tios ders showed lower coverage across in- argument that pathway

KYNA and lower
KYNA/QA, while SCZ

cluded studies.

abnormalities are real,
but diagnosis-level sig-
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Matrix / .
Study  Year Design Clinical focus  compart- arln\{al?;?es Main conclusion Key limitation Why it matters here
ment
showed a different natures remain hetero-
downstream pattemn. geneous and context-
dependent.
Bipolar disorder Adds bipolar-specific
showed evidence of evidence that mood
Systematic Trp, KYNA, pgthway disturbance, F_’enpheral focqs only; state matters and _suP-
. i . . . X with the largest Trp re- limited central infer- ports the manuscript's
Bartoli et review and Bipolar disor-  Peripheral other periph- ; ; : . X
2021 ductions in mania and ence and substantial emphasis on state-sen-
al., 2021 meta-analy- der blood eral KYN me- . e .
. . lower KYNA in de- phase-related hetero-  sitive interpretation ra-
sis tabolites . ; . .
pressive phases, sug- geneity. ther than treating bipo-
gesting mood-state lar disorder as one bio-
dependence. chemical category.
Severe affective disor-
. ders showed lower Peripheral emphasis Useful for your review
Major depres- Qopan . gy .
: : Trp availability, in- and reliance on clini- because it sharpens the
. sive disorder Trp, compet- A
Systematic : . . : creased QA, and cally heterogeneous distinction between re-
i and bipolar Mainly ing amino ac- . ) e
Almulla et review and . . . lower KYNA, while severe subgroups; duced Trp availability,
2022 disorder, espe- peripheral ids, KYN, S i
al., 2022a meta-analy- . KYN was often un- mechanistic interpreta- branch imbalance, and
. cially severe blood KYN/Trp, . . R o . .
sis ; changed, arguing tion still limited by ma-  the limits of inferring en-
affective phe- KYNA, QA . : ; ) ity
notypes agalnst_s!mple IDO tr_|x and panel incon- zyme activity from
overactivity as the sistency. KYN/Trp alone.
sole explanation.
Systematic Maior depres- CSF findings sug- Small numbers for Crucial for the present
Inam et review and sivcja disofder Trp, KYN, gested increased several metabolites manuscript because it
al.. 2023 2023 meta-analy- bipolar d'sor’ CSF KYNA, QA, KYNA in SCZ and and disorders; limited  supports the claim that
v sis of CSF dlp d ISCi 3-HK possible increased QA power for some sub- central branch balance
studies ef. an in MDD, while bipolar  group comparisons. cannot be inferred con-

disorder showed no

fidently from blood-only
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Matrix / .
Study  Year Design Clinical focus  compart- ar:\{al?;?es Main conclusion Key limitation Why it matters here
ment
clear alterations, high- studies, especially for
lighting central-periph- KYNA.
eral dissociation.
The review supports
an association be- Supports the manu-
- tween kynurenine- script's shift from diag-
Living hu- . s . )
. Kynurenine pathway activation Evidence base was nosis totals to symptom
. SCZ spectrum man studies s .
Sapienza . : ; . pathway me- and greater cognitive  small and methodolog- modules by showing
Systematic  disorders with  using blood . L2 ; ; o
etal., 2023 X o tabolites deficits in SCZ, though ically heterogeneous;  that cognition may be a
review cognitive out-  and other : . e > . d
2023 . linked to both increases and no strong sex-specific  more biologically in-
comes available o . . .
cognition decreases in metabo-  conclusions emerged.  formative outcome than
measures :
lites could relate to broad SCZ case-control
poorer cognition de- status alone.

pending on context.

3-HK, 3-hydroxykynurenine; CSF, cerebrospinal fluid; IFN, interferon; KYN, kynurenine; KYN/Trp, kynurenine-to-tryptophan ratio; KYNA, kynurenic acid; QA, quinolinic acid; SCZ, schizophrenia; Trp,
tryptophan.
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2. THE TRYPTOPHAN-KYNURENINE METABOLIC PATHWAY AS A
NEUROIMMUNE SWITCHBOARD

The Trp—KYN pathway is best understood not as a single linear cascade, but as a neuroim-
mune switchboard in which inflammatory and stress-related inputs regulate the entry of Trp
into KYN metabolism, while downstream branching determines which bioactive metabolites
dominate the chemical environment relevant to brain function and behavior (Savitz, 2020,
Stone and Williams, 2024, Tsuji et al., 2023). In this context-conditioned view, upstream gate-
keepers such as cytokine-inducible IDOs and glucocorticoid-responsive TDO shape the rate of
KYN production, whereas tissue- and cell-specific enzyme expression steers flux toward me-
tabolites with distinct receptor, redox, and immunomodulatory properties (Stone and Williams,
2024, Tanaka and Vécsei, 2025, Tsuji et al., 2023). The pathway therefore behaves less like a
single biomarker axis and more like a routed signaling network whose outputs vary according
to immune tone, endocrine state, biological compartment, and time scale (Savitz, 2020, Stone
and Williams, 2024, Tsuji et al., 2023). This section follows that logic from the entry gatekeep-
ers to the principal branch points, and then to the downstream effector systems most often in-
voked in psychiatric phenotypes (Savitz, 2020, Stone and Williams, 2024) (Figure 2).

(a) Triggers (b) Entry Gatekeepers (c) Branch Balance (d) Downstream Effectors

inflamiztion — Astrocyte linked A
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Figure 2: The Trp—KYN neuroimmune switchboard: enzymatic gatekeepers, branch asymmetry, and
effector pathways shaping psychiatric phenotypes. Schematic overview of the Trp—KYN pathway as a
neuroimmune decision network. Immune, endocrine, microbial, stress-related, and lifestyle cues con-
verge on IDO1/IDO2 and TDO2, directing Trp toward KYN. KYN is then partitioned between a KAT
isoform-conditioned KYNA arm, associated with astrocytic modulation and context-dependent neuro-
protection, and a KMO-3-HK/3-HAA-QA/NAD" arm, linked to microglial inflammatory signaling, redox
stress, and NMDAR-related effects. These branch dynamics shape glutamatergic and a7 -nicotinic sig-
naling, mitochondrial function, immune feedback, and symptom domains including anhedonia, fatigue,
cognitive dysfunction, and negative symptoms. 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hy-
droxykynurenine; a7nAChR, alpha-7 nicotinic acetylcholine receptor; IDO1, indoleamine 2,3-dioxygen-
ase 1; IDO2, indoleamine 2,3-dioxygenase 2; KAT, kynurenine aminotransferase; KMO, kynurenine 3-
monooxygenase; KYN, kynurenine; KYNA, kynurenic acid; NAD", nicotinamide adenine dinucleotide;
NMDA, N-methyl-D-aspartate; QA, quinolinic acid; TDOZ2, tryptophan 2,3-dioxygenase 2; Trp, trypto-
phan.

A key caveat is that this switchboard is distributed rather than unitary. Its outputs depend
both on where flux is generated and on where it is measured, whether in liver, immune cells,
endothelium, glia, blood, CSF, or ex vivo immune-cell systems (Savitz, 2020, Tanaka et al.,
2021, Tsuji et al., 2023). As a result, the same headline readout, particularly KYN/Trp ratio,
can reflect different upstream drivers across cohorts and rarely resolves branch routing without
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deeper metabolite coverage (Krupa and Kowalska, 2021, Tanaka et al., 2021). Throughout this
section, three linked but distinct levels of inference are therefore kept separate: a biochemical
claim that immune and stress-related signals alter Trp catabolism and KYN availability; a sys-
tems claim that branch dominance shapes glutamatergic, redox, and immune signaling; and a
clinical claim that, under defined inflammatory contexts, these pathway shifts may track symp-
tom modules or treatment-relevant phenotypes (Krupa and Kowalska, 2021, Savitz, 2020,
Stone and Williams, 2024). Keeping these levels apart matters because much of the apparent
inconsistency in the literature arises when a context-dependent proxy is treated as if it were a
complete biological explanation (Krupa and Kowalska, 2021, Tanaka et al., 2021).

2.1 Gatekeepers and triggers indoleamine 2,3-dioxygenases vs tryptophan 2,3-dioxygenase

At the entry point to KYN production, the main gatekeepers are the IDO isoforms and TDO
(Badawy, 2017a, Fatokun et al., 2013, Zhai et al., 2015). These enzymes are often discussed
together because they all catalyze the first step of Trp degradation, but they should not be treated
as functionally interchangeable (Platten et al., 2019, Wu et al., 2018, Ye et al., 2019). Among
the IDO isoforms, IDO1 currently has the clearer evidence base as an inflammation-responsive
driver of Trp-to-K'YN conversion, whereas IDO2 remains less well characterized, more con-
text-dependent, and less directly integrated into psychiatric biomarker interpretation (Krupa
and Kowalska, 2021, Mondanelli et al., 2021, Pallotta et al., 2022, Zhai et al., 2015). For that
reason, this review treats IDO1 as the principal immune-inducible entry enzyme while retaining
IDO2 as a potentially relevant but less resolved modifier of entry control.

In broad terms, IDO-weighted regulation is most evident in immune-competent and barrier-
related compartments, whereas TDO-weighted regulation is more closely tied to hepatic, met-
abolic, and glucocorticoid-linked physiology (Huang et al., 2022, Platten et al., 2019, Zhai et
al., 2015). The distinction is not absolute; both programs can appear outside their classical set-
tings, and mixed states are likely common (Badawy and Guillemin, 2019, Wang et al., 2015,
Ye et al., 2019). Even so, separating them conceptually is useful because it helps distinguish
immune-driven induction from stress-endocrine or metabolic shifts that may produce superfi-
cially similar changes in circulating KYN or KYN/Trp ratio (Badawy and Guillemin, 2019,
Stone and Williams, 2023).

IDO1 is especially relevant to the neuroimmune framing of the pathway because it is com-
monly embedded within interferon (IFN)-related and broader inflammatory transcriptional pro-
grams that accelerate the conversion of Trp to KYN (Badawy, 2023, Strasser et al., 2017).
Across infection, sterile inflammatory states, and immune therapies, this pattern often appears
as declining Trp, rising KYN, and higher KYN/Trp ratio, sometimes alongside parallel immune
markers such as neopterin (Lanser et al., 2020, Strasser et al., 2017, Zhai et al., 2020). Mecha-
nistically, this matters for more than substrate depletion alone. Trp depletion and KYN accu-
mulation can jointly contribute to tolerance-linked signaling, helping explain why inflamma-
tory activation is repeatedly associated with fatigue, motivational disturbance, and depressive
symptom burden (Chaves Filho et al., 2018, Lanser et al., 2020, Savonije et al., 2023). At the
same time, a plasma or serum increase in KYN/Trp ratio should not be overread. Identical ratios
can arise from different tissue sources, and an immune-like profile at the level of entry control
does not by itself establish whether downstream flux is being directed toward KYNA, toward
KMO-linked products such as 3-HK and QA, or toward a mixed pattern (Larkin et al., 2016,
Lu et al., 2025, Tanaka and Vécsei, 2025). This caution is especially relevant because many
studies infer “IDO activity” from KYN/Trp ratio or related entry indices without distinguishing
whether the signal is most plausibly attributable to IDO1, IDO2, TDO, or a blended state
(Meireson et al., 2020, Mor et al., 2024, Platten et al., 2019).
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A practical way to sharpen this inference in psychiatric cohorts is to pair pathway-entry
indices with upstream endocrine and inflammatory context rather than reading KYN/Trp ratio
in isolation (Haroon et al., 2020, Harris et al., 2024, Savitz, 2020). At the diagnosis or pheno-
type level, higher cortisol provides a more plausible rationale for relative TDO weighting,
whereas elevated CRP and pro-inflammatory cytokines provide a more plausible rationale for
relative IDO weighting; when both are elevated, a mixed TDO/IDO state is usually the more
defensible interpretation than a single-enzyme model (Badawy, 2017a, Hoglund et al., 2019,
Messaoud et al., 2019). Framed this way, the question shifts from whether a given cohort shows
“IDO activation” in the abstract to whether its broader biomarker context is more consistent
with glucocorticoid-linked, cytokine-linked, or convergent upstream pressure on Trp catabo-
lism (Haroon et al., 2020, Savitz, 2020, Tanaka et al., 2021).

This distinction is especially useful in psychiatry because the balance between cortisol and
inflammatory signaling appears to vary systematically across diagnoses and subtypes rather
than collapsing into one uniform pattern (Goldsmith et al., 2023, Van Den Noortgate et al.,
2025). Melancholic, psychotic, or otherwise severe major depression and acute bipolar states
are more plausibly read as mixed TDO/IDO phenotypes, whereas post-traumatic stress disorder
(PTSD) more often resembles an inflammatory-dominant, relatively IDO-leaning state marked
by blunted cortisol alongside elevated inflammatory markers; schizophrenia and first-episode
psychosis often fall between these poles, with mixed or inflammation-leaning profiles shaped
by acuity, psychosocial stress, and treatment exposure (Almulla et al., 2022b, OIff and van
Zuiden, 2017, Sarapultsev et al., 2020). These patterns should still be presented as biologically
informed inference rather than direct proof of enzyme activity, but they provide a more clini-
cally legible framework for interpreting heterogeneous entry-level Trp—KYN findings across
psychiatric populations (Farcas et al., 2023, Van Den Noortgate et al., 2025).

TDO links KYN production to endocrine and stress-related physiology. Glucocorticoid sig-
naling and chronic stress are often discussed as drivers of increased Trp catabolism even in the
absence of an overt inflammatory spike, providing a plausible route by which sustained hypo-
thalamic—pituitary—adrenal (HPA) axis load can influence baseline KYN availability (Badawy,
2017a, Savitz, 2020, Tanaka et al., 2021). This perspective is particularly relevant in psychiatric
settings where chronic stress biology, disrupted sleep, metabolic strain, and LGI may coexist
(Harris et al., 2024, Jamshed et al., 2022, Savitz, 2020). In those circumstances, the pathway
may not reflect a clean “immune” or “endocrine” signal at all, but rather a blended state in
which TDO-weighted and IDO-weighted inputs interact (Deng et al., 2021, Karu et al., 2016,
Li et al., 2022). That is one reason why KYN/Trp ratio is useful as an entry-level index of
increased Trp catabolism, yet insufficient as a standalone mechanistic marker (Badawy and
Guillemin, 2019, Hestad et al., 2022, Karu et al., 2016). Once KYN has been generated, the
decisive question becomes not simply how much is produced, but where that substrate is di-
rected at the branch points downstream (Figure 2) (Almulla et al., 2022b, Badawy, 2017a, Deng
etal., 2021, Messaoud et al., 2019).

2.2 Branching logic: kynurenine aminotransferase / kynurenic acid versus kynurenine
3-monooxygenase/quinolinic acid (and why balance beats single metabolites)

Once KYN metabolite production is engaged, the central systems-level issue becomes
branch routing. KYN can be directed toward a KYNA-facing route, largely shaped by KATs,
or toward a KMO-linked route that feeds 3-HK, 3-hydroxyanthranilic acid (3-HAA), QA, and
de novo nicotinamide adenine dinucleotide (NAD™) chemistry (Auyeung et al., 2023, Song et
al., 2017, Yang et al., 2024). This branch asymmetry is more informative than KYN alone be-
cause the two trajectories differ in receptor engagement, redox implications, and links to im-
mune activation (Joisten et al., 2021, Pires et al., 2022, Stone et al., 2013). A high KYN value
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can coexist with either a KYNA-leaning or a QA-leaning profile, so single-metabolite interpre-
tation is often biologically shallow (Joisten et al., 2021, Lim et al., 2017, Ostapiuk and
Urbanska, 2022). For that reason, branch-resolving panels and ratios, such as KYNA/QA or 3-
HK/KYN ratio, are often more informative than isolated concentrations, even though they too
remain imperfect proxies (Fathi et al., 2022b, Groven et al., 2021, Ou et al., 2023).

The KAT branch produces KYNA, a neuromodulatory metabolite whose meaning depends
heavily on concentration, compartment, and circuit context. KYNA is often described as pro-
tective because it can dampen excitotoxic pressure, yet that description is too narrow (Martos
etal., 2022, Ostapiuk and Urbanska, 2022, Tanaka et al., 2020, Tanaka et al., 2025c). Excessive
KYNA has repeatedly been linked to hypoglutamatergic and cholinergic disruption relevant to
cognition, attentional dysfunction, and psychosis-related phenotypes (Erhardt et al., 2017b,
Kozak etal., 2014, Martos et al., 2025, Potter et al., 2010). It is therefore more accurate to think
of KYNA as a tuning molecule than as a universal shield: too little may fail to buffer excitatory
stress, whereas too much may suppress signaling in ways that become cognitively or behavior-
ally costly (Martos et al., 2025, Martos et al., 2022, Ostapiuk and Urbanska, 2022, Szalardy et
al., 2012, Tanaka et al., 2025¢). This idea of an “optimal window” fits both experimental and
clinical observations. It also explains why opposing interpretations of KYNA can both look
plausible if concentration, tissue source, and disease context are not specified (Alves et al.,
2024, Savitz, 2020, Stone et al., 2024). A rise in KYNA under one set of conditions may reflect
adaptive buffering, while under another it may signal maladaptive overmodulation (Table 2)
(Choe et al., 2025, Knapskog et al., 2023, Ostapiuk and Urbanska, 2022).

The KAT branch is not unitary. A further reason the KYNA-facing branch resists simple
interpretation is that “KAT activity” is not a single enzymatic entity (Han et al., 2010,
Nematollahi et al., 2016, Rossi et al., 2019). KAT I-1V differ in tissue distribution, subcellular
localization, substrate promiscuity, and likely physiological dominance across compartments,
meaning that a measured KYNA signal does not arise from one uniform KAT system (Table 2)
(Han et al., 2010, Wyckelsma et al., 2020). In broad terms, cerebral KYNA is most often dis-
cussed through a KAT II-dominant lens, whereas peripheral KYNA may reflect a broader mix-
ture of renal, hepatic, muscular, and mitochondrial aminotransferase biology (Baran et al.,
2010, Guidetti et al., 2007, Juhasz et al., 2025, Szab6 et al., 2025a). This matters directly for
the KYNA paradox: identical directional changes in KYNA need not imply identical biology
if the dominant isoform context differs between blood, CSF, and region-specific brain tissue
(Guidetti et al., 1997, Rossi et al., 2019, Skorobogatov et al., 2021). Framed this way, the ap-
parent contradiction is less a failure of the pathway model than a reminder that KYNA is an
enzymatically plural and compartment-conditioned signal (Herédi et al., 2017, Rossi et al.,
2019). Accordingly, any interpretation of a KYNA-leaning state should specify not only con-
centration and matrix, but also the most plausible KAT isoform context generating that signal
(Amori et al., 2009, Skorobogatov et al., 2021).

The opposing route, shaped by KMO, channels KYN toward intermediates such as 3-HK
and 3-HAA and ultimately toward QA, with additional relevance to de novo NAD™ synthesis
(Amori et al., 2009, Castellano-Gonzalez et al., 2019, Juhasz et al., 2026, Phillips et al., 2019).
Under inflammatory conditions, this branch is often discussed in relation to oxidative stress,
mitochondrial strain, and glutamatergic dysregulation (de la Flor and O'Connor, 2025, Pukoli
and Vécsei, 2025, Zadori et al., 2018). Mechanistic work suggests a time-dependent tradeoff
here. Transient KMO engagement may support metabolic adaptation and NAD* requirements,
whereas sustained activation appears more likely to favor accumulation of redox-active inter-
mediates, amplification of reactive oxygen species, and reduced mitochondrial reserve
(Castellano-Gonzalez et al., 2019, de la Flor and O'Connor, 2025, Joisten et al., 2021). QA is
especially prominent in psychiatric discussions because it is frequently framed as a pro-excit-
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Table 2: KAT isoforms as a source of interpretive heterogeneity in KYNA biology. This table emphasizes that KYNA should not be interpreted as the output of
a single uniform KAT system. Differences among KAT isoforms in tissue distribution, compartmental localization, and broader metabolic roles may shape the
biological meaning of KYNA across blood, brain, and other tissues. This isoform-aware framework helps explain the KYNA paradox, central—-peripheral dissoci-
ation, and context-dependent KYNA-related effects.

Isoform  Major identity / syno-

nym

Dominant context

Functional emphasis

KYNA interpretation

Relevance to this
manuscript

Reference

KAT I

KAT Il

KAT Il

KAT IV

Glutamine transami-
nase K (GTK,
CCBL1)

Aminoadipate ami-
notransferase
(AADAT)

Glutamine transami-
nase L (GTL, often
linked to CCBL2)

Mitochondrial aspar-

tate aminotransferase

(MitAspAT, GOT2)

Peripheral, espe-
cially kidney and
liver amino acid
handling

Brain-weighted, as-
trocyte-associated,
region-specific cer-
ebral context

Renal and periph-
eral metabolic con-
text

Mitochondrial and
subcellular com-
partment context

Glutamine transamina-

tion; sulfur/selenium me-
tabolism; cysteine-conju-
gate B-lyase activity

Principal source of brain

KYNA,; relevant to synap-
tic modulation and cogni-
tion/salience
Glutamine-related trans-
amination and peripheral

amino acid handling

Mitochondrial transami-
nation and intracellular

metabolic routing

Peripheral KYNA may re-
flect broader metabolic or
detoxification-linked trans-
amination rather than brain-
like regulation

Most relevant isoform when
KYNA is interpreted as a
central neuromodulatory
signal

Peripheral KYNA may arise
from tissue programs with
limited correspondence to
brain KYNA regulation
KYNA meaning may vary
by metabolic state and in-
tracellular compartment

Helps explain why
blood KYNA may
diverge from cere-
bral KYNA

Anchors the cen-
tral KYNA side of
the paradox

Strengthens the
central-peripheral
discrepancy argu-
ment

Helps explain con-
text-dependent
outcomes and di-
vergent preclinical
findings

Caligiore et al.,
2022, Cooper
and Anders,
1990, Pinto et
al., 2014

Han et al.,
2010, Han et
al., 2008, Pinto
etal., 2014
Meng et al.,
2022, Pinto et
al., 2014, Yang
etal., 2016
Guidetti et al.,
2007, Han et
al., 2010, Pinto
etal., 2014

AADAT, aminoadipate aminotransferase; CCBL1, cysteine conjugate-beta lyase 1; CCBL2, cysteine conjugate-beta lyase 2; GOT2, glutamic-oxaloacetic transaminase 2; GTL, glutamine transaminase
L; GTK, glutamine transaminase K; KAT, kynurenine aminotransferase; KYNA, kynurenic acid; mitAspAT, mitochondrial aspartate aminotransferase.
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atory metabolite with potential relevance to microglial activation and NMDAR-linked signal-
ing (Hestad et al., 2022, Phillips et al., 2019, Savitz, 2020). Yet even here, the biology remains
context sensitive. Net functional impact depends on compartment, chronicity, surrounding an-
tioxidant capacity, and the balance between KYNA-facing and KMO-facing flux (Amori et al.,
2009, Ostapiuk and Urbanska, 2022, Pukoli and Vécsei, 2025). The real question is therefore
not whether one metabolite is intrinsically “good” or “bad,” but what overall branch pattern is
being generated under a given inflammatory milieu.

This branch-based framing helps explain why studies using only Trp, KYN, or KYN/Trp
ratio often produce apparently divergent interpretations. A shared signal of increased entry into
the pathway does not tell us whether the system is moving toward modulatory buffering, toward
oxidative and excitatory stress, or toward a mixed and time-dependent adaptation. In psychiatric
biomarker research, that distinction matters because downstream metabolites are much closer
to the signaling domains that plausibly link immune biology to symptoms. Branch balance is
therefore the crucial hinge between upstream inflammatory context and downstream functional
consequence.

2.3 Downstream effectors relevant to psychiatry

In psychiatry, the importance of the Trp—K'YN pathway lies less in metabolite labels them-
selves than in the functional systems they disrupt or recalibrate (Marx et al., 2021, Muneer,
2020, Savitz, 2020). Its downstream domains are best understood as consequence spaces rather
than direct clinical readouts, because the relevance of branch activity depends on how it re-
shapes receptor signaling, redox balance, mitochondrial energetics, immune feedback, and
symptom-relevant behavior (Cervenka et al., 2017, Gonzalez Esquivel et al., 2017, Juhasz et
al., 2026, Pocivavsek et al., 2024). The key question is therefore not simply which metabolite
increased, but which biological systems were altered strongly enough to influence cognition,
motivation, salience, energy, or stress responsiveness (Marx et al., 2021, Skorobogatov et al.,
2021).

One major downstream domain is glutamatergic and cholinergic signaling (Erhardt et al.,
2017b). The psychiatric importance of the pathway lies less in any simple good-versus-bad
metabolite dichotomy than in its capacity to alter NMDAR-relevant tone, a7-nicotinic modu-
lation, and broader circuit-level signal regulation (Erhardt et al., 2017b, Savitz, 2020, Tanaka
et al., 2025b, Wonodi and Schwarcz, 2010). In this framework, Trp—K'YN metabolites are best
viewed as modulators of synaptic setpoints rather than as direct symptom markers, with likely
relevance to cognition, attentional control, salience assignment, and reward-related processing
(Erhardt et al., 2017b, Potter et al., 2010, Sapienza et al., 2023).

A second downstream domain involves oxidative balance and mitochondrial energetics.
When inflammatory conditions sustain flux toward redox-active intermediates, experimental
systems often show greater reactive oxygen species burden, impaired respiratory capacity, re-
duced mitochondrial reserve, and heightened vulnerability to excitatory stress (de Lima et al.,
2025, Figueiredo Godoy et al., 2025, Juhasz et al., 2025, Mor et al., 2021, Nagy-Grocz et al.,
2024, Szabo et al., 2025b). This matters clinically because fatigue, psychomotor slowing, low
energy, reduced persistence, and cognitive inefficiency are all phenotypes in which inflamma-
tory, metabolic, and motivational processes may converge (Felger and Treadway, 2017, Kealy
et al., 2020, Lacourt et al., 2018). Here again, the pathway is most informative when treated as
a systems-level contributor to energetic strain rather than as a collection of isolated metabolite
abnormalities.

A third downstream domain is immune-to-behavior coupling itself. Trp—KYN metabolites
should not be viewed only as passive readouts of inflammation, because some also participate
in feedback loops that can stabilize or amplify altered immune-metabolic states (Tanaka, 2026,
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Tanakaetal.,2021, Tsujietal., 2023, Wirthgen etal., 2017). That makes the pathway especially
relevant to transdiagnostic phenotypes such as anhedonia, negative symptoms, stress sensitiv-
ity, and inflammation-linked cognitive dysfunction, where immune signaling, circuit modula-
tion, and metabolic strain may interact rather than operate as separate layers (Haroon et al.,
2020, Hunt et al., 2020, Savitz, 2020, Tanaka, 2026, Tanaka and Battaglia, 2025b, Tanaka et
al., 2025Db).

2.4 Extended pathway metabolites beyond the canonical kynurenic acid—quinolinic acid
framework

Although this review centers on the Trp—K'YN metabolites most consistently studied in psy-
chiatric and translational work, the downstream landscape is broader than the canonical
KYNA-3-HK—-QA axis alone. Several lesser-discussed metabolites deserve brief consideration
because they may refine pathway interpretation in a context-, compartment-, and state-depend-
ent manner (Pocivavsek et al., 2024, Tanaka et al., 2024, Tanaka et al., 2021). Their main value
here is not to displace the core branch-balance framework, but to show that the pathway con-
tains additional signaling and metabolic products that may become useful in deeper multi-ana-
lyte panels (Cervenka et al., 2017, Lim et al., 2017, Marx et al., 2021).

Among these, xanthurenic acid (XA) and cinnabarinic acid (CA) are the most promising to
mention explicitly (Stone et al., 2013). XA has attracted interest because it extends the KYNA -
adjacent side of the pathway and has been linked experimentally to glutamatergic and dopa-
minergic regulation, including interactions relevant to metabotropic glutamate signaling and
frontal cortical function (Maitre et al., 2024, Sathyasaikumar et al., 2017, Taleb et al., 2021).
CA is even more distinctive as a trace KYN with reported mGlu4 agonist activity and possible
neuroactive or even antipsychotic-like properties in preclinical work (Fazio et al., 2012, Fazio
et al., 2014, Ulivieri et al., 2020). Neither metabolite has an evidence base comparable to
KYNA or QA, but both are useful reminders that KYN-pathway signaling may extend beyond
the familiar NMDA-centered contrast and may include additional modulatory products with
context-dependent relevance to cognition, salience, and psychosis-related biology (Fazio et al.,
2017, Stone et al., 2013, Tanaka et al., 2021).

Anthranilic acid (AA) and picolinic acid (PA) are best introduced more cautiously, but they
still help widen interpretation beyond a simple protective-versus-toxic binary. AA is a genuine
branch metabolite rather than a trivial side product and has emerging signaling relevance, in-
cluding discussion as a possible receptor-active metabolite in neuropsychiatric contexts
(Jiménez-Garcia et al., 2025, Oxenkrug, 2024, Oxenkrug and Forester, 2024). PA is valuable
for a different reason: it complicates the assumption that the downstream KMO-facing arm
should be read only through QA and oxidative burden (Aucique-Pérez et al., 2019, Beninger et
al., 1994, Grant et al., 2009, Kalisch et al., 1994). In other words, the distal branch is not chem-
ically or functionally monolithic. For this review, both metabolites are best treated as qualifiers
that reinforce pathway diversity and as plausible additions to future expanded panels, rather
than as current anchors of psychiatric inference.

By contrast, 8-hydroxiquinaldic acid and quinaldic acid (QAA) do not require extended
discussion here, but they deserve more than a passing mention. Recent research still places them
among the lesser-studied downstream or microbiota-linked KYN derivatives, with intriguing
biochemical relevance but far less direct psychiatric evidence than the core metabolites dis-
cussed above (Kennedy et al., 2017, Shaw et al., 2023, Szab¢ et al., 2025a). QAA may never-
theless be of particular interest because, as a downstream product of KYNA, it was reported to
be significantly reduced in brain regions of KAT II knockout mice even where KYNA itself
did not differ significantly (Szabo et al., 2025a). This raises the possibility that QAA could
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serve as a secondary indicator of KYNA -related pathway activity under some conditions. Con-
ceptually, these metabolites broaden the interpretive landscape of Trp—KYN biology beyond
the analytes most commonly measured in psychiatric research and suggest that future gut-aware
or high-depth metabolomic studies may uncover additional context-sensitive signals. For now,
however, they are best regarded as emerging peripheral or microbial-associated candidates ra-
ther than core elements of the minimum translational set.

3. CHRONIC LOW-GRADE INFLAMMATION AS THE “BACKGROUND FIELD”
IN PSYCHIATRY

Chronic LGI, often described as metaflammation, can be viewed as the background field in
which psychiatric symptoms emerge, shaping immune tone at rest and biasing metabolic path-
ways such as the Trp—KYN system long before any discrete inflammatory episode is measured
(Cervenkaetal., 2017, Hunt et al., 2020). Operationally, this state may sit within the C-reactive
protein (CRP) 3—10 mg/L range yet still keep cortisol- and cytokine-sensitive Trp catabolism
partially engaged, making KYN/Trp ratio closer to a set-point marker than a pure event marker.
This matters because apparently “baseline” samples are often not biologically neutral; they may
already reflect long-standing immunometabolic calibration (Cussotto et al., 2020). To under-
stand why Trp—K YN findings vary across psychiatric studies, it is therefore necessary to iden-
tify which real-world exposures most consistently sustain this background inflammatory state
in clinical cohorts (Table 3) (Hunt et al., 2020).

One useful extension of this background-field model is that LGI should not be interpreted
independently of concurrent HPA -axis tone. In practice, the psychiatric meaning ofa Trp—KYN
shift is often clearer when inflammatory markers are read alongside cortisol, because these two
upstream signals provide a plausible, if indirect, map of relative IDO- versus TDO-weighted
pathway activity (Janssen et al., 2021). A diagnosis-stratified framework based on cortisol—
inflammation profiles therefore offers a pragmatic bridge between broad exposure architecture
and disorder-level interpretation, while preserving the manuscript’s central caution that such
profiles are inferential proxies rather than direct measures of enzyme activity or flux (Table 4)
(Messaoud et al., 2022, Muneer, 2020, Tanaka et al., 2021).

In psychiatric cohorts, inflammation-linked biomarkers are often interpreted as though they
arise mainly from diagnosis-related biology, yet many of the strongest upstream drivers sit out-
side diagnostic labels (Bhikram and Sandor, 2022, Osimo et al., 2018, Yuan et al., 2019). Adi-
posity, smoking, sleep disruption, inactivity, diet, and psychosocial stress can all raise inflam-
matory tone while also altering Trp availability, KYN production, or downstream branch inter-
pretation (Cussotto et al., 2020, Gialluisi et al., 2020, Strasser et al., 2015, Tanaka and
Battaglia, 2025b). These influences do not simply add noise. They shift the biological baseline
on which later symptom states, medication exposures, and environmental stressors are super-
imposed (Table 3) (Goldsmith et al., 2023, Janssen et al., 2021, Yuan et al., 2019). LGI should
therefore be treated as an explicitly modeled part of study design, stratification, and interpreta-
tion rather than as an invisible background nuisance.
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Table 3: Exposure architecture that shapes inflammation-linked Trp—KYN readouts in psychiatric cohorts. This table summarizes the real-world exposures most
likely to bias inflammatory tone and, in turn, distort Trp—KYN interpretation in psychiatric studies. It translates the manuscript's Sections 3.1 and 4.4 into a
practical design tool by pairing each exposure with its biological rationale, a feasible measurement approach, a minimum adjustment recommendation, and the
most common sources of analytic error. The aim is to make LGI less of a hidden background field and more of an explicitly modeled part of study design,

stratification, and interpretation.

Exposure

Why it matters

How to measure

Minimum adjustment
set

Common pitfalls

Reference

Adiposity / BMI
[ waist

Metabolic syn-
drome markers

Smoking

Sleep

Physical activ-
ity

Visceral adiposity behaves like

an immune organ, raising
CRP, IL-6, and TNF-a while
shifting Trp handling toward
higher KYN and KYN/Trp.

Insulin resistance,
dyslipidemia, and metabolic
syndrome can raise KYN/Trp
and reweight distal metabo-

lites; albumin and free fatty ac-

ids also alter available Trp.

Smoking is common in TRD

and psychosis and can amplify
inflammatory signaling, making

it a necessary covariate rather
than background noise.

Sleep and circadian disruption
raise CRP and IL-6 independ-
ent of BMI and smoking, bias-
ing Trp—KYN readouts and
symptom associations.

Sedentary behavior contributes

to metaflammation, whereas
exercise can accelerate pe-
ripheral KYN clearance and

BMI plus waist circumfer-
ence; add body weight
change where antipsy-
chotic exposure is rele-
vant.

Fasting glucose or
HbA1c, triglycerides,
HDL, blood pressure;
note albumin if available.

Current smoking status
plus intensity (ciga-
rettes/day or pack-years);
nicotine replacement
where relevant.

Sleep duration/quality
questionnaire; insomnia
or hypersomnia status;
note circadian disruption
and recent sleep loss.

Brief activity question-
naire or wearable-derived

At minimum: BMI or
waist, smoking, medi-
cations, recent infec-
tion, fasting/time of day,
renal function.

Metabolic status should
travel with immune and
KYN measures, not be
added post hoc.

Smoking exposure
should be modeled in
all blood-based Trp—
KYN analyses.

Adjust for sleep disturb-
ance when examining
fatigue, anhedonia,
cognition, or inflamma-
tory strata.

At minimum note habit-
ual activity and recent
exertion around blood
draw.

Using BMI alone; ignoring
central adiposity; treating
weight gain as background
rather than pathway-rele-
vant biology.

No metabolic phenotyping;
mixing chronic SCZ and
early psychosis without
modeling cardiometabolic
burden.

Binary smoker/non-smoker
coding only; ignoring dose;
assuming diagnostic groups
are smoking-balanced.

Treating sleep as a symp-
tom only; ignoring timing of
the prior night; collapsing in-
somnia and hypersomnia.

Calling sedentary time a
nonissue; ignoring recent

Cussotto et al.,
2020, Kuuskmae
etal., 2023,
Lischka et al.,
2022

Koziet and
Urbanska, 2023,
Mallmann et al.,
2018, Sun et al.,
2025

Onder et al.,
2023, Pathak et
al., 2020, Theiler-
Schwetz et al.,
2023

Fabbri et al.,
2021, Irwin et al.,
2016, Zhang et
al., 2022

Alme et al., 2021,
Paz et al., 2025,
Rykov et al.,
2020
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Minimum adjustment

Exposure Why it matters How to measure set Common pitfalls Reference
bias conversion toward KYNA  steps/sedentary time; re- exercise; no distinction be-
in muscle. cent vigorous exercise tween chronic inactivity and
before sampling. acute exertion.
Diet acts as a slow inflamma-
tory thermostat: Western or ul-  Short dietary screener Record major dietary . . . Badawy, 2017b,
X . ; Crude diet capture; ignoring )
tra-processed patterns can capturing ultra-processed pattern and fasting win- supblements: assumin Bujtor et al.,
Diet heighten immune tone, intake, Mediterranean dow whenever Trp PP ’ 9 2021, Schroder et

Psychosocial
stress

Medications

Recent infec-
tion / inflamma-
tory illness

whereas Mediterranean-style
pattems track lower CRP and
IL-6.

Chronic stress sustains LGl
and can push Trp catabolism
from both sides: stress-linked
TDO programs and stress-
evoked cytokine/IDO signaling.

Antidepressants, antipsychot-
ics, steroids, NSAIDs, and im-
mune-active therapies can shift
inflammatory tone and directly
or indirectly alter Trp—KYN
routing.

Recent infection can dominate
the signal, producing large Trp
drops and KYN rises that
swamp psychiatric effects.

adherence, and fasting
state.

Validated stress or ad-
versity scale; recent ma-
jor stressors; hospitaliza-
tion or acute social threat
context.

Drug class, dose, dura-
tion, recent changes, and
polypharmacy burden.

Screen for recent infec-
tion, vaccination, fever,
inflammatory illness, and
CRP >10 mg/L handling.

availability is inter-
preted.

Model stress burden in
module-based anal-
yses, especially anhe-
donia, threat reactivity,
and cognition.

Medication exposure is
part of the universal
minimum set; stratify
first-episode, minimally
treated, and chronic co-
horts where possible.

Exclude, defer sam-
pling, or prespecify
handling rules for acute
inflammatory states.

fasting alone resolves
longer-term dietary effects.

Resting snapshots without
stress context; assuming
endocrine and immune driv-
ers are separable in real co-
horts.

Pooling medicated and un-
medicated cases; ignoring
recent treatment changes;
no accounting for antipsy-
chotic-related weight gain.

Treating acute inflammatory
spikes as trait psychiatry bi-
ology; failing to document
vaccination or intercurrent
illness.

al., 2021, Zhu et
al., 2024

Arroyo-Belmonte
etal., 2021,
Kiank et al.,
2010, Pelletier-
Baldelli et al.,
2021

Almulla et al.,
2022a, Kopra et
al., 2021, Réus et
al., 2015

Baysak et al.,
2022, Leticia
Fernandez-
Carballo et al.,
2021, Millischer
etal., 2021
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Exposure Why it matters

How to measure

Minimum adjustment
set

Common pitfalls

Reference

Trp—KYN metabolites are sen-
sitive to fasting, diurnal timing,

acute stress/exercise, and pre-
analytics; these can manufac-

ture group differences.

Sampling time /
fasting

Morning fasting collection

when feasible; record

clock time, fasting dura-

tion, tube type, pro-

cessing delay, and stor-

age/QC.

Sampling state is a uni-
versal minimum adjust-
ment item for all co-
horts.

Mixed morning/afternoon
samples; unknown fasting
window; delayed separation;
uneven freeze-thaw or batch
handling.

Heng et al., 2023,
Louvrou et al.,
2024, Orhan et
al., 2024

Abbreviations: BMI, body mass index; CRP, C-reactive protein; IDO, indoleamine 2,3-dioxygenase; IL-6, interleukin 6; KYN, kynurenine; KYNA, kynurenic acid; LGI, low-grade inflammation; SCZ,
schizophrenia; Trp, tryptophan; TDO, tryptophan 2,3-dioxygenase; TNF-a, tumor necrosis factor-alpha; TRD, treatment-resistant depression.
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Table 4: Psychiatric diagnoses stratified by cortisol and inflammatory-marker profiles, with inferred kynurenine-pathway bias. Interpretive framework: higher

cortisol favors relative TDO stimulation; higher CRP and/or pro-inflammatory cytokines favor relative IDO stimulation.

Diagnosis / pheno- Cortisol CRP. /eyto-  Inferred KY_N path- Confidence Caveats Reference
type kines way driver
Major depressive Variable; higher in Sg?sg;ilgl\)/i'f:ﬁt‘;ecrtr; Igif:‘zflb Esrlferrsse;taa:i’ o
e b melancholic/severe Often high  Mixed TDO + IDO Moderate T Her by c L
disorder (overall) Ssubtypes subtype, severity, adiposity, 2013, Sili¢ et al.,
yp and treatment exposure. 2022
. Mixed TDO + IDO: Most defensible depre§3|ve Juruena et al.,
Melancholic / psy- High Often hiah relativelv stronger Moderate-  phenotype for HPA-axis 2018, Kaestner et
chotic / severe MDD 9 9 y . ”g high overdrive, but inflammation al., 2005, Lamers
TDO plausibility .
is commonly co-elevated. etal., 2013
Atypical depression / Useful as a heuristic rather Juruena et al.,
: Normal to low or . N
some chronic stress- . . . Low-moder- than a rule; cortisol direction 2018, Nandam et
. blunted in some co- Often high Predominantly IDO . . .
related depressive ate is less stable than in melan-  al., 2019, O'Keane
horts . .
states cholic depression. etal., 2012
Inflammation is fairly repro- Lyu et al., 2023,
Bipolar disorder - ducible during episodes; Mazza et al., 2018,
acute mania / Often high Often high Mixed TDO + IDO Moderate cortisol abnormalities are Solmi et al., 2021
active episode common but less uniform
than in melancholic MDD.
Bivolar disorder - eu- State dependence matters; Fries et al., 2014,
P . . LGl may per- Weak IDO biasorno Low-moder- low-grade inflammatory tone Jones et al., 2021,
thymia / Variable . . . . .
) . sist clear dominant driver ate may outlast acute HPA-axis  Maletic and
inter-episode .
changes. Raison, 2014
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Diagnosis / pheno- Cortisol CRP. /'eyto-  Inferred KY.N path- Confidence Caveats Reference
type kines way driver
Usually mixed TDO Cortisol direction and magni- Misiak et al., 2021,
Schizophrenia / first- Variable, often ele- Often hiah + IDO; IDO-leaning if Moderate tude vary with acuity, anti- Mondelli et al.,
episode psychosis vated or dysregulated 9 inflammation domi- psychotic exposure, and 2015, Mondelli et
nates psychosocial stress load. al., 2010
Best psychiatric example of  Hori and Kim,
Often low or relativel a low-cortisol / high-inflam- 2019, Olff and van
PTSD y Often high Predominantly IDO High mation profile; argues Zuiden, 2017,
blunted . .
against a primarily TDO- Peruzzolo et al.,
driven model. 2022
Modestlv ele- Associations often attenuate  Costello et al.,
Generalized anxiety Variable; can be high, y. Weak IDO, mixed, or Low-moder- after adjustment for BMI, 2019, Glaus et al.,
. . vated in . . .
disorder but not consistently uncertain ate sleep, smoking, and medical 2018, Vogelzangs

some cohorts

comorbidity.

etal., 2013

Abbreviations: BD, bipolar disorder; CRP, C-reactive protein; HPA, hypothalamic-pituitary-adrenal; IDO, indoleamine 2,3-dioxygenase; KP, kynurenine pathway; LGI, low-grade inflammation; MDD,
major depressive disorder; PTSD, post-traumatic stress disorder; TDO, tryptophan 2,3-dioxygenase.

Footnotes: (a) Cortisol and inflammatory markers are treated here as upstream proxy signals for inferred pathway bias rather than direct measures of enzyme activity or flux. (b) “CRP / cytokines”
refers to CRP and/or pro-inflammatory mediators such as IL-6, TNF-alpha, and IFN-gamma. (c) Confidence reflects consistency of the diagnosis-level biomarker pattern in the literature, not certainty
at the individual-patient level. (d) Diagnostic heterogeneity, illness stage, body-mass index, sleep, smoking, metabolic comorbidity, and psychotropic medication exposure can all shift the observed

profile.
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3.1 Drivers of low-grade inflammation that matter in psychiatric cohorts

Among the strongest and most pervasive drivers of LGI in psychiatric cohorts is adiposity
with associated metabolic dysregulation, particularly in chronic depression and schizophrenia
spectrum disorders (Carli et al., 2021, Oracz et al., 2025, Zwiep et al., 2025). Visceral adiposity
behaves like an immune organ: macrophage skewing and adipokine imbalance raise CRP, in-
terleukin 6 (IL-6), and tumor necrosis factor-alpha (TNF-a) while shifting Trp handling toward
higher KYN and KYN/Trp ratio (Huet et al., 2021, Kang et al., 2016, Ren et al., 2022). In some
studies, these profiles also align with more severe or TRD presentations (Lv etal., 2025, Molina
etal., 2021, Zwiep et al., 2025). The key point is not simply that obesity and psychiatric illness
co-occur, but that metabolic burden changes the biological starting conditions under which in-
flammatory and KYN-related findings are observed (Cussotto et al., 2020, Lamers et al., 2018,
Tanaka et al., 2021). In psychosis, this problem is often amplified by treatment exposure. An-
tipsychotic-associated weight gain can further increase cytokine tone and cardiometabolic bur-
den, making it difficult to separate illness-related inflammatory signals from treatment-shaped
physiology if metabolic status is not modeled directly (Lamers et al., 2018, Naudé et al., 2025,
Zwiep et al., 2025). The body mass index (BMI) alone is therefore often too crude; waist
measures, recent weight change, and broader metabolic phenotyping are more informative be-
cause central adiposity and insulin resistance can each alter pathway readouts (Cussotto et al.,
2020, Huet et al., 2021, Zwiep et al., 2025). Metabolic variables should travel with immune and
KYN measures from the outset rather than being added after interpretation has already drifted.

Smoking and persistent sleep disruption form another high-impact exposure cluster. Both
are common in TRD and psychosis populations, both can amplify inflammatory signaling, and
both can distort the apparent relationship between biomarkers and symptom severity (Galan et
al., 2022, Kindler et al., 2020, Mancuso et al., 2023). Smoking is not background noise in blood-
based Trp—KYN studies; it is a necessary covariate, especially when comparison groups differ
in prevalence or intensity (Bose et al., 2026, Galan et al., 2022, Kindler et al., 2020). Sleep
contributes a partly independent layer: altered sleep duration, insomnia, hypersomnia, and cir-
cadian disruption are linked to higher CRP and IL-6 even after accounting for BMI and smok-
ing, suggesting that disturbed sleep can carry its own inflammatory imprint (Kuwano et al.,
2018, Yilmaz et al., 2022). This matters because sleep is often treated only as a symptom of
illness while simultaneously acting as a driver of biomarker variance (Kuwano et al., 2018,
Sapienza et al., 2025, Yilmaz et al., 2022). When smoking and sleep disruption cluster together,
as they often do in real-world cohorts, inflammation can appear more diagnosis-specific than it
truly is (Mancuso et al., 2023, Milaneschi et al., 2021a, Milaneschi et al., 2021b). Some appar-
ently inconsistent cytokines or KYN findings become more coherent once these moderators are
modeled directly (Galan et al., 2022, Medic et al., 2017, Milaneschi et al., 2021a).

Physical inactivity and diet add further variance to the same background field. Sedentary
behavior contributes to metaflammation, whereas exercise can alter peripheral KYN handling
and bias conversion toward KYNA in muscle, making it important to distinguish chronic inac-
tivity from recent exertion around sampling (Cervenka et al., 2017, Tanaka et al., 2021,
Westbrook et al., 2026). Diet works more slowly but no less meaningfully. Western or ultra-
processed dietary patterns can heighten immune tone, whereas Mediterranean-style patterns
tend to track lower CRP and IL-6 (Chehadi et al., 2026, Cobos-Palacios et al., 2022, Francis et
al., 2022, Rangel et al., 2025). Diet also influences Trp availability more broadly, so fasting
status alone does not resolve longer-term dietary confounding when baseline pathway interpre-
tation is the goal (Chehadi et al., 2026, Lim et al., 2021, Liu et al., 2019, Rangel et al., 2025).
These exposures are easy to undermeasure because they are often recorded superficially or
omitted altogether, yet they can substantially reshape apparent baseline Trp—KYN biology
across cohorts (Dugué et al., 2023, Kiluk et al., 2021, Lim et al., 2021). In effect, inactivity and
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diet regulate the thermostat on which more visible inflammatory or psychiatric processes are
later layered (Cervenka et al., 2017, Sun et al., 2023, Tanaka et al., 2021).

Psychosocial stress is another major component of this background field because chronic
stress can sustain LGI while also pushing Trp catabolism from two directions: through stress-
linked TDO programs and through stress-evoked cytokine/IDO signaling (de Bartolomeis et
al., 2025, Fuertig et al., 2016a, Michels et al., 2018). This dual-route architecture makes stress
especially relevant in psychiatric cohorts marked by adversity exposure, ongoing social threat,
hospitalization, or repeated stress sensitization (Goldsmith et al., 2023). It also helps explain
why symptom modules such as anhedonia, fatigue, threat reactivity, and cognition may map
onto inflammatory and K'YN signals more clearly than diagnosis labels alone (Fourrier et al.,
2019, Goldsmith et al., 2023, Lucido et al., 2021, Tanaka and Battaglia, 2025b). It often coexists
with smoking, sleep disruption, metabolic strain, and medication exposure, deepening the prob-
lem of stacked confounding (Goldsmith etal., 2023, Haroon et al., 2020, Vancassel et al., 2018).
A more realistic view is that chronic LGI in psychiatry often reflects interacting exposure con-
stellations rather than single dominant causes (Goldsmith et al., 2023, Haroon et al., 2020). That
1s precisely why nominally similar diagnostic groups can produce sharply different biomarker
profiles across studies.

3.2 Why symptom modules often beat diagnoses

Because metaflammation is shaped by exposures that cut across diagnostic boundaries, im-
mune-metabolic biology often aligns more tightly with symptom modules than with categorical
diagnoses, particularly in disorders as heterogeneous as TRD and schizophrenia spectrum con-
ditions (de Kluiver et al., 2023, McQuaid, 2021, Penninx et al., 2025). Longitudinal work sug-
gests that atypical, energy-balance—leaning depressive profiles track CRP, IL-6, adiposity, and
metabolomic shifts more reliably than the broad MDD label, while polygenic risk for CRP or
BMI maps more strongly onto appetite and fatigue nodes than onto the full syndrome (de
Kluiver et al., 2023, Kappelmann et al., 2021, Lamers et al., 2020). Across severe mental ill-
ness, multi-omics signatures often distinguish patients from controls yet fail to cleanly separate
diagnoses, whereas immune differences more often track dimensional severity, cognition, and
motivation (Hagenberg et al., 2025, Naifar et al., 2025, Solomon et al., 2025, Tanaka, 2025a,
Tanaka, 2025b). The most reproducible modules in this space resemble sickness behavior and
energy-reward disruption, dimensions that can be quantified across disorders and mapped onto
Trp—KYN flux hypotheses (Brydges et al., 2022, de Kluiver et al., 2023, Penninx et al., 2025).

Four symptom modules repeatedly emerge as the strongest candidates for immune-meta-
bolic coupling: anhedonia or reward dysfunction, fatigue with sickness-behavior—like symp-
toms, cognitive slowing with executive dysfunction, and, more cautiously, suicidality as a
cross-diagnostic outcome (Brydges et al., 2022, Lamers et al., 2018, Penninx et al., 2025).
Among these, anhedonia and fatigue are the most consistently informative (de Kluiver et al.,
2023, Milaneschi et al., 2021b, Penninx et al., 2025). The immune-metabolic signal appears to
land especially hard on reward motivation and behavioral effort: higher IL-6 and CRP, immune-
cell insulin resistance, and altered amino-acid and energetic handling align with reduced reward
pursuit and ventral striatal dysfunction (Bekhbat et al., 2025, Felger et al., 2016, Lucido et al.,
2021). Fatigue is the archetypal metaflammation readout, with sleepiness, hypersomnia, hyper-
phagia, leaden paralysis, and low drive tracking inflammatory and cardiometabolic indices over
time (de Kluiver et al., 2023, Milaneschi et al., 2020, Penninx et al., 2025). In practice, fatigue
and anhedonia often co-occur as a single high-yield module, flagging patients most likely to
carry combined immune and metabolic dysregulation and, plausibly, shifted Trp partitioning
toward KYNs (Haroon et al., 2020, Tanaka et al., 2021, Zwiep et al., 2026).
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Cognition is a more equivocal endpoint in blood-based studies, with meta-analytic synthesis
suggesting only weak associations between peripheral immune markers, including KYNs, and
cognitive domains, implying measurement noise, compartment mismatch, or subgroup effects
(Morrens et al., 2022, Sapienza et al., 2024a, Torok et al., 2020). Suicidality should be handled
with similar caution: some genetic and biomarker work links IL-6 signaling to suicide risk, and
anhedonic states are clinically associated with higher risk, yet suicidality remains multiply de-
termined and far from inflammation-specific (Almulla et al., 2022¢, Bora, 2019, Brydges et al.,
2022). Even so, the broader lesson holds: symptom modules usually provide a more biologi-
cally coherent target than diagnoses when the goal is to link LGI and Trp—KYN activity to
clinical presentation (Patlola et al., 2023, Sapienza et al., 2025, Strasser et al., 2017). The next
question is therefore methodological: do current biomarker strategies capture pathway activity
with enough resolution to connect immune context to these phenotypes?

4. MEASUREMENT AND INTERPRETATION:
WHAT TRYPTOPHAN-KYNURENINE BIOMARKERS CAN ACTUALLY TELL US

Trp—KYN biomarkers are often treated as straightforward readouts of “inflammation-to-
brain chemistry,” yet in practice they provide context-dependent snapshots of a distributed path-
way whose meaning depends on panel depth, sampling matrix, timing, and confounding struc-
ture (Coppens et al., 2022, Skorobogatov et al., 2021, Tanaka et al., 2021). Across mood and
psychosis literatures, even robust signals such as lower Trp or higher KYN/Trp ratio can reflect
transport biology, albumin binding, renal handling, stress-endocrine effects, or inflammatory
catabolism in different mixtures across cohorts (Coppens et al., 2022, Karu et al., 2016,
Skorobogatov et al., 2021). Because only a subset of analytes reliably map across compart-
ments, peripheral profiles cannot be naively equated with central branch (Almulla et al., 2022a,
Inam et al., 2023, Skorobogatov et al., 2021). The practical goal of this section is therefore not
to nominate a single best biomarker, but to define interpretive rules that treat Trp—K'YN panels
as network fingerprints rather than verdicts (Coppens et al., 2022, Haroon et al., 2020,
Skorobogatov et al., 2021). That framing matters because many apparent contradictions in the
literature are not true biological oppositions; they are mismatches between what was measured,
where it was measured, when it was measured, and what background exposures were allowed
to shape the signal before interpretation began (Arnone et al., 2018, Marx et al., 2021,
Skorobogatov et al., 2021).

4.1 Core markers vs undermeasured markers

Most psychiatric studies quantify Trp, KYN, and the KYN/Trp ratio, a pragmatic core trio
that primarily captures entry-level diversion of Trp into KYN production rather than down-
stream pathway consequences (Badawy and Guillemin, 2019, Marx et al., 2021, Tanaka and
Vécsei, 2021). Trp reflects substrate availability and is sensitive to protein binding, transport,
diet, systemic physiological state, and acute nutritional timing. Absolute KYN varies more
across phenotypes and matrices, but it too remains a broad readout. KYN/Trp ratio is best read
as a coarse index of catabolic engagement that integrates immune-inducible IDO programs,
hepatic TDO influences, and whole-body Trp flux; it is not a clean proxy for one enzyme and
should not be labeled as such (Badawy, 2017a, Badawy and Guillemin, 2019). Used carefully,
this core panel can indicate whether the pathway gate appears more open or more closed, espe-
cially when interpreted alongside inflammatory markers, medication exposure, metabolic sta-
tus, and renal function. Its obvious limitation is that entry-level diversion does not reveal
whether KYN is being routed toward modulatory products, redox-active intermediates, or
NAD"-linked endpoints (Badawy, 2017a). In other words, the core trio is useful for detecting
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pathway entry, but it is biologically thin if the study question concerns neuroactive or branch-
specific consequences.

That limitation is precisely why downstream metabolites such as KYNA, 3-HK, and QA
deserve greater emphasis (Fujigaki et al., 2017, Leclercq et al., 2021, Pires et al., 2022). These
analytes add branch-resolving information because they sit closer to receptor-level, redox, and
immune-feedback consequences than Trp or KYN alone (Fujigaki et al., 2017, Meier and
Savitz, 2022, Pires et al., 2022). KYNA is informative for modulatory and antagonistic signal-
ing contexts, especially where glutamatergic and o7-nicotinic mechanisms are implicated
(Erhardt et al., 2009, Erhardt et al., 2017b, Fujigaki et al., 2017). By contrast, 3-HK and QA
more often anchor interpretations related to oxidative load, inflammatory routing, mitochon-
drial strain, and NMDAR-relevant biology (Fujigaki et al., 2017, Pires et al., 2022, Wurfel et
al., 2017). Psychiatric studies that stop at Trp, KYN, and KYN/Trp ratio therefore capture path-
way entry but not the downstream pattern most likely to matter biologically (de Bartolomeis et
al., 2025, Hunt et al., 2020, Marx et al., 2021). A branch-resolving panel does not need to be
exhaustive to be useful, but it should move beyond the core trio if the aim is mechanistic inter-
pretation rather than descriptive profiling (de Bartolomeis et al., 2025, Inam et al., 2023, Marx
et al.,, 2021). This becomes especially important when the same KYN/Trp ratio signal could
coexist with either a KYNA-leaning or QA-leaning pattern, producing very different biological
implications despite a similar entry-level readout (Inam et al., 2023, Marx et al., 2021, Wurfel
etal., 2017).

A practical way to think about panel depth is tiered measurement. Tier 1 panels quantify
Trp, KYN, and KYN/Trp ratio and are useful for screening catabolic engagement (Haroon et
al., 2020, Hunt et al., 2020, Yan et al., 2023). Tier 2 panels add branch-resolving metabolites
such as KYNA, 3-HK, and QA, allowing more directional interpretation (Haroon et al., 2020,
Skorobogatov et al., 2021, Yan et al., 2023). Tier 3 designs extend further by pairing these
metabolites with inflammatory phenotyping, matched matrices, or longitudinal sampling
(Haroon et al., 2020, Skorobogatov et al., 2021, Yan et al., 2023). In psychiatric biomarker
work. Tier 2 should be viewed as the minimum target when branch interpretation is central to
the study question (Table 5; Haroon et al., 2020, Inam et al., 2023, Ou et al., 2023). The value
of this framework is not that it imposes a rigid standard on every study design, but that it forces
a match between biological ambition and analytic depth. If a study wants to argue that inflam-
mation shifts branch routing, it must measure branch routing rather than infer it from the gate
alone.

Even when KYNA is measured, interpretation remains incomplete if the analyte is treated
as isoform-neutral (Han et al., 2010, Nematollahi et al., 2016, Rossi et al., 2019). KYNA com-
presses the output of multiple KAT systems whose biological meaning is unlikely to be equiv-
alent across compartments (Han et al., 2010, Rossi et al., 2019, Yu et al., 2006). A peripheral
KYNA value may be shaped more by renal, hepatic, muscular, or broader aminotransferase
biology, whereas a CSF or region-specific brain value is more plausibly linked to cerebral KAT-
dominant regulation (Baran et al., 2010, Han et al., 2010, Nematollahi et al., 2016). For that
reason, KYNA should be interpreted with an explicit compartment-and-isoform frame rather
than as a portable surrogate of the same process across blood and brain (Orhan et al., 2024,
Pocivavsek et al., 2024, Skorobogatov et al., 2021).
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Table 5: Minimal branch-resolving Trp—KYN and immune biomarker panel with reporting checklist for clinical and preclinical studies. This table operationalizes
the manuscript’'s measurement framework by defining a minimal, branch-resolving Trp—KYN panel and the essential metadata required for interpretable psychi-
atric biomarker studies. It distinguishes entry-level markers from downstream branch markers, embeds immune context, and makes pre-analytic and analytical
discipline explicit. The recommendations are designed for both clinical and preclinical work, with special emphasis on matrix choice, fasting and timing control,

platform quality control, and dominant covariates that can distort inference, including adiposity, smoking, medications, and renal function.

Minimum re-

Metabolites Ratios Matrix _Fastmg/ Platform / Inflammation Key covariates / porting Reference
time-of-day QcC markers confounders items
Validated Exact matrix, de Jong et
LC-MS or §ample j[im- al 20099
Slzrsumma?:na- Morning fasting pre- Erzlt_o?écﬁwli- CRP blus >1 IFN- BMI or waist; smoking; ;qgijzst'?g_ Eggertsen et
Trp; KYN KYN/Tr Frix ke ”ccon- ferred; record clock ternal s’tand- roxirﬁal m_arker medications; renal func- cessin’ pde- al,, 2023,
P P . pt cor time and fasting du- P . tion (eGFR or creatinine); 9 Juhasz et al.,
sistent within . ards, batch  when feasible ; . lay, storage .
ration recent infection " 2026, Metri
cohort structure, conditions,
. . etal., 2023
freeze—thaw units, miss-
count ing-data rules
Report ana-
lyte stability, Absolute con-
Same matrix lower limits centrations Holthuijsen
Same sampling win- of quantifica- CRP; IL-6 or TNF; ; with ratios, etal., 2024,
as core dow as core panel; tion, dupli- IFN-adjacent Add sleep disturbance, handling of Meier et al
SXNA; 3-HK; l;TﬂNK%(\)(?\I E):aSnFe Ic;):ldc:f avoid mixed morn-  cate or marker such as ?:éngg);(/;nﬁeiéibilits;atus, values below 2016,
y ing/afternoon collec- pooled QC  neopterin or IP-10 ' detection, ra- Rodrigues et
study ques- . ; stress exposure .
tion is central tions samples, when feasible tionale for al., 2021
batch correc- branch inter-
tion ap- pretation
proach
Trp; KYN; KYN/Trp; Paired Synchronize blo_od State Same immune Antipsychotic/antidepres- Compart- o Holthuijsen
. ) ) and CSF collection whether : o ment-specific et al., 2024,
KYNA; 3-HK; KYNA/QA; plasma/se- . panel in both sant exposure; inflamma- . ; .
as closely as feasi- methods are . . ) . interpretation, Meier et al.,
QA 3-HK/KYN rum and CSF paired subsets tory illness; blood—brain
ble matched concordance 2016,
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Minimum re-

Metabolites Ratios Matrix .Fastmg/ Platform / Inflammation Key covariates / porting Reference
time-of-day QC markers confounders items
in subset across matri- and full cohort barrier-adjacent markers if analyses, Nadour et
studies ces; report where possible available predefined al., 2022,
matrix-spe- bridge hy- Rodrigues et
cific valida- pothesis al., 2021
tion and drift
checks
Same analyt- Chawdhury
. Spe-
Preclinical ical platform cios/strain, €tk 2021,
Trp; KYN; Standardize zeit- within experi- CRP analogues  Body weight/adiposity; . . Fuertig et al.,
. ) _ blood . . . . ) - . sex, age, diet,
KYNA; 3-HK;  KYN/Trp; matched to geber time, feeding ment; in- not always feasi- sex; cage/activity effects; housina. chal- 2016b,
QA in KYNA/QA,; terminal tis- state, and interval clude blinded ble; include cyto- handling stress; drug ex- lenge t?n’ﬂn Saliba et al.,
plasma/se- 3-HK/KYN from challenge/inter- technical kine panel aligned posure; kidney function 9 9 2025,
sue collec- . : : assay QC,
rum . vention replicates to model biology  when relevant . . Skorobogato
tion exclusion cri-
and pooled teria v et al., 2021
QC
Specify tis- Compartment
) . sue dissec- defined in ti-  Abujrais et
KYNA/QA; Rgglqn-spe- . tion, post- Brain-adjacent in- L tle/legend, re- al., 2025,
. 3-HK/KYN cific tissue, = Match sacrifice or : Model severity, sickness ) :
Brain or CSF . ; . mortem in-  flammatory . gion stated, Brandiet al.,
when meas- CSF, orim-  collection to circa- . behavior controls, treat- .
KYNA, 3-HK, . ; ) terval, ex- readouts or tissue o . translational 2022, Chen
ured in mune-cell as- dian phase and in- . . . ment timing, metabolic .
QA £ KYN . ! traction pro- cytokines/micro- rationale etal., 2021,
same com- say clearly tervention window : state . ,
. tocol, nor- glial markers linked to Fuertig et al.,
partment  specified L
malization symptom 2016b
approach module
Minimum Always re- Do not pool Treat fasting and Qc mus.t .be Inflammatory phe- Universal minimum: BMI Panel t.|er, Al Saedi et
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Abbreviations: 3-HK, 3-hydroxykynurenine; BMI, body mass index; CRP, C-reactive protein; IFN, interferon; IL-6, interleukin 6; IP-10, interferon gamma-induced protein 10; KYN, kynurenine; KYNA,
kynurenic acid; LC—MS, liquid chromatography—tandem mass spectrometry; QA, quinolinic acid; TNF, tumor necrosis factor; Trp, tryptophan.
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4.2 Ratios and “flux thinking” (with guardrails)

Ratios are attractive because they compress pathway relationships into tractable summary
measures, but they remain proxies rather than direct readouts of enzyme activity or true meta-
bolic flux (de Mas and Cascante, 2019, Law et al., 2022, Park et al., 2016). Their value lies in
showing how analytes move relative to one another under a defined sampling context (Di
Filippo et al., 2022, Law et al., 2022, Park et al., 2016). Their weakness is that the same ratio
may rise or fall for more than one biological reason, including changes in substrate availability,
clearance, transport, or branch competition (Law et al., 2022, Noor et al., 2016, Park et al.,
2016). Ratios are therefore most useful when interpreted alongside absolute concentrations,
matrix, timing, and co-measured immune indices rather than as stand-alone verdicts (Di Minno
et al., 2022, Park et al., 2016). A ratio can summarize a pathway relationship, but it cannot
replace knowledge of compartment, physiology, or pre-analytics (Di Minno et al., 2022, Li et
al., 2024a, Park et al., 2016). This is one of the field’s recurring interpretive errors: compact
summary measures are often treated as though they directly assay hidden enzymology, when in
reality they support only constrained inference (Hackett et al., 2016, Law et al., 2022, Shin et
al., 2026).

KYN/Trp ratio illustrates both the utility and the common misinterpretation of ratio thinking
(Badawy and Guillemin, 2019, Jamshed et al., 2022, Strasser et al., 2017). It is a reasonable
proxy for increased Trp catabolism into KYN, but it cannot determine which gatekeeper dom-
inates, whether the shift is primarily immune- or stress-linked, or which downstream branch
consequences are emerging (Badawy, 2017a, Badawy and Guillemin, 2019, Yan et al., 2024).
The same ratio may rise because cytokines induce extrahepatic IDO, because glucocorticoid
tone alters TDO-related flux, or because free Trp falls while KYN is buffered by slower clear-
ance and downstream bottlenecks (Badawy and Guillemin, 2019, Hunt et al., 2020, Jamshed et
al., 2022). To move from “catabolism increased” to “branch biology changed,” investigators
usually need branch-balance ratios such as KYNA/QA ratio and practical KMO-tilt indicators
(Almullaetal.,2022b, Almulla et al., 2022c, Tanaka et al., 2021). Even these require guardrails.
Branch competition means rerouting can alter ratios without implying more enzyme, and pe-
ripheral ratios may not mirror central balance. Partial panels are therefore a major source of
apparent contradiction, because similar KYN/Trp ratio signals can coexist with opposite down-
stream patterns (Figure 3) (Almulla et al., 2022a, Almulla et al., 2022b, Almulla et al., 2022c¢).
The practical lesson is straightforward: ratio thinking becomes stronger as panel depth im-
proves, but misleading when shallow panels are asked to answer mechanistic questions they
were never designed to resolve (Badawy, 2017a, Badawy and Guillemin, 2019, Strasser et al.,
2017).

Biospecimen choice imposes both biological and analytical constraints. Serum and plasma
can differ systematically, CSF is rarer but is often interpreted as closer to central processes, and
PBMC or ex vivo paradigms probe cellular capacity rather than steady-state circulating levels
(Eggertsen et al., 2023, Heng et al., 2023, Skorobogatov et al., 2021). Apparent matrix effects
can reflect genuine compartment biology, but they can also arise from pre-analytics and plat-
form variation (Eggertsen et al., 2023, Heng et al., 2023, Sens et al., 2023). The safest interpre-
tive rule is therefore simple: matrix should be treated as part of the biological question, not as
an interchangeable container (Gonzalez-Dominguez et al., 2020, Heng et al., 2023, Metri et al.,
2023, Tanaka et al., 2025a). Peripheral blood may track KYN and sometimes 3-HK reasonably
well, but it is less reliable for inferring central KYNA-facing versus QA-facing balance (Jacobs
et al., 2019, Rodrigues et al., 2021, Skorobogatov et al., 2021). CSF helps, but it is not a magic
mirror. KYN and QA may show some blood—CSF concordance, whereas KYNA and Trp can
be strikingly discordant, so plasma cannot be assumed to proxy brain branch balance (Jacobs
etal., 2019, Rodrigues et al., 2021, Skorobogatov et al., 2021). One underappreciated reason
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Figure 3: Why studies disagree: how matrix, timing, panel depth, and confounding reshape interpreta-
tion of elevated KYN/Trp ratios. Schematic summary showing that identical increases in KYN/Trp ratio
can carry different biological meanings depending on the interpretive framework. Differences in biospec-
imen matrix, sampling timing and pre-analytics, downstream metabolite coverage, and cohort-level con-
founding can shift inference toward peripheral catabolic activation, central branch imbalance, redox-
inflammatory burden, or altered NAD*-related flux. Thus, apparent disagreement across studies may
reflect variation in measurement context and analytical depth rather than genuinely contradictory Trp—
KYN biology. 3-HK, 3-hydroxykynurenine; CSF, cerebrospinal fluid; KYN, kynurenine; KYN/Trp,
kynurenine-to-tryptophan ratio; KYNA, kynurenic acid; NAD®, nicotinamide adenine dinucleotide;
PBMC, peripheral blood mononuclear cell; QA, quinolinic acid; Trp, tryptophan.

for this dissociation is that KYNA in different matrices may reflect different dominant KAT
isoform environments rather than a single shared branch state sampled at varying distance from
the brain (Garrison et al., 2018, Nagao et al., 2026, Skorobogatov et al., 2021). In that sense,
the central-peripheral gap is not merely a transport problem, but also an enzyme-context prob-
lem (Garrison et al., 2018, Skorobogatov et al., 2021, Stone and Williams, 2024). PBMC
measures add complementary information, yet they index immune-cell programming more than
whole-body in vivo flux (Eminel et al., 2017, Jones et al., 2015, Skorobogatov et al., 2021).
Their value is real, but different: they are better interpreted as markers of inducibility or path-
way capacity than as direct surrogates of circulating metabolite levels (Jones et al., 2015, Krupa
and Kowalska, 2021, Skorobogatov et al., 2021).

Three recurring misreads follow from matrix choice. First, serum—plasma differences and
delayed processing can mimic diagnosis effects by selectively perturbing unstable intermedi-
ates (Hagn et al., 2024, Heng et al., 2023, Liu et al., 2018c). Second, peripheral measures can
legitimately track KYN availability while failing to track central branch balance (Jacobs et al.,
2019, Paul et al., 2022, Skorobogatov et al., 2021). Third, PBMC and ex vivo outputs can be
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mistaken for circulating steady-state biology when they reflect immune programming under
stimulated or assay-specific conditions (Bremer et al., 2023, Heng et al., 2023, Wilson et al.,
2025). None of these problems makes a given matrix unusable; the point is that matrix choice
changes the meaning of the data (Hagn et al., 2024, Heng et al., 2023, Liu et al., 2018c¢). Studies
are most interpretable when the compartment is built into the hypothesis from the start and then
carried transparently through the title, methods, ratios, and claims (Bremer et al., 2023, Liu et
al., 2018c, Skorobogatov et al., 2021).

Timing and pre-analytics can be just as decisive as matrix. Trp—KYN measures are sensitive
to fasting status, diurnal phase, recent sleep disruption, acute stress, exercise, processing delay,
storage conditions, freeze—thaw exposure, and batch handling (Juhas et al., 2024, La Torre et
al., 2021, Louvrou et al., 2024). Even short fasting windows can alter Trp and selectively shift
downstream metabolites, making “baseline” partly a nutritional and circadian timestamp rather
than a stable trait (Juhas et al., 2024, Louvrou et al., 2024, Solvang et al., 2022). Add acute
physiology, and the profile becomes even more labile: endurance exercise, resistance training,
interval work, and thermal stress can all shift KYNA, QA, and relevant ratios within hours
(Joisten et al., 2020, Juhas et al., 2024, Louvrou et al., 2025). Redox-active intermediates such
as 3-HK and 3-HAA are especially vulnerable to drift when sample separation is delayed or
temperature handling is suboptimal (Heng et al., 2023, Hustad et al., 2012, Schwieler et al.,
2020). Weak reporting of storage, freeze—thaw cycles, or batch QC can therefore manufacture
case—control differences that look biological (Hustad etal.,2012). For this reason, fasting, clock
time, recent exertion or stress exposure, and QC procedures should be treated as design varia-
bles rather than optional metadata (Anton et al., 2015, Juhas et al., 2024, Louvrou et al., 2024).
The difference between a credible biomarker study and a noisy one is often not the assay plat-
form, but whether these timing-dependent distortions were anticipated rather than discovered
too late (Heng et al., 2023, Liang et al., 2025, Wu et al., 2024).

4.3 Confounders that can dominate the signal

Some confounders are so influential that they should be treated as a universal minimum
adjustment set in psychiatric Trp—KYN studies (Coppens et al., 2022, Marx et al., 2021,
Milaneschi et al., 2021b). At minimum, analyses should account for adiposity or metabolic
status, smoking, medication exposure, renal function, recent infection or inflammatory illness,
and sampling state, with sleep disturbance and recent exertion added whenever feasible
(Coppens et al., 2022, Farup et al., 2023, Fellendorf et al., 2021). These variables do not merely
polish the model; they can dominate the signal and change what the same biomarker pattern
appears to mean (Table 3) (Farup et al., 2023, Fellendorf et al., 2021, Vidal et al., 2020). In-
flammation-linked psychiatric studies often fail not because the assays are poor, but because
the biological context was undermeasured (Coppens et al., 2022, Marx et al., 2021, Tanaka et
al.,2021). Table 5 is designed to prevent exactly that problem. It operationalizes the interpretive
rules above by specifying the minimal branch-resolving panel and the minimal metadata needed
to make Trp—KYN findings comparable and mechanistically interpretable across cohorts (Table
5).

Drugs and biology also edit the pathway directly: immune-activating therapies and infec-
tions can swamp psychiatric effects by producing large Trp drops and KYN rises, while com-
mon agents may modulate TDO- or IDO-related routing more subtly (Larkin et al., 2016,
Tanaka et al., 2021, Wang et al., 2015). Hormonal milieu matters as well, since reproductive
state and sex-hormone context can influence Trp routing and immune sensitivity (Badawy,
2017a, Dunn et al., 2024, Hoffmann et al., 2023). None of these variables should be treated as
peripheral background detail when the pathway itself is the object of inference (Chen and
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Guillemin, 2009, Tanaka et al., 2021, Wang et al., 2015). If the study question centers on psy-
chiatric biology, then competing biological explanations for the same signal have to be made
visible, not left implicit (Salminen, 2022, Stone and Williams, 2024, Tanaka et al., 2021).

Confounding structure also differs systematically by cohort. In TRD, adiposity, atypical
energy symptoms, sleep disturbance, and antidepressant exposure often cluster together
(Mclntyre et al., 2023, Penninx et al., 2025, Vreijling et al., 2024). In first-episode psychosis,
smoking, acute stress, and recent treatment initiation may dominate (Parksepp et al., 2022,
Smierciak et al., 2021, Smith et al., 2020). In chronic SCZ, long-term antipsychotic exposure,
metabolic burden, and sedentary behavior become especially important (Burschinski et al.,
2023, Correll et al., 2018, Wang et al., 2024). These recurring constellations matter because
they can manufacture between-study disagreement even when the underlying pathway biology
is not truly contradictory (Schmaal, 2023, Schnack and Kahn, 2016, Yao etal., 2025). The task
is therefore not to eliminate all confounding, which is impossible, but to prespecify the domi-
nant distortion profile for each cohort and model it transparently (Marquand et al., 2019,
Marquand et al., 2016a, Schmaal, 2023). A psychiatric biomarker study that ignores cohort-
shaped distortion profiles is not merely incomplete; it risks overreading diagnosis-linked effects
that are actually being driven by the exposure architecture described in Section 3.

In practice, apparent inconsistencies across psychiatric Trp—KYN studies often reduce to
four interpretive axes: matrix, timing, panel depth, and confounding structure. The same entry -
level signal can therefore imply different biology depending on where it was measured, when
it was sampled, how deeply the pathway was profiled, and which cohort-level distortions were
modeled. Figure 3 summarizes this logic visually, while Table 5 translates it into a practical
design framework. With these guardrails in place, the next step is to ask what the clinical liter-
ature actually shows once biomarkers are interpreted in context rather than in isolation.

S. CLINICAL SYNTHESIS ACROSS PSYCHIATRIC DISORDERS
AND SYMPTOM MODULES

Clinical studies linking immune activation, chronic low-grade inflammation, and Trp to
KYN pathway dynamics span multiple diagnoses, but they become easier to interpret when the
evidence is organized using a stable template: immune context, pathway signature, symptom
module links, treatment implications, and disorder-specific gaps (Hunt et al., 2020, Strasser et
al., 2017, Tanaka et al., 2021). That structure matters because the pathway is a distributed net-
work, and its metabolites behave like a language with dialects (Badawy, 2017a, Cervenka et
al., 2017, Stone and Williams, 2024). The same upward shift in KYN relative to Trp can reflect
cytokine-driven induction of IDOs, glucocorticoid-biased hepatic catabolism through TDO, al-
tered peripheral clearance, microbiome-linked rerouting, or a change in albumin binding and
substrate availability, depending on what else was measured and in which compartment
(Badawy, 2017a, Badawy and Guillemin, 2019, Riazati et al., 2022). In this section, recurring
patterns therefore refer to constellations that show up across studies, not to fingerprints tied to
a single diagnosis, and they are read through guardrails that keep mechanism separate from
proxy (Almulla et al., 2022b, Badawy and Guillemin, 2019, Sales et al., 2023).

A second lens is module-aware. Reward and motivation disruption, low energy and fatigue,
cognitive slowing, and stress-linked sickness features often map onto immune-to-KYN cou-
pling more tightly than labels like MDD or SCZ (Dantzer, 2017, Haroon et al., 2020, Ormstad
et al., 2020). That is why quasi experimental immune activation models, including IFN-based
exposures in medical contexts, serve as reference signatures for what robust pathway engage-
ment looks like in humans (Hunt et al., 2020, Raison et al., 2010, Sforzini et al., 2019). When
that reference pattern is kept in mind, the clinical literature across psychiatry stops looking
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contradictory and starts looking like a set of partial views, each shaped by sampling time, met-
abolic status, treatment exposure, and the depth of the metabolite panel (Figure 3).

5.1 Minimal comparability checklist for interpreting clinical tryptophan—kynurenine
signals

Before moving into disorder-specific narratives, it helps to adopt a minimal comparability
frame. Peripheral blood matrices are not interchangeable. Plasma, serum, and whole blood dif-
fer in handling, clotting effects, and platelet contributions, and these technical choices can shift
absolute levels and ratios (Heng et al., 2023, Metri et al., 2023, Saccaro et al., 2021). Central
readouts are even more sensitive. CSF measures, when available, provide a more defensible
handle on brain-relevant KYNA and QA, but CSF is scarce and often limited to a narrow set of
analytes (Inam et al., 2023, Marx et al., 2021, Yan et al., 2023). Timing is equally decisive.
Sampling in the morning after fasting, compared with afternoon sampling after meals or after
a night of poor sleep, can yield different Trp availability and different apparent pathway flux
(Brum et al., 2023, Hunt et al., 2020, Juhas et al., 2024). Acute infections, vaccinations, intense
exercise, and psychosocial stress around hospitalization can transiently amplify immune tone
and shift KYN dynamics, which can then be misread as trait biology (Milaneschi et al., 2021b,
Paul et al., 2022, Salagre et al., 2023). Minimum branch-resolving Trp—KYN panel (psychiatric
cohorts): Trp, KYN, KYNA, QA, and 3-HK, reported with KYN/Trp, KYNA/QA, and 3-
HK/KYN ratios, plus CRP and at least one IFN-proximal immune marker when feasible (Table
5).

Medication context is another determinant. Antidepressants, antipsychotics, and mood sta-
bilizers reshape weight, glucose and lipid biology, and inflammatory set points, and they may
also influence enzymes and transporters that regulate Trp and KYNs (Pu et al., 2022, Ruiz-
Sastre et al., 2024, Sepulveda-Lizcano et al., 2023). Anti-inflammatory agents, steroids, and
immunotherapies more directly perturb upstream drivers and can decouple symptoms from bi-
omarkers, producing clinical improvement without full pathway normalization or pathway
changes without immediate symptom relief (Dellink et al., 2025, Du et al., 2024, Ruiz-Sastre
et al., 2024). Inflammatory stratification often decides whether results are interpretable. Base-
line hsCRP, IL-6, tumor necrosis factor (TNF), or a composite immune index should be treated
as core context, not an optional (Mancuso et al., 2023, Pinzi et al., 2025, Yang et al., 2019).
Without it, a strong effect confined to an immune-high subgroup can disappear into the average
(Dellink et al., 2025, Reininghaus et al., 2018, Yang et al., 2019).

Ratio discipline is also important. KYN to Trp is widely used as an index of pathway entry
and is sometimes described as an IDO proxy (Almulla et al., 2022¢, Badawy and Guillemin,
2019, Bartoli et al., 2022). It is safer to interpret it as a flux indicator that is sensitive to multiple
influences, including TDO activity, cortisol, diet, hepatic function, and albumin binding
(Badawy, 2017b, Badawy and Guillemin, 2019, Messaoud et al., 2019). Downstream balance
is often closer to the clinical question, but it is harder to measure well (Marx et al., 2021).
KYNA to QA, KYNA relative to 3-HK, or QA relative to PA can hint at branch preference, yet
peripheral signals do not always mirror central routing (Bartoli et al., 2022, Paul et al., 2022,
Skorobogatov et al., 2021). Outcomes also need to align with modules. Total symptom scores
blend biology-linked features with symptoms that are mechanistically heterogeneous (Bartoli
etal., 2022, Hunt et al., 2020, Marx et al., 2021). When the question is whether immune-driven
KYN shifts track fatigue, anhedonia, cognitive efficiency, or suicidal risk, module-anchored
outcomes usually outperform total scores (Bartoli et al., 2022, Haroon et al., 2020, Hunt et al.,
2020).
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5.2 Major depressive disorder and treatment-resistant depression: module map

In major depressive disorder, immune activation is unevenly. Higher inflammatory burden
clusters with metabolic dysregulation, sleep disturbance, pain, and illness chronicity, features
that are frequently overrepresented in treatment-resistant presentations (Mancuso et al., 2023,
Penninx et al., 2025, Zwiep et al., 2025). That distribution can make group-level signals for
cytokines and acute-phase proteins look like subgroup effects in some datasets, yet like a pop-
ulation shift in others, depending on fasting status, adjustment for adiposity and smoking, cap-
ture of insulin resistance, and separation of medication-free from medicated episodes (Beurel
et al., 2020, Mac Giollabhui et al., 2021, Musinguzi et al., 2018). Against this immune back-
drop, the most consistent pathway entry finding is Trp depletion (Almulla et al., 2022a,
Mancuso et al., 2023, Marx et al., 2021). KYN and KYN-to-Trp ratio behave more like context
markers whose direction and magnitude depend on compartment, medication status, and sever-
ity (Almulla et al., 2022a, Almulla et al., 2022b, Ou et al., 2023).

When evidence is mapped to symptom modules, clinical meaning tends to sharpen. Reward
dysfunction is a clear example (Cléry-Melin et al., 2019, Ely et al., 2021, Wang et al., 2021).
Anhedonia and reduced motivation reflect mesolimbic and frontostriatal circuitry that is sensi-
tive to inflammatory physiology and to KYN-derived neuroactive metabolites (Chen et al.,
2021, Cooper et al., 2018, Haroon et al., 2020). Associations between flux indices and reward-
related symptoms often remain detectable even when overall depression severity is controlled,
whereas relationships with total depression scores are inconsistent (Chen et al., 2021, Cooper
etal., 2018, Ou et al., 2023). Pooling medicated and unmedicated patients can blur these links,
which is one reason seemingly negative studies do not necessarily contradict the broader pattern
(Liang et al., 2022, Serretti, 2023, Zhao et al., 2024). If you look for pathway relationships to a
mixture of sadness, guilt, appetite change, sleep change, and psychomotor features, you are
asking a single biomarker to explain multiple (Chen et al., 2021, Liang et al., 2022, Serretti,
2023). If you look for relationships to reward learning, interest, effort expenditure, and motiva-
tional drive, the mapping becomes more plausible and coherent (Bustamante et al., 2024, Su
and Si, 2022, Wigdtocha et al., 2018).

A parallel story holds for fatigue and sickness-like dimensions. Data-driven symptom clus-
tering repeatedly shows that elevated inflammatory markers concentrate in tiredness, anergia,
and neurovegetative profiles rather than in global severity (Franklyn et al., 2022, Milaneschi et
al., 2021b, Moriarity et al., 2023). This matches the biology of sickness behavior, where im-
mune activation recruits coordinated changes in energy allocation, sleep, appetite, and motiva-
tion (Dantzer et al., 2008, Khandaker et al., 2021, Maes et al., 2012). Within depression cohorts,
Trp depletion and KYN-to-Trp elevation, when present, often align more closely with fatigue
and somatic symptom burden than with mood reactivity (Al-Hakeim et al., 2023, Almulla et
al., 2022a, Lanser et al., 2020). This module-first logic also provides a bridge to treatment re-
sistance (Franklyn et al., 2022, Lee and Giuliani, 2019, Turkheimer et al., 2023). Residual fa-
tigue and anhedonia are among the symptoms most likely to persist despite standard sero-
tonergic strategies, and they are also symptoms most likely to track immune metabolic biology
(Chu et al., 2019, Frank et al., 2021, Milaneschi et al., 2021a).

Cognitive slowing and executive dysfunction represent a third module that often relates to
immune burden and to KYN branch balance (Bravi et al., 2025, Haroon et al., 2020, Savitz,
2020). Cognitive impairment in depression is heterogeneous. Some patients report subjective
fog with relatively preserved objective performance, while others show measurable reductions
in processing speed and executive control that predict functional disability (Pan et al., 2019,
Rhee et al., 2024, Varghese et al., 2022). Pathway associations tend to be more interpretable
when cognition is assessed using objective tasks rather than self-report alone, and when im-
mune context is measured (Knight and Baune, 2018, Xi et al., 2024, Yang et al., 2025). Both
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KYNA and QA can plausibly influence glutamatergic signaling and synaptic plasticity, but the
clinical interpretation is nuanced (Bertollo et al., 2025, de Bartolomeis et al., 2025, Savitz,
2020). KYNA is often framed as neuroprotective, yet higher levels can impair cognitive pro-
cesses through receptor level antagonism and altered cortical signaling (Ostapiuk and
Urbanska, 2022, Pathak et al., 2024, Savitz, 2020). QA is frequently discussed in relation to
excitotoxic mechanisms and neuroinflammatory signaling, and central QA is more interpretable
than peripheral proxies (Haroon et al., 2020, Hestad et al., 2022, Savitz, 2020). In practice, the
most defensible interpretation is not a single metabolite story but a balance story that needs
deeper panels and careful compartment awareness (Haroon et al., 2020, Marx et al., 2021,
Savitz, 2020).

Suicidality is a distinct endpoint rather than simply severe depression. The pathway litera-
ture on suicidal ideation and behavior is smaller, but when signals appear, they can look sharper
than for total depressive severity (Erhardt et al., 2013, Johnston et al., 2022, Riera-Serra et al.,
2024). This may reflect closer coupling to glutamatergic stress physiology and neuroinflamma-
tory state shifts (Erhardtet al., 2013, Gowin et al., 2024, Tubbs et al., 2024). Endpoint definition
still matters. Ideation, attempt history, and acute crisis states are not equivalent, and timing
relative to hospitalization, medication changes, and sleep disruption can move biomarkers
(Strumila et al., 2024, Sudol and Mann, 2017, Wiebenga et al., 2022). The practical implication
is that suicidality research benefits from repeated measures and a separation of ideation from
behavior, ideally paired with immune indices and, when feasible, central readouts (Bernert et
al., 2017, Gowin et al., 2024, Sudol and Mann, 2017).

5.3 Bipolar disorder: phase-aware module map

Bipolar disorder adds a moving target. Phase shifts remodel sleep, energy balance, and im-
munometabolic labs, and mixed states can appear biologically louder than depression alone
(Lyu et al., 2023, Mukherjee et al., 2018, Rowland et al., 2018). Mood stabilizers and antipsy-
chotics reshape weight, glucose and lipid biology, and inflammatory tone, and they can plausi-
bly modulate Trp to KYN metabolism directly or indirectly (Carli et al., 2021, de Melo et al.,
2017, Kong et al., 2024). Bipolar evidence is therefore best read with phase and treatment ex-
posure treated as primary variables rather than afterthought covariates (Almulla et al., 2022a,
Fellendorf et al., 2022, Rowland et al., 2018).

Across bipolar cohorts, immune markers and metabolic state vary across depressive, manic,
and euthymic (Almulla et al., 2022a, Liu et al., 2018a, Salagre et al., 2023). The most interpret-
able pathway findings are those that report phase explicitly and measure enough metabolites to
distinguish entry-level catabolism from downstream routing (Almulla et al., 2022a, Brum et al.,
2023, Liu et al., 2018a). Most studies center on Trp, KYN, and KYN-to-Trp ratio, so the head-
line signal often reads as Trp down (Bartoli et al., 2021, Bravi et al., 2025, van den Ameele et
al., 2020). When panels extend, findings more often point to altered KYNA and KYNA-based
ratios, and some reports suggest QA-to-KYNA imbalance or 3-HK-related indices in mania or
bipolar depression, consistent with a possible downstream tilt (Bartoli et al., 2021, Birner et al.,
2017, van den Ameele et al., 2020). Downstream coverage remains inconsistent, and CSF work
is limited, so blood-to-brain inference should be made cautiously (Birner et al., 2017, Li et al.,
2024b, Marx et al., 2021).

Module parsing clarifies interpretation. Cognitive efficiency and psychomotor control are
durable determinants of functioning in bipolar illness, and they plausibly couple to inflamma-
tory and metabolic load even though individual biomarker studies remain mixed across phases
(Keramatian et al., 2021, Altamura et al., 2024, Van Rheenen et al., 2020). Relapse risk con-
verges on sleep and energy dysregulation, low interest and anergia, and social disability, do-
mains that align with a pathway informed reading in which immune metabolic biology is most
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informative when mapped onto transdiagnostic modules embedded within bipolar illness rather
than averaged mood totals that blend distinct mechanisms (Bai et al., 2026, Gitlin and
Miklowitz, 2017, Harvey, 2008). Translation is constrained by sparse phase stratification, nar-
row immune phenotyping, and pervasive polypharmacy that can imprint immunometabolic
baselines (Berk et al., 2017, Mclntyre et al., 2022, Van Rheenen et al., 2020).

5.4 Schizophrenia spectrum and psychosis: exposure-aware module map

In psychosis, immune signals shift with stage and treatment status, so inflammation is rarely
a single story. Early phase psychosis can show innate immune activation before long-term met-
abolic and lifestyle confounds accumulate, while chronic SCZ cohorts are shaped by medica-
tion exposure, smoking, adiposity, and cardiometabolic comorbidity (Howes et al., 2018,
Michalczyk et al., 2023, Upthegrove and Khandaker, 2020). Within this context, the KYN lit-
erature has often emphasized KYNA, which makes mechanistic sense if one starts from glu-
tamatergic modulation and cognition, but it can become a single molecule spotlight that ob-
scures branch-level dynamics (Box 1) (Erhardt et al., 2017b, Sapienza et al., 2023, Wonodi and
Schwarcz, 2010).

Box 1: The KYNA paradox is a compartment problem, not a diagnosis fact

A recurring source of confusion in psychosis is that blood KYNA often trends down or looks in-
consistent, while CSF studies more often show KYNA up, and concordance work indicates that
KYNA is among the weakest blood-to-CNS proxies compared with KYN or 3-HK.

The practical implication is simple: a “low KYNA” result cannot be read as evidence against cen-
tral KYNA elevation unless the study actually samples a brain-adjacent compartment or uses a
validated bridge.

Treat the paradox as a design signal. It flags matrix choice, state effects, and local KAT -relevant
cellular configurations—including astrocytic, peripheral, and potentially mitochondrial aminotrans-
ferase contexts—as likely drivers of directionality, not an immutable SCZ signature.

Test plan (pre-specified)

* Paired subset: plasma or serum Trp, KYN, 3-HK, KYNA, QA plus CSF KYNA and CSF KYN.

* Prediction: plasma KYN or KYN/Trp tracks CSF KYNA better than plasma KYNA does.

* Moderator: high-cytokine subgrouping and antipsychotic exposure reshape the coupling.
Crucially, the bridge should be branch resolved. Measure QA and 3-HK and report ratios such as
KYNA/QA and 3-HK/KYN, alongside immune tone and BBB-relevant markers where feasible. Ac-
cordingly, KYNA should be interpreted as a branch-balance readout alongside QA, 3-HK, im-
mune tone, and exposure structure.

Central oriented reports more often support elevated KYNA and higher central KYN-to-
Trp ratio, while peripheral case-control studies have sometimes reported lower plasma KYN
and KYNA with variable ratio change (Cao et al., 2021, Inam et al., 2023, Markovi¢ et al.,
2023, Morrens et al., 2020, Plitman et al., 2017). Without concurrent measures of entry flux,
QA, and key branch intermediates, it is difficult to know whether a KYNA difference reflects
true rerouting, treatment and adiposity related remodeling, or compartment mismatch (Box 1)
(Kindler et al., 2020, Savitz, 2020, Skorobogatov et al., 2021). Studies that broaden the panel
in minimally treated first-episode psychosis are informative because they can reveal patterns
compatible with altered balance rather than isolated shifts (Cao et al., 2021, Kuuskmie et al.,
2023, Morrens et al., 2020).

Clinical leverage emerges when pathway measures are paired with anchors that define du-
rable illness burden, especially negative symptoms and cognitive impairment (Al-Hakeim et
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al., 2020, Giordano et al., 2024, Kalisova et al., 2023). Positive symptom intensity fluctuates
and often responds to dopamine antagonism, while negative and cognitive domains drive func-
tional disability and remain difficult to treat (Correll and Schooler, 2020, Giordano et al., 2024,
Kalisova et al., 2023). Dimensional analyses place experiential deficits such as avolition, anhe-
donia, and asociality near the center of symptom networks, with social functioning acting as a
bridge linking symptom clusters and cognition (Abplanalp et al., 2022, Ahmed et al., 2022, Cai
et al., 2025, Charernboon, 2021, Giordano et al., 2024). These domains are also where con-
founding is most dangerous because smoking, adiposity, and antipsychotics influence inflam-
mation, insulin signaling, lipid biology, and Trp availability, and they can also influence cog-
nition directly (Al-Hakeim et al., 2020, MacKenzie et al., 2018, Toulopoulou et al., 2019).
Without careful modeling, pathway phenotype links can be inflated or distorted (Habtewold et
al., 2020, Maes and Anderson, 2021).

A realistic stratification strategy in psychosis is therefore stage- and immune-aware
(Aymerich et al., 2025, Bishop et al., 2022, Catalan, 2025). Early-phase cohorts, ideally first-
episode or minimally treated samples split by inflammatory burden, provide clean tests of
whether KYN signatures flag subgroups with distinct negative symptom or cognitive trajecto-
ries (Box 1) (Dunleavy et al., 2022, Maes et al., 2020, Martinuzzi et al., 2019, Mondelli et al.,
2015, Nettis et al., 2019, Toulopoulou et al., 2019). This supports biomarker-enriched add-on
trials that target inflammation or immunometabolic risk while treating candidate agents as hy-
pothesis-driven adjuncts rather than universal solutions (Dunleavy et al., 2024, Foley E et al.,
2023, Palmer et al., 2025). Progress is slowed by uneven measurement of smoking and meta-
bolic status and by thin cross-compartment validation (Byrne et al., 2023, Catalan, 2025).

5.5 Anxiety and stress-related disorders: module map under thinner evidence

Stress and trauma-related disorders offer a complementary perspective because stress sys-
tem activation is central and dynamic coupling is, in principle, testable with repeated measures
(Dunlop and Wong, 2019, Kuzminskaite et al., 2020, Sanford et al., 2023). PTSD is mechanis-
tically attractive for Trp to KYN research because sustained HPA and autonomic activation can
keep immune signaling above baseline (Dunlop and Wong, 2019, Kim et al., 2019). Still, het-
erogeneity is large. Trauma type and timing, symptom chronicity, sex, medication exposure,
smoking, adiposity, cardiometabolic or autoimmune comorbidity, and comorbid depression all
reshape inflammatory tone (Lawrence and Scofield, 2024, Sanford et al., 2023, von Majewski
etal., 2023). KYN findings are therefore most interpretable when immune context and comor-
bidity structure are modeled explicitly, and when symptom modules are separated rather than
collapsed into a single total score (Haroon et al., 2020, Lamers et al., 2020, Milaneschi et al.,
2020).

Most work in this space evaluates entry-level proxies such as Trp, KYN, and KYN-to-Trp
ratio, while downstream coverage of KYNA and QA is less consistent (Arnone et al., 2018,
Haroon et al., 2020). Even so, patterns increasingly look cluster-sensitive (Hunt et al., 2020,
Kadriu et al., 2021). Some datasets fit a stress-exposed, immune-tuned phenotype with altered
aryl hydrocarbon signaling, whereas others suggest that higher entry flux aligns with severe
profiles characterized by hyperarousal, sleep disruption, pain, and negative mood (Haroon et
al., 2020, Jang et al., 2022, Tanaka et al., 2021). Chronic stress models add plausibility for
downstream imbalances relevant to threat reactivity and impaired extinction (de Bartolomeis et
al., 2025, Fuertig et al., 2016a, Kim et al., 2019). The key clinical opportunity is repeated
measures designs that test whether within-person immune fluctuations couple to concurrent
pathway shifts and symptom oscillations (Haroon et al., 2020, Hunt et al., 2020, Kadriu et al.,
2021).
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Anxiety disorders remain less studied in the KYN literature. Available evidence is best in-
terpreted at the level of stress-linked immune modulation rather than as a uniform diagnostic
signature (Evrensel et al., 2020, Kim et al., 2019, Tanaka et al., 2021). Chronic sympathetic
arousal, insomnia, gut permeability, and metabolic status can all nudge baseline inflammation,
and these modifiers vary widely between cohorts (Tanaka et al., 2021, Wiedlocha et al., 2021).
As a result, signals look inconsistent across samples that differ in trauma exposure, obesity,
alcohol use, or post-infection immune activation (Hunt et al., 2020, Kucukkarapinar et al., 2022,
Tanaka et al., 2021). Hyperarousal and sleep related fatigue likely sit closest to immune-cou-
pled pathway remodeling, while cognitive worry may map less cleanly without standardized
modules and sampling around stressors (Fuertig et al., 2016a, Li et al., 2020, Lim et al., 2021).

5.6 Sleep and circadian phenotypes as cross-cutting modulators

Sleep and circadian disruption behave like a volume control for both immune tone and
symptom expression (Besedovsky et al., 2019, Cox et al., 2022, Haspel et al., 2020). They are
not just comorbid features. They can reshape pathway interpretation. Sleep loss can elevate
inflammatory signaling, alter cortisol dynamics, shift Trp availability, and change energy me-
tabolism (Bhat et al., 2020, Garbarino et al., 2021, Thompson et al., 2022). Circadian misalign-
ment can decouple symptom reports from biomarker sampling time, so two people with similar
biology measured at different circadian phases can look biologically different (Haspel et al.,
2020, Wilkinson et al., 2019, Wright et al., 2015). Module-wise, sleep disturbance intensifies
fatigue and sickness-like symptoms, cognitive slowing, emotional reactivity, stress sensitivity,
and reward dysfunction (Besedovsky et al., 2019, Palmer et al., 2024, Thompson et al., 2022).
Accordingly, failure to account for sleep and circadian state may lead to misattribution of ob-
served effects to KYN pathway biology, when these are partially driven by sleep-dependent
immune and metabolic alterations (Besedovsky et al., 2019, Faraut et al., 2022, Garbarino et
al., 2021).

5.7 Cross-diagnostic synthesis by module

Across diagnoses, the cross-diagnostic synthesis is clearer when framed by modules. Fa-
tigue and sickness-like dimensions show the most stable alignment with immune-coupled KYN
activity, particularly when inflammatory burden is elevated and when sampling and metabolic
confounds are handled (Hunt et al., 2020, Kavyani et al., 2024, Li et al., 2020). Cognitive slow-
ing and executive dysfunction show a plausible and often detectable relationship, especially
when objective tasks are used and when branch balance is assessed rather than inferred from a
single marker (Ahlberg Weidenfors et al., 2025, Skorobogatov et al., 2021). Reward and moti-
vational dysfunction also align, particularly when anhedonia is measured as a focused construct
rather than absorbed into total symptom totals (Chen et al., 2021, Haroon et al., 2020, Lucido
et al., 2021). Suicidality may yield clinically sharp signals but remains limited by endpoint
heterogeneity and sparse central data (Ahlberg Weidenfors et al., 2025, Bartoli et al., 2022,
Skorobogatov et al., 2021). Threat and worry modules in anxiety remain less stable, and the
most plausible links appear where hyperarousal, sleep disruption, inflammation, or depressive
modules are prominent (Groven et al., 2021, Leclercq et al., 2021, Tanaka et al., 2021).

5.8 What changes with treatment, regardless of modality

Treatment effects often decouple from pathway normalization, and that decoupling is in-
formative. Patients can improve clinically while pathway indices remain altered if chronic in-
flammation persists through obesity, autoimmune comorbidity, or smoking, or if sleep and cir-
cadian disruption remain untreated (Fishbein et al., 2021, Mtynarska et al., 2025, Pinzi et al.,
2025). Conversely, anti-inflammatory interventions can shift biomarkers without immediate
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symptom relief if downstream circuits remain dysregulated (Goldsmith et al., 2023, Pinzi et al.,
2025, Valizadeh et al., 2025). Baseline inflammation repeatedly predicts who shows measura-
ble pathway change, so biomarker stratification is not a luxury. Outcomes also matter. Module-
targeted endpoints frequently reveal more than total scores, because many interventions affect
energy, cognition, or motivation disproportionately (Fiszdon et al., 2024, Goldsmith et al.,
2023, van den Heuvel et al., 2025). Longitudinal designs capable of testing mediation, meaning
immune change leading to pathway change leading to symptom change, remain underrepre-
sented, and deeper metabolite panels are still needed to resolve branch-level questions (Gygi et
al., 2024, Hilley and O'Rourke, 2022, Zheng et al., 2022).

5.9 Section 5 take-home summary

KYN pathway signals map better to symptom modules than to diagnostic labels, and the
mapping becomes strongest when immune state and metabolic context are measured with dis-
cipline, when panels are deep enough to test downstream balance, and when designs are longi-
tudinal enough to test temporal ordering. Translation therefore points toward biomarker-en-
riched trials and toward reporting standards that treat inflammation, sleep, medication exposure,
and metabolic status as primary context. That is how the field moves from association to mech-
anism, and from mechanism to actionable stratification. Association alone cannnot establish
directionality; we therefore turn to preclinical causal leverage.

6. PRECLINICAL EVIDENCE AND TRANSLATIONAL ALIGNMENT:
MEASUREMENT, INTERPRETATION, AND THE SICKNESS TRAP

Preclinical models provide the clearest causal leverage for the Trp—KYN pathway because
immune triggers and pathway nodes can be manipulated directly, but translation fails when
acute sickness behavior is misread as depression-like behavior, obscuring which effects reflect
transient inflammatory malaise versus sustained changes in reward, cognition, or social func-
tion (Dantzer, 2017, Parrott et al., 2016, Savitz, 2020). Throughout this section, diagnoses are
treated as context and the readout is module-aligned behavior. Evidence is therefore interpreted
through two linked questions: what is mechanistically plausible, and what is mechanistically
supported by node-level perturbation, branch-resolving metabolite profiles, and time courses
that separate acute from post-acute effects (Table 6; Box 2). We organize the literature by model
class—immune challenge, chronic stress, microbiome manipulation, and direct pathway-node
perturbation—while asking which designs best support translational alignment with human
symptom modules.
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Table 6: Time-sensitive interpretation of behavioral and KYN-pathway readouts after immune challenge. This table summarizes a practical time-window frame-
work for interpreting behavioral and Trp—KYN outcomes after immune challenge. It distinguishes acute, post-acute, and persistence phases because the domi-
nant biology, and therefore the meaning of readouts, shifts substantially across time. Early effects are driven mainly by cytokine surges, thermoregulation, and
sickness motivation, whereas later windows are more informative for reward-related behavior, memory, branch-balance markers, and longer-term vulnerability
phenotypes. The table also highlights high-risk interpretive errors, helping investigators avoid overcalling depression-like states, social withdrawal, or persistence
when locomotor suppression, assay dependence, or missing repeated measures may better explain the findings.

Post-

Dominant Outcomes that are high-risk for
cl'_lallenge biology Interpretable outcomes (preferred) misinterpretation Reference
window
. labeling FST/TST as “depression”; Frenois et al., 2007,
cytokine surge, ther- . . . . . )
0-6 h (acute morequlation. sickness locomotion, food intake, body temperature, social ex- interpreting reduced exploration as Granger et al., 2013,
peak) 9 ’ ploration; Trp—KYN entry indices (Trp, KYN, KYN/Trp) social withdrawal without locomotor Harden et al., 2006

motivation

resolving inflammation,
residual neuroimmune
signaling

24-72 h (post-
acute)

7-28 d (per-  vulnerability, priming,
sistence) circuit adaptation

reward/anhedonia tasks with motor control (sucrose
preference plus intake control; operant reward), recog-
nition memory, social interaction, effort-based tasks;
branch markers (KYNA, 3-HK, QA; KYNA/QA, 3-

HK/KYN)

trait-like module mapping, resilience versus suscepti-
bility stratification, second-hit designs, longitudinal

Trp—KYN trajectories

control

Bergamini et al., 2018,
Chen et al., 2021,

single-assay conclusions; any task Lucido et al., 2021

where locomotion drives the score

assuming persistence without re-  Acufa Hidalgo and
peated measures; ignoring housing, Armitage, 2022, Frank
sex, or baseline physiology moder- et al., 2020, Mauch-
ators Mani et al., 2017

Translational-weight note: immune challenge work scores highest when it combines branch-resolving panels with post-acute module assays and a time course that explicitly separates sickness from
persistence. 3-HK, 3-hydroxykynurenine; FST, forced swim test; h, hour; KYN, kynurenine; KYN/Trp, kynurenine-to-tryptophan ratio; KYNA, kynurenic acid; KYNA/QA, kynurenic acid-to-quinolinic acid

ratio; QA, quinolinic acid; QA/KYNA, quinolinic acid-to-kynurenic acid ratio; Trp, tryptophan; TST, tail suspension test.
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6.1 Immune challenge models (lipopolysaccharide / polyinosinic:polycytidylic acid,
and cytokines)

Immune challenge models are most informative when treated as sufficiency tests for in-
flammatory triggers rather than generic models of depression. Their main value is that they
permit controlled induction of cytokine-linked Trp diversion and therefore make timing visible:
early windows are dominated by sickness motivation, thermoregulation, reduced locomotion,
and entry-level Trp—KYN changes, whereas later windows are more informative for reward,
cognition, social interaction, and branch-resolving metabolite patterns (Table 6) (Dantzer,
2001, Moreau et al., 2008). This time dependence is not a technical footnote; it determines what
the behavior means. A reduced score during the acute cytokine peak may index malaise,
whereas persistent changes after the acute window can support stronger inference about psy-
chiatric-relevant modules (Bay-Richter et al., 2011, Hunt et al., 2020, Moreau et al., 2008).
Interpretable studies therefore align behavioral testing with biological phase rather than treating
all post-challenge time points as equivalent (Lasselin et al., 2020, Moreau et al., 2008,
Tchessalova et al., 2018).

This distinction matters because the dominant biology shifts across the post-challenge tra-
jectory. During the acute phase, the animal is negotiating a real neuroimmune state character-
ized by reduced exploration, lower food intake, altered temperature regulation, and changes in
general activity (Dantzer, 2001, Kelley et al., 2003, Lasselin et al., 2020). Those effects should
be understood as sickness, not repackaged as depression-like behavior simply because they
lower task output (Dantzer, 2001, Kelley et al., 2003, Moreau et al., 2008). The post-acute
window is more useful for asking whether reward processing, effort expenditure, memory, or
social engagement remain altered after the acute cytokine surge has started to resolve (Bay-
Richter et al., 2011, Harrison et al., 2016, Tchessalova et al., 2018). Later persistence windows
can be even more informative if the design includes repeated measures or second-hit logic
(Carlezon et al., 2019, Moreau et al., 2008, Turano et al., 2021). Without that temporal struc-
ture, single-point assays can easily overstate behavioral specificity.

The main interpretive hazard in this literature is the sickness trap. Early locomotor suppres-
sion, reduced exploration, and altered feeding are genuine neuroimmune effects, but they
should not be relabeled as depression-like behavior without motor and physiological controls
(Bay-Richter et al., 2011, Dantzer, 2001, Kelley et al., 2003). Forced-swim or tail-suspension
outcomes during high-sickness windows are especially vulnerable to overinterpretation, as are
social readouts that depend heavily on intact locomotion (Frenois et al., 2007, Lasselin et al.,
2020, Moreau et al., 2008). More persuasive immune-challenge studies pair module-relevant
tasks with intake or motor controls, include repeated sampling across acute and post-acute win-
dows, and measure branch markers rather than relying on Trp, KYN, or KYN/Trp ratio alone
(Hunt et al., 2020, Moreau et al., 2008, Zhang et al., 2024). The practical rule is simple: acute
sickness should be treated as state, not phenotype (Table 6).

6.2 Chronic stress models (chronic unpredictable mild stress, social defeat, and chronic
variable stress)

Chronic stress models offer a different kind of translational value because they probe sus-
tained neuroendocrine-immune coupling rather than an acute inflammatory pulse (de
Bartolomeis et al., 2025, Hassamal, 2023, Tong et al., 2023). That makes them conceptually
closer to the LGI background relevant to psychiatry, especially when stress exposure produces
altered glucocorticoid signaling, immune activation, and persistent changes in Trp routing with-
out a large acute cytokine surge (Tanaka et al., 2021, Xu et al., 2025). Their advantage is eco-
logical persistence; their limitation is interpretive dispersion. Because stress paradigms vary
widely in duration, intensity, controllability, sex effects, baseline physiology, and behavioral
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readouts, they can generate broad phenotypes without clearly locating where the pathway is
being engaged (Bergamini et al., 2018, Tong et al., 2023).

For that reason, chronic stress models are most persuasive when they move beyond headline
KYN/Trp ratio changes and include branch-resolving metabolites, inflammatory context, and
module-focused behavior such as effort-based reward, cognition, social interaction, or stress
reactivity (Bergamini et al., 2018, Fuertig et al., 2016a). Used this way, they are valuable not
as disease replicas, but as models of sustained context in which endocrine and immune drivers
can jointly bias pathway routing over time (Deng et al., 2021, Tanaka et al., 2021). They are
especially useful for asking whether prolonged stress exposure produces a stable biochemical
milieu that resembles the human background field described in Section 3, rather than only a
short-lived inflammatory perturbation (Luo et al., 2025, Ye et al., 2024).

At the same time, chronic stress models can become too behaviorally broad if pathway
interpretation is not disciplined (Bergamini et al., 2018, de Bartolomeis et al., 2025). An effect
on general activity, for example, is much less informative than a selective change in reward
pursuit with preserved motor ability, or a memory deficit accompanied by a branch-resolving
KYN signature (Bergamini et al., 2018, Fuertig et al., 2016a, Li et al., 2023). The most con-
vincing studies therefore combine chronic stress exposure with repeated biological sampling,
explicit behavioral module mapping, and enough pathway depth to distinguish entry effects
from downstream rerouting (Deng et al., 2021, Fuertig et al., 2016a). Without that structure,
stress models can remain plausible but mechanistically underdetermined (Table 7) (Hassamal,
2023).

6.3 Microbiome manipulations (psychiatric-relevant slice)

Microbiome manipulation studies are most useful for this review when they assess psychi-
atric-relevant behaviors and measure Trp—KYN outputs at the same time, because microbiota-
driven shifts in Trp routing can influence immune tone and precursor availability without nec-
essarily producing a fully characterized downstream pathway signature (Agus et al., 2018,
Kennedy etal., 2017, Zhu et al., 2020). The most interpretable designs quantify both serotonin-
branch and KYN-branch indices and report behavior in reward, threat, cognition, or social do-
mains rather than broad health phenotypes (Deng et al., 2021, Zhou et al., 2023). A persistent
limitation is incomplete metabolite coverage, which makes it difficult to distinguish true branch
rebalancing from upstream precursor effects, and the mechanistic locus often remains ambigu-
ous because microbiome shifts alter multiple immune and metabolic pathways at once (Agus
etal., 2018, Gao etal., 2018, Leclercq et al., 2021).

Given these constraints, microbiome work is best viewed as an upstream-routing stream
rather than the strongest causal test of pathway decisions (Box 2) (Deng et al., 2021, Hou et al.,
2023, Kennedy et al., 2017). It can show that ecological perturbation of the host environment
shifts Trp availability, inflammatory tone, and behavior together, but it rarely isolates which
biochemical node is responsible unless combined with deeper pathway measurement or direct
perturbation logic (Cheng et al., 2023, Deng et al., 2021, Leclercq et al., 2021). In translational
terms, microbiome studies are useful for identifying plausible upstream architecture, but they
are less definitive than node-level interventions for establishing causal pathway leverage (Agus
etal., 2018, Zhu et al., 2020).
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Table 7: Translational alignment matrix linking human symptom modules, preclinical behavioral assays, and KYN-pathway readouts. This matrix aligns clinically
meaningful symptom modules with the preclinical assays and KYN-pathway readouts most likely to preserve translational meaning across model systems.
Rather than treating behavior as a generic psychiatric proxy, it organizes anhedonia, fatigue-sickness, cognition, and psychosis-related phenotypes around
module-relevant tasks, branch-aware metabolite patterns, and core design safeguards. The framework also flags where interpretation becomes fragile, particu-
larly when locomotor suppression, acute inflammatory malaise, compartment mismatch, or shallow metabolite coverage can distort inference. Used this way,

the table functions as a practical bridge between human dimensional phenotyping and mechanistically interpretable preclinical Trp—KYN studies.

Human symptom
module

Preferred preclinical behav-
ioral assays

Preferred KYN metabolite
readouts

Translational interpretation and design
notes

Reference

Anhedonia / re-
ward dysfunction

Fatigue / sickness-
energy regulation

Cognition

Psychosis-related
social / sensorimo-
tor-gating pheno-
types

Sucrose preference with intake
control; operant reward tasks
(progressive ratio, effort-based
choice); consummatory and moti-
vational readouts separated
whenever feasible.

Locomotor activity, food intake,
body temperature, weight
change, and inflammatory load,
with explicit separation of acute
peak effects from chronic or re-
sidual behavioral change.

Novel object recognition, set
shifting, working memory or at-
tentional tasks with locomotor
control and stable testing condi-
tions.

Prepulse inhibition, social interac-
tion or social exploration para-
digms, with concurrent locomotor
assessment to separate with-
drawal from reduced movement.

KYNA, QA, 3-HK, KYN, Trp;
branch-balance ratios such as
KYNA/QA and 3-HK/KYN, inter-
preted alongside KYN/Trp as an
entry index.

KYN/Trp plus CRP or cytokine-
type inflammatory markers; add
broader branch markers when ef-
fects persist beyond the acute
window.

KYNA-centric readouts when glu-
tamatergic-cholinergic modulation
is the main hypothesis, but
broader panels (KYNA, QA, 3-HK,
KYN, Trp) are preferred when
branch balance is uncertain.

KYNA plus branch-balance mark-
ers (KYNA/QA, 3-HK/KYN) and
entry indices; interpret with im-

Best aligned to persistent reward-related
phenotypes rather than acute sickness.
Interpret with time-locked sampling, mo-
tor control, and branch-resolving panels
so reduced reward is not mistaken for hy-
poactivity or nonspecific malaise.

This module is highly time sensitive. Early
hypoactivity should be treated as state bi-
ology, not evidence of depression-like be-
havior. Repeated sampling is needed be-
fore claiming persistence or transition into
module-level dysfunction.

Cognitive effects should not be inferred
from a single assay. Use compartment-
aware interpretation, because KYNA-
heavy narratives can miss broader
branch dynamics or central-peripheral
dissociation.

Most persuasive when linked to negative-
symptom or cognitive-relevant domains
rather than broad psychosis labels alone.
Confounder control is essential, particu-
larly for locomotion, inflammatory state,

Liu et al., 2018b,
Markov, 2022,
Quetal., 2023,
Primo et al.,
2023

Foster et al.,
2021, Kealy et
al., 2020,
Lasselin, 2021

Alexander et al.,
2012, Kozak et
al., 2014, Potter
etal., 2010

Erhardt et al.,
2017a, Kindler et
al., 2020, Kubota
etal., 2022
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Human symptom Preferred preclinical behav- Preferred KYN metabolite Translational interpretation and design
. Reference
module ioral assays readouts notes
mune context and, where possi- treatment exposure, and compartment
ble, central-versus-peripheral mismatch.
comparison.

Abbreviations: 3-HK, 3-hydroxykynurenine; CRP, C-reactive protein; KYN, kynurenine; KYNA, kynurenic acid; QA, quinolinic acid; Trp, tryptophan.
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6.4 Direct manipulation of kynurenine pathway nodes (IDO/TDO/KMO/KAT)

Given these limitations, the strongest causal stream remains direct perturbation of pathway
nodes, where target engagement and downstream effects can be quantified explicitly (Box 2).
Genetic models and pharmacologic modulation of IDO, TDO, KMO, or KAT provide the clear-
est test of whether altering a defined biochemical decision point is sufficient to shift metabolite
profiles and modify reward, cognition, social behavior, or stress reactivity (Notarangelo and
Pocivavsek, 2017, Pocivavsek et al., 2024, Szabo et al., 2025a). This stream matters most for
translation because it converts pathway biology into testable intervention logic: node selection
implies a predicted metabolite signature, which should be demonstrable in a dose- and com-
partment-aware manner (Figure 4) (Platten et al., 2019, Song et al., 2017). A persuasive node-
manipulation study therefore does more than alter behavior; it shows that the expected bio-
chemical rerouting occurred.

To be translationally persuasive, node-manipulation studies must also show that behavioral
effects are not secondary to nonspecific sickness, sedation, or locomotor suppression (Lim et
al., 2021, Schettino et al., 2024). The strongest designs combine an immune trigger with node
manipulation and regional metabolite readouts, allowing early hypoactivity to be separated
from later changes in reward, cognition, or social behavior (Notarangelo and Pocivavsek, 2017,
Savitz, 2020, Szab¢ et al., 2025a, Szabo et al., 2025b). This is the practical antidote to the
sickness trap: the manipulation is interpreted through time-locked target engagement plus mod-
ule-relevant behavior, not through a single assay read at the wrong phase (Lim et al., 2021,
Savitz, 2020, Schettino et al., 2024).

Box 2: Translational-weight checklist for preclinical Trp—KYN studies

Use as a rapid scoring rubric to judge how strongly a preclinical study supports translational infer-
ence.

1. Defined trigger: Immune challenge (LPS/Poly(l:C)/cytokine), chronic stress, microbiome ma-
nipulation, or node perturbation is specified with dose, route, and timing.

2. Branch-resolving Trp—KYN panel: At minimum includes Trp, KYN, KYNA, 3-HK, QA, or vali-
dated branch ratios such as KYNA/QA and 3-HK/KYN.

3. Module-aligned behavior: Outcomes map onto reward/anhedonia, fatigue/energy regulation,
cognition, social withdrawal, or threat/hyperarousal rather than relying on a single “despair” as-
say.

4. Target engagement: Enzyme manipulation (genetic or pharmacologic) is paired with metabo-
lite shifts consistent with the targeted node; dose-response is preferred.

5. Time-course separation: The design explicitly separates the acute sickness window from
post-acute or persistent behavioral changes.

Interpretation: 0-3 = low translational weight; 4—7 = moderate translational weight; 8—10 = high
translational weight.
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Figure 4: Translational dissection of the Trp—KYN pathway: linking immune triggers, node-specific ma-
nipulation, behavioral phenotypes, and target-engagement biomarkers. Schematic overview of a trans-
lational pipeline connecting upstream immune or stress-related triggers to node-specific manipulation
of the Trp—KYN pathway and downstream behavioral readouts. Entry-point enzymes and branch-routing
nodes are where the preclinical literature becomes most clinically relevant. If a study claims that altering
KMO changes reward behavior, the question is not simply whether reward behavior moved, but whether
3-HK- and QA-related biology shifted in the expected direction and whether the behavioral effect re-
mained once nonspecific sickness or sedation was excluded. Likewise, if KAT modulation is proposed
to influence cognition or salience processing, the study should demonstrate a corresponding KYNA-
related signature rather than inferring branch change from a single upstream ratio. The stronger the
biochemical prediction, the stronger the translational inference. 3-HK, 3-hydroxykynurenine; KAT,
kynurenine aminotransferase; KMO, kynurenine 3-monooxygenase; KYN, kynurenine; KYNA, kynurenic
acid; QA, quinolinic acid; Trp, tryptophan.

6.4.1 Target engagement logic: what must be shown

A target-engagement lens clarifies what good Trp—KYN manipulation studies look like
(Figure 4). The intervention should shift a pre-specified metabolite pattern consistent with the
targeted node, ideally in dose—response form, while behavioral changes should map onto mod-
ules and be separable from locomotor suppression or acute inflammatory malaise (Bansal et al.,
2022, Parrott et al., 2016, Pocivavsek et al., 2024). Branch markers are not optional. KMO
modulation should move 3-HK- and QA -related indices, KAT-directed modulation should shift
KYNA-related indices in an isoform- and compartment-consistent manner (Table 2), and up-
stream IDO or TDO interventions should be interpreted using entry and branch readouts to-
gether rather than relying on KYN/Trp ratio alone (Amori et al., 2009, Badawy, 2017a, Bai et
al., 2021, Szab¢ et al., 2025a, Szabo et al., 2025b). For KAT-directed studies, an additional
layer of rigor is needed because not all KAT manipulations are mechanistically equivalent. A
putative brain-directed KYNA intervention is most interpretable when the relevant isoform and
compartment of engagement are specified, or at minimum when regional or brain-adjacent me-
tabolite data support a cerebral mechanism (Bai et al., 2021, Pocivavsek et al., 2024,
Sathyasaikumar et al., 2011, Tanaka et al., 2026). By contrast, a generic “KAT effect” observed
in blood or whole tissue may reflect a different aminotransferase context with different impli-
cations for behavior, cognition, or inflammatory coupling (Bai et al., 2021, Moulin et al., 2024,
Rossi et al., 2019). Isoform-aware target engagement would therefore strengthen the transla-
tional logic of KAT studies and reduce the risk of overgeneralizing peripheral KYNA shifts as
evidence of central pathway modulation (Bai et al, 2021, Pocivavsek et al., 2024,
Sathyasaikumar et al., 2011, Tanaka et al., 2026). Central versus peripheral engagement should
be separated whenever feasible, since some metabolites dissociate across compartments (Table
7).
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The deeper principle is that target engagement, compartment awareness, and module-rele-
vant behavior must all line up if a study wants to claim causal pathway relevance. A drug or
knockout that changes behavior without changing the predicted metabolite pattern is difficult
to interpret (Beaumont et al., 2016, Erhardt et al., 2017a, Parrott et al., 2016). Conversely, a
clear biochemical shift without behavioral specificity may indicate pathway engagement with-
out psychiatric relevance (Beaumont et al., 2016, Erhardt et al., 2017a, Parrott et al., 2016). The
translational sweet spot lies where biochemistry and behavior converge in the same temporal
frame. That is also why repeated sampling is so important: it distinguishes early physiological
disruption from later behavioral persistence and makes it possible to ask whether the metabolite
pattern precedes, accompanies, or outlasts the behavioral signal (Beaumont et al., 2016, Parrott
etal., 2016, Tanaka and Vécsei, 2025).

This same target-engagement logic is what the clinical literature often lacks, which is why
an explicit translational alignment matrix remains useful for connecting human outcomes to
animal readouts (Table 7; Box 2) (Brown et al., 2024, Pocivavsek et al., 2024, Tanaka and
Vécsei, 2025). Preclinical studies can therefore serve as a design template for human work:
define the node, predict the metabolite pattern, specify the behavioral module, exclude nonspe-
cific sickness, and interpret central versus peripheral readouts deliberately rather than inter-
changeably.

6.5 Synthesis: what preclinical evidence adds beyond clinical association

Across model classes, preclinical evidence contributes in complementary ways. Immune
challenges test sufficiency of inflammatory triggers, stress paradigms probe sustained neuroen-
docrine—-immune coupling, microbiome manipulations test upstream Trp-routing effects, and
node perturbations test whether pathway decisions causally shape module-aligned behaviors.
The interpretive hazard is consistent across all classes and should be treated as a design variable
rather than a rhetorical caveat: acute sickness is a real neuroimmune state, but it is not equiva-
lent to sustained psychiatric-relevant modules (Table 6).

These relationships can be summarized as a pipeline from trigger to node to metabolite
signature to behavior, an organizing framework that highlights where target-engagement bi-
omarkers are essential for translation (Figure 4). Preclinical evidence therefore adds something
clinical association cannot: it shows which pathway manipulations are sufficient, which
readouts are time-sensitive, and where causal leverage is strongest. It also clarifies what better
clinical studies should look like. If human work is to move beyond association, it will need
deeper metabolite panels, repeated sampling, more explicit symptom-module mapping, and a
clearer commitment to the same target-engagement logic that makes the strongest animal stud-
1es persuasive.

7. AN INTERPRETATION ALGORITHM FOR ‘MIXED’
TRYPTOPHAN-KYNURENINE FINDINGS

Use this section as a decision tool rather than as another narrative review. For any study,
first classify immune context and the likely pathway entry driver, then ask whether the metab-
olite panel resolves branch balance, whether the sampled compartment can support the intended
inference, and whether outcomes map to symptom modules rather than diagnosis totals. The
goal is not to force convergence where biology is genuinely context-dependent, but to make
divergence interpretable and to identify when a null or “mixed” result is the expected conse-
quence of shallow panels, mismatched matrices, or dominant confounding.
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7.1 Step 1: Is inflammatory tone elevated, and is it measured in a comparable way?

Start with immune context. Evidence can come from CRP, a cytokine pattern, neopterin-
like immune activation markers, or a defined immune trigger. If immune tone is not measured,
the cohort should not be treated as “immune-low” by default. If inflammatory tone is elevated,
Step 1 shifts in Trp and KYN-related indices become more plausible, and the next task is to
distinguish entry diversion from downstream branch dominance rather than treating one ratio
as the whole story.

7.2 Step 2: Entry diversion is not a mechanism claim: ID O-like versus TDO-like context

A higher KYN/Trp ratio signal is best treated as a marker of increased entry-level diversion,
not as proof of a specific enzyme or a uniquely immune mechanism. Non-immune entry drivers
matter because KYN/Trp ratio can rise without a classic cytokine signature. Cortisol and other
endocrine signals can increase TDO-weighted conversion, while stress-related metabolic drift
can alter free Trp availability and amplify the same ratio. Mixed states are therefore expected
rather than exceptional: LGI can coexist with HPA-axis activation, and each can bias entry
through different gatekeepers. The practical rule is to read KYN/Trp ratio as an entry signal
whose upstream driver must be inferred from context, not assumed from the ratio itself. The
same entry-level pattern can therefore be generated by different upstream drivers and feed into
different downstream branch profiles (Table 4).

7.3 Step 3: Branch resolution determines whether mechanistic interpretation is licensed

Next ask whether the panel actually resolves branch routing. If branch markers are absent,
branch claims should be avoided. Trp, KYN, and KYN/Trp ratio can show that entry diversion
is more or less engaged, but they cannot determine whether the pathway is leaning toward
KYNA-facing modulation or toward KMO-linked 3-HK and QA biology. At minimum, branch
interpretation requires downstream metabolites that make competition between routes visible
(Table 5). Without them, apparently mixed findings are often not contradictory at all; they are
simply underresolved.

7.4 Step 4: Compartment logic: blood, cerebrospinal fluid (CSF), and ex vivo immune cells
answer different questions

Then ask whether the sampled compartment can support the claim being made. Blood-based
studies can be informative for peripheral catabolic engagement and, in some cases, for KYN
availability, but they are weaker tools for inferring central branch balance, especially when
conclusions rely on KYNA alone. If the matrix is blood-only, central KYNA-facing versus QA-
facing interpretation should be downgraded unless complementary evidence exists. Compart-
ment is therefore not a technical footnote; it is part of the causal meaning of the result.

7.5 Step 5: Module-first outcomes: map kynurenine (KYN) metabolite patterns to
dimensions, not diagnosis totals

Outcome structure matters just as much as biomarker depth. If the readout is a broad diag-
nosis total, true immune—Trp—KYN effects may be diluted across heterogeneous symptom clus-
ters. In contrast, module-focused outcomes such as fatigue, anhedonia, cognitive dysfunction,
negative symptoms, or threat-related stress reactivity are more likely to align with pathway-
relevant biology. The practical rule is that diagnosis can define the cohort, but symptom mod-
ules should define the biological question whenever the aim is mechanistic interpretation.
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7.6 Step 6: Confounding structure can dominate and flip apparent case—control differences

Finally, ask which confounders are strong enough to dominate the signal. Smoking, adipos-
ity and metabolic drift, sleep and circadian disruption, recent infection or vaccination, and med-
ication exposures can each shift baseline inflammatory tone and Trp—KYN metabolism. In psy-
chosis cohorts, antipsychotics, smoking prevalence, and metabolic change are often strong
enough to overwhelm diagnosis-level signals unless they are exposure-balanced, stratified, or
explicitly modeled. When these confounders differ across studies, divergent biomarker direc-
tions are not surprising and should be treated as a comparability problem first.

7.7 The “If X and Y then Z” rule block: expected patterns under common design states

Use the following rules as a minimal forecast of what a study is likely to show. If immune
tone is elevated and the panel is entry-only, then Step 1 diversion is the main inference and
branch claims should be avoided. If immune tone is elevated and branch markers are measured,
then subgroup-specific branch tilt is more plausible than a single diagnostic signature. If im-
mune phenotyping is weak but stress or endocrine load is high, similar entry signals can arise
through non-immune routes and downstream patterns should be expected to vary (Table 4). If
the sampled compartment is blood-only, central branch balance should not be inferred from
peripheral KYNA alone. If outcomes are diagnosis totals rather than modules, true immune-
linked Trp—KYN effects are likely to be diluted. If psychosis cohorts are heavily antipsychotic-
exposed, smoking-unmatched, or metabolically drifted, exposure architecture is often a
stronger predictor of Trp—KYN patterns than diagnosis. If longitudinal Trp—KYN change tracks
module change, mechanistic support strengthens even when baseline case—control differences
are small.

7.8 Worked examples: why two studies can both be “right”

Applied to immune-challenge or medically inflamed contexts, Step 1 diversion and predict-
able time-locked shifts are expected, and symptom change often aligns with sickness-like di-
mensions. Applied to spontaneous psychiatric cohorts with heterogeneous immune tone and
incomplete panels, the expected outcome is a mixture of weak entry signals and unstable down-
stream patterns. In psychosis, improving comparators by stage, smoking, BMI, and medication
exposure should reduce apparent contradictions and help clarify whether KYNA- or QA-related
findings reflect trait-like vulnerability, state change, or exposure-driven biology.

7.9 Take-home message

Apparent inconsistency in psychiatric Trp—KYN findings is often more structured than it
first appears. Once immune context, entry diversion, branch depth, compartment, outcome
choice, and confounding structure are specified, many “mixed” findings become predictable
rather than chaotic. The practical implication is simple: better interpretation begins by treating
divergence as a design problem before treating it as biological contradiction.

8. RESEARCH GAPS: PRIORITIZED AND SPECIFIC (FALSIFIABLE FORMAT)

The field does not mainly suffer from a lack of plausible biology; it suffers from a lack of
studies designed to decide among plausible explanations. The most useful next step is therefore
not a generic call for more work, but a prioritized agenda built around measurable, correctable
gaps. Earlier sections of this review show that many “mixed” findings become more coherent
once branch depth, inflammatory context, compartment, timing, and confounding are specified.
Section 8 converts that logic into a falsifiable roadmap. Each gap below is framed as a concrete
problem, followed by a near-term fix, a longer-term solution, and a success criterion that would
show the field has actually moved. The order is intentional: the first gaps are the ones most
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likely to improve comparability quickly, while the later gaps matter most for mechanistic pre-
cision and translation.

Gap 1. Panels remain too shallow for branch inference

A large share of psychiatric Trp—KYN studies still relies on Trp, KYN, and KYN/Trp ratio
alone (Almulla et al., 2022a, Ou et al., 2023, Skorobogatov et al., 2021). That is enough to
detect entry-level diversion, but not enough to decide whether the biologically relevant signal
lies in KYNA-facing modulation, in KMO-linked 3-HK/QA routing, or in a mixed and time-
dependent state (Marx et al., 2021, Ostapiuk and Urbanska, 2022, Ou et al., 2023). If entry-only
panels dominate, the field will continue to mistake underresolution for contradiction (Almulla
etal., 2022a, Ouetal., 2023, Skorobogatov et al., 2021). This is a falsifiable gap because studies
with deeper panels should produce more interpretable subgroup structure and fewer apparent
disagreements than studies restricted to the core trio (Marx etal., 2021, Ou et al., 2023, Walpole
and Newell, 2024).

Near-term fix: Make branch-resolving panels the default minimum when mechanistic
claims are made, including at least KYNA, 3-HK, and QA alongside Trp, KYN, and KYN/Trp
ratio.

Long-term fix: Build harmonized multi-analyte panels that can be deployed across cohorts,
paired with pre-registered branch hypotheses rather than post hoc ratio fishing.

Success criterion: Across independent cohorts, studies with branch-resolving panels should
show clearer convergence in subgroup patterns than studies using entry-only markers.

Gap 2. Inflammatory phenotyping is still too weak and too inconsistent

Many studies treat diagnosis status as a proxy for inflammatory tone or classify inflamma-
tion using non-comparable thresholds and sparse markers (Brinn and Stone, 2020, Pedraz-
Petrozzi et al., 2020, Zainal and Newman, 2021). That weakens inference at the first decision
point. If inflammatory context is not measured directly, a cohort cannot be interpreted confi-
dently as immune-high, immune-low, or immunologically mixed (Byrne et al., 2022, Pedraz-
Petrozzi et al., 2020). This matters because the same KYN/Trp ratio pattern can arise from
distinct upstream states. The gap is falsifiable because stricter inflammatory phenotyping
should improve comparability across studies and reduce unexplained heterogeneity.

Near-term fix: Require explicit inflammatory characterization using CRP and, where pos-
sible, complementary cytokine or immune-activation markers, with thresholds defined before
analysis.

Long-term fix: Establish field-wide inflammatory strata that are portable across psychiatric
cohorts and compatible with metabolite-based pathway models.

Success criterion: Studies using comparable inflammatory phenotyping should show more
stable Trp—KYN associations than diagnosis-only studies, particularly in symptom-module
analyses.

Gap 3. Confounder capture remains too weak for believable psychiatric inference

The main confounders are not mysterious. Smoking, adiposity and metabolic burden, sleep
and circadian disruption, medication exposure, renal function, and recent infection or vaccina-
tion are all predictable sources of variation in inflammatory tone and Trp—KYN biology
(Aarsland et al., 2022, Cussotto et al., 2020, Hunt et al., 2020). Yet they are still captured une-
venly, modeled inconsistently, or acknowledged only after discordant results appear. This
makes many psychiatric biomarker papers difficult to compare even before the biology is con-
sidered (Coppens et al., 2022, Inam et al., 2023, Tanaka et al., 2021). The gap is falsifiable
because stronger confounder capture should reduce between-study volatility and make expo-
sure architecture more informative than crude diagnosis labels.
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Near-term fix: Treat a minimum adjustment set as mandatory rather than optional, with
transparent reporting of the variables most likely to dominate the signal.

Long-term fix: Standardize exposure and confounder modules that can be embedded rou-
tinely into psychiatric biomarker studies across diagnoses and settings.

Success criterion: After adjustment for the minimum confounder set, diagnosis-linked dif-
ferences should become smaller but more reproducible, while module-linked associations
should become stronger and more stable.

Because these confounders are predictable, the field also needs a simple reproducibility

framework that makes omissions obvious and corrections routine rather than aspirational (Box
3).

Box 3: Top 10 reproducibility killers (and how to fix them)

Use this as a rapid manuscript-side checklist before interpreting any psychiatric Tro—KYN result.
1. Shallow panels — use a minimum branch-resolving panel plus ratios.

. Fasting/time-of-day ignored — prespecify the sampling window.

. BMI without waist — record both, plus metabolic markers when feasible.

. Smoking unbalanced — match or stratify, and quantify exposure.

. Medication exposure vague — report class, dose, duration, and recent changes.

. Infection timing absent — document recent iliness, vaccination, and antibiotics.

. Platform QC missing — report calibration, CVs, LLOQs, and batch strategy.

. Sample handling drift — report tube type, processing delay, storage, and freeze-thaws.
9. lliness phase pooled — define episode, remission, stage, and duration.

10. Totals over modules — preregister module outcomes and the analytic plan.

Interpretive rule: when several of these failures cluster in the same study, apparent psychiatric speci-
ficity should be downgraded until the design is repaired.

O~NOOOTA~,WNDN

Gap 4. Peripheral-to-central inference remains under-validated

Psychiatric interpretation often depends on claims about central branch balance, yet most
available studies measure blood alone (Bartoli et al., 2021, Coppens et al., 2022, Morrens et al.,
2020). That is not inherently invalid, but it becomes problematic when peripheral signals are
treated as though they transparently mirror brain-adjacent chemistry. KYN and QA may show
some cross-compartment alignment under specific conditions, whereas KYNA is much less
reliable as a blood-based proxy of central balance (Orhan et al., 2024, Paul et al., 2022,
Skorobogatov et al., 2021). This gap is falsifiable because matched peripheral—central studies
should reveal which analytes and ratios travel well across compartments and which do not.

Near-term fix: Avoid central claims from blood-only studies unless the claim is explicitly
limited to peripheral pathway engagement or supported by convergent evidence.

Long-term fix: Build cross-compartment datasets linking blood, CSF, imaging, and where
possible cellular or tissue-adjacent measures within the same participants.

Success criterion: The field should be able to specify, with evidence, which metabolites are
valid peripheral sentinels of central processes and which require direct central measurement.

Gap 5. Longitudinal and intervention designs are still too rare

Most psychiatric Trp—K YN studies are cross-sectional, which makes them useful for pattern
recognition but weak for directionality, mediation, and treatment relevance (Marx et al., 2021,
Ouetal., 2023, Sapienza et al., 2024b). A cross-sectional case—control design cannot determine
whether inflammation precedes pathway change, whether pathway change precedes symptom
change, or whether all three are being moved by the same confounder. This gap is falsifiable
because repeated-measures and intervention designs should reveal whether pathway shifts track
module change within individuals rather than only between groups.
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Near-term fix: Add repeated sampling to observational studies, especially across acute-state
resolution, treatment response, or symptom fluctuations in high-yield modules such as fatigue
and anhedonia.

Long-term fix: Prioritize longitudinal mediation designs and intervention studies that test
whether changing inflammatory or metabolic context shifts branch-resolving metabolites and
symptom modules together.

Success criterion: Within-person studies should demonstrate whether module improvement
can occur with, precede, or lag behind Trp—K'YN normalization, thereby clarifying causal order
rather than merely describing association.

Gap 6. Translational alignment is still too weak

Human and preclinical studies often speak to the same pathway but not to the same biolog-
ical question. In animal work, causal leverage is strongest when timing, target engagement, and
module-relevant behavior are aligned (de Bartolomeis et al., 2025, Giménez-Goémez et al.,
2021, van der Horn et al., 2026). In human work, conclusions are often drawn from shallow
panels, poorly defined inflammatory context, and broad diagnosis totals (Gaspar et al., 2021,
Hunt et al., 2020, Lim et al., 2021). The result is a translational mismatch: the preclinical liter-
ature may show that a node manipulation shifts a predicted metabolite signature and a specific
behavioral module, while the clinical literature measures only KYN/Trp ratio and a total symp-
tom score (Giménez-Gomez et al., 2021, Hunt et al., 2020, van der Horn et al., 2026). This gap
is falsifiable because tighter alignment should improve the ability to compare preclinical and
clinical signals directly.

Near-term fix: Align human and animal studies around shared modules, shared branch-re-
solving biomarkers, and explicit target-engagement logic.

Long-term fix: Develop translational pipelines in which trigger, node, metabolite signature,
and module-relevant outcome are specified in parallel across species.

Success criterion: A convincing translational study should be able to connect a defined pre-
clinical node perturbation, a predicted metabolite pattern, and a homologous human symptom
module within the same mechanistic framework.

Taken together, these gaps define a ranked agenda rather than a loose wish list. The fastest
gains are likely to come from deeper panels, standardized inflammatory phenotyping, and man-
datory confounder capture, because those changes can improve interpretability almost immedi-
ately. The next major advance will come from cross-compartment validation and repeated-
measures designs, which can clarify what blood can and cannot stand in for and whether path-
way shifts truly track symptom change. The hardest but most consequential step is stronger
translational alignment, because that is what turns association into intervention logic. If the
field succeeds on these fronts, the likely result will not be perfect uniformity. Biology will
remain context dependent. But the literature should become less noisy, more comparable, and
more capable of supporting stratification, target engagement, and falsifiable therapeutic hy-
potheses. That is the standard by which progress should be judged.

9. CONCLUSIONS

Across psychiatric disorders, the Trp—KYN pathway remains one of the most plausible bi-
ochemical bridges between immune activation, chronic LGI, and symptom expression, but cur-
rent findings are more informative as a framework than as a standalone clinical biomarker. The
biology is compelling because immune and stress-linked signals can reroute Trp toward neuro-
active KYNs, and branch balance can, in principle, connect inflammatory tone to reward, en-
ergy, and cognitive modules. What blocks clinical readiness is not that the signal is absent, but
that studies too often speak different measurement languages. Shallow panels that stop at Trp

906



EXCLI Journal 2026,25:855-937 — ISSN 1611-2156
Received: April 29, 2026, accepted: May 18, 2026, published: June 25, 2026

and KYN, inconsistent immune phenotyping, uneven control of adiposity, smoking, sleep, in-
fection timing, and medication exposure, plus outcomes anchored to diagnosis totals all erode
comparability and inflate apparent contradictions (Skorobogatov et al., 2021).

Reproducibility can improve within the next few years if Trp—KYN studies stop treating
design hygiene as optional. Adopt a shared minimum Trp—KYN panel that resolves branch
balance, not just entry diversion: Trp, KYN, KYNA, QA, and 3-HK with KYN/Trp,
KYNA/QA, and 3-HK/KYN ratios, paired with CRP plus a feasible cytokine cue. Lock sam-
pling and reporting to a checklist, including fasting and clock time, BMI and waist, smoking,
medications, sleep, and recent infection timing, since these factors can flip signals across co-
horts. Finally, preregister module-first outcomes such as anhedonia, fatigue, cognition, and
negative symptoms, and analyze them within CRP-high versus CRP-low strata or immune clus-
ters to turn heterogeneity into branch-specific predictions (Badawy and Guillemin, 2019).

Long-term progress will come from cell-resolved mapping of Trp—KYN regulation, longi-
tudinal causal modeling that tests immune shifts, Trp—KYN routing, and symptom-module dy-
namics, and validated target-engagement biomarkers that confirm pathway modulation in hu-
mans. With those pieces, precision trials can recruit inflammation- and Trp—KYN-defined sub-
groups, adapt dosing to biomarker response, and judge success by engagement-linked improve-
ment rather than global score changes. If these priorities are met, Trp—KYN biology can move
from a compelling neuroimmune narrative to a practical stratification tool that guides interven-
tion selection in TRD and psychosis (Pocivavsek et al., 2024).
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