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ABSTRACT
The kynurenine (KYN) pathway (KP) is a central hub in tryptophan (Trp) metabolism, orchestrating immune regulation, neural 
signaling, and systemic energy homeostasis. Although KP dysregulation has been linked to multiple diseases, a unifying frame-
work explaining how localized metabolic perturbations propagate across organs -a “Domino Effect”- is lacking. This review pro-
vides a comprehensive synthesis of KP's dual, context-dependent roles in immunity, neurodegeneration, cardiovascular disease, 
and gastrointestinal disorders. We critically evaluate the mechanistic basis of KYN as a master regulator via the aryl hydrocarbon 
receptor (AhR) and NAD+ biosynthesis, resolving controversies surrounding its pro–versus anti-inflammatory and pro–ver-
sus antitumorigenic functions. Key findings reveal that KP metabolites determine disease outcomes: KYNA/QA balance in the 
brain, inflammatory vascular remodeling in the heart, and host-microbiome crosstalk in the gut. We further assess therapeutic 
targeting of KP enzymes (IDO1, TDO2, KMO) and AhR, acknowledging both promising preclinical data and clinical translation 
challenges. Finally, we propose that future strategies must move beyond conventional enzyme inhibition to include upstream 
regulatory mechanisms. This review proposes a “Domino Effect” framework to provide new avenues for biomarker discovery, 
precision medicine, and structure-based drug design targeting the KP.

1   |   Introduction

In the KP, Trp is catabolized to KYN by extrahepatic indoleamine 
2,3-dioxygenase (IDO) and hepatic tryptophan 2,3-dioxygenase 
(TDO) (Guo et  al.  2023). KYN subsequently generates two 
primary metabolites: (i) kynurenic acid (KYNA) through ky-
nurenine aminotransferase (KAT), and (ii) 3-hydroxyanthranilic 
acid (3-HAA) via two distinct routes. 3-HAA is ultimately oxi-
dized to the neurotoxic metabolite quinolinic acid (QA), which, 
under quinolinate phosphoribosyl transferase (QPRT), produces 
nicotinamide adenine dinucleotide (NAD+) (Bender 1983). Most 

KYN and its derivatives are produced by gut microbial metab-
olism, with a smaller proportion arising from host endogenous 
synthesis; dietary Trp serves as the primary substrate for both 
routes. These metabolites critically regulate immune responses, 
neural signaling, and energy metabolism, thereby participating 
in disease progression and host-microbiome crosstalk (Sadok 
and Jędruchniewicz  2023). As the primary catabolic route for 
Trp, an essential amino acid sustaining protein synthesis, neu-
rotransmitter generation, and immune homeostasis, the KP me-
tabolizes approximately 95% of dietary Trp under physiological 
conditions. The resulting metabolites, especially l-kynurenine 
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(L-KYN), act as critical signaling molecules across multiple 
organ systems. Far from a simple linear cascade, the KP serves 
as a central regulatory hub integrating immune activation, 
microbial communication, and cellular energy metabolism, 
thereby governing systemic homeostasis (Figure 1).

In humans, Trp is mainly transported to the gut by large neutral 
amino acid transporters and is metabolized by the microbiota 
(Roager and Licht  2018; Huhta et  al.  2016; Agus et  al.  2018). 
The rest enters the liver for liver metabolism (Badawy  2017). 
Although microbial components activate Toll-like receptors 
(TLR) induced KP activation, butyric acid produced by in-
testinal microbes down-regulates intestinal IDO expression 
through various mechanisms, thereby inhibiting KYN produc-
tion (Martin-Gallausiaux et al. 2018; Fu et al. 2023). More than 
60% of KYN is transported directly from the peripheral circu-
lation to the brain, where it is converted into other neuroactive 
compounds (Németh et al. 2005; Platten et al. 2019). KYN can 
cross the blood–brain barrier (BBB), while KYNA, 3-HAA, and 
QA have poor ability to cross the BBB (Owe-Young et al. 2008; 
Juhász et al. 2023; Cervenka et al. 2017). In addition, KYN can 
cross the placenta and the fetal BBB (Zawadzka et al. 2021). In 
peripheral tissues (liver and kidney), phagocytes (monocytes 
and macrophages) and microglia, KMO primarily metabolizes 
KYN into 3-HKYN, which is further metabolized into 3-HAA 
and QA, thus forming NAD+ under the action of QPRT (Minhas 

et al. 2019). In astrocytes, however, KAT catalyzes the conver-
sion of KYN to KYNA (Lovelace et al. 2017). After oral admin-
istration, KYN is absorbed into the intestine (Sun et al. 2022). 
Moreover, KYNA can be efficiently absorbed from the intestinal 
lumen into the circulation and delivered to the liver and kidneys 
(Wang et al. 2015; Hui et al. 2023). After ingestion, KYNA levels 
in bile, pancreatic fluid, and intestinal cavity continued to in-
crease (Paluszkiewicz et al. 2009). Normally, most KP metabo-
lites are excreted in sweat, urine, or feces (Chojnacki et al. 2023; 
Saran et al. 2021; Gu et al. 2021).

Dysregulation of the KP is now recognized as a hallmark of di-
verse human diseases, including neuroinflammatory disorders, 
cardiovascular diseases, gastrointestinal dysfunction, and can-
cer (Fong et al. 2023; Xue et al. 2023). Within the central nervous 
system (CNS), KP metabolites directly modulate neuronal excit-
ability, oxidative stress, and microglial activation, linking Trp ca-
tabolism to neurodegeneration and psychiatric illnesses (Li, Cai, 
et al. 2024). In the periphery, aberrant KP activation drives im-
mune suppression, vascular inflammation, and intestinal barrier 
dysfunction, triggering a systemic “domino effect” in which local 
metabolic disturbances propagate across organs and exacerbate 
disease progression (Michaudel et al. 2023; Chajadine et al. 2024; 
Wiggins et al. 2023). Such broad pathophysiological involvement 
establishes KP as a unifying biological mechanism connecting 
immunology, neuroscience, gastroenterology, and oncology.

FIGURE 1    |    The core enzymatic cascade network of KP. Trp is primarily catabolized into the central hub molecule, KYN, driven by key rate-
limiting enzymes (IDO and TDO) in peripheral tissues and the liver. Subsequently, the metabolic flux diverges into distinct functional branches: KAT 
catalyzes the formation of the neuroprotective kynurenic acid, whereas sequential actions by KMO and kynureninase lead to the production of 3-HK 
and 3-HAA. The latter is ultimately oxidized into QA and, with the involvement of QPRT, completes the de novo synthesis of NAD+, thereby tightly 
coupling amino acid metabolism with cellular energy homeostasis.
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Although the KP has been extensively studied in individual dis-
eases, critical knowledge gaps remain regarding its systemic and 
multi-organ regulatory functions (Dumont et  al.  2025). Most 
studies have focused on organ-specific contributions, such as 
KP-mediated neuroinflammation in Alzheimer's disease (AD) 
or tumor immune escape in hepatocellular carcinoma (HCC) 
(Wang et al. 2022), and have thus failed to address a fundamen-
tal question: how does KP dysregulation in one organ system 
trigger cascading pathological alterations in distal tissues and 
drive multimorbidity across organ systems (Zhao et al. 2022)? 
This gap is especially critical given the rising prevalence of 
chronic multisystem disorders, including metabolic syndrome, 
inflammatory bowel disease (IBD), and neurodegenerative dis-
eases (Ünal et al. 2026), all of which share KP-dependent patho-
genic mechanisms. Moreover, despite the identification of key 
KP enzymes and receptors as therapeutic targets, the absence of 
a unified systemic framework hinders the development of effec-
tive and context-specific interventions (Li, Li, et al. 2024).

This review addresses this urgent scientific need by consolidat-
ing fragmented evidence into a unified framework that bridges 
immunology, neuroscience, gastroenterology, and oncology. 
By elucidating the KP dysregulation, we provide a mechanis-
tic foundation for understanding how metabolic disturbances 
drive multisystem diseases, with profound implications for 
the diagnosis, treatment, and prevention of chronic disorders. 
Collectively, this work highlights the KP as a central and ac-
tionable therapeutic target with the potential to reshape clinical 
strategies for a wide spectrum of human diseases.

2   |   Domino Effect of KYN Metabolism in Disease

Current studies on KYN focus chiefly on its role in immu-
nity and related pathological conditions. However, there are 
no reports on the discussion of its systemic physiology from 
its domino effect. Here, we summarize the latest insights into 
KP's involvement in systemic diseases, with the aim of elu-
cidating its mechanistic contributions and exploring its po-
tential as a target for therapeutic intervention and prevention 
strategies.

2.1   |   Role of KYN in Immune Regulation

KP has emerged as a critical regulator of immune responses, 
with KYN serving as a central immunomodulatory metabo-
lite. Initially recognized for its immunosuppressive effects, 
KYN metabolism is now known to orchestrate immune cell 
function through multiple mechanisms, particularly via the 
AhR and NAD+ biosynthesis pathways. Here, we synthesize 
recent advances in understanding KYN's role in immune reg-
ulation, focusing on its impact on innate and adaptive immu-
nity, as well as its implications in chronic inflammation and 
cancer.

From a therapeutic perspective, the KP has emerged as a trac-
table target for immune modulation, particularly in cancer 
(Guangzhao et  al.  2025). IDO1/TDO2 inhibitors have been 
widely tested in combination with immune checkpoint inhibi-
tors (ICIs), including anti-PD-1/PD-L1 and anti-CTLA-4 agents, 

to reverse KYN-driven immune suppression and reinvigorate 
CD8+ T cell function (Luke et al. 2025). However, clinical trans-
lation has been challenged by modest single-agent efficacy, 
context-dependent immune effects, and occasional immune-
related adverse events (irAEs) (Wu et al. 2023). Safety profiles are 
generally manageable, with mild gastrointestinal and constitu-
tional symptoms being the most common. Circulating KYN/Trp 
ratio, QA/KYNA ratio, and serum KYN are emerging as nonin-
vasive biomarkers to stratify patients, monitor pathway activity, 
and predict response to KP-targeted therapy (Xue et al. 2023). 
Future strategies will likely focus on selective enzyme inhibi-
tion, tissue-specific delivery, and rational combination regimens 
to maximize antitumor immunity while minimizing off-target 
effects (Shi, Wu, et al. 2022).

2.1.1   |   KYN and Innate Immunity

KP activation, initiated by IDO in immune cells, is tightly reg-
ulated by inflammatory signals such as interferon-gamma 
(IFN-γ) and tumor necrosis factor-alpha (TNF-α) (Kim and 
Tomek  2021; Pedraz-Petrozzi et  al.  2020). KYN and its me-
tabolites suppress the activity of natural killer T cells (NKTs) 
and antigen-presenting cells (APCs), including dendritic cells 
(DCs) and macrophages, thereby dampening immune activa-
tion. Notably, the KYN-AhR axis links chronic inflammation to 
tumor progression by impairing macrophage effector functions 
and promoting immune tolerance (Zhang, Tu, et al. 2024). KYN 
also modulates macrophage metabolism by serving as a pre-
cursor for NAD+, a key metabolite essential for cellular bioen-
ergetics and mitochondrial homeostasis (Cameron et al. 2019). 
Age-related declines in macrophage NAD+ synthesis capacity 
can be reversed by restoring KP activity, rejuvenating metabolic 
and immune phenotypes (Covarrubias et al. 2020) (Table 1).

2.1.2   |   KYN and Adaptive Immunity

In dendritic cells, IDO-mediated KYN production drives the 
differentiation of regulatory T cells (Tregs) through AhR acti-
vation, fostering an immunosuppressive microenvironment 
(Cheong and Sun 2018). This mechanism is exploited in tumors, 
where IDO-expressing Tregs and other immunosuppressive 
cells are enriched, facilitating immune evasion. KYN further in-
hibits the differentiation of CD4+ T cells into pro-inflammatory 
Th17 cells, while promoting (Öztürk et al. 2021) Treg expansion. 
Additionally, KYN metabolites such as L-KYN contribute to 
cancer immune escape by downregulating hypoxia signaling in 
T lymphocytes (Schlichtner et al. 2023) (Figure 2A).

The immunosuppressive role of the KP has positioned it as a 
promising target for cancer therapy. In HCC, TDO, encoded 
by TDO2, is overexpressed and promotes tumor growth, inva-
sion, and migration (Li et al.  2020). TDO-driven KYN release 
activates the AhR, fostering HCC proliferation and epithelial-
mesenchymal transition via IL-6/STAT3 and NF-κB/TIM4 
signaling (Wu et  al.  2021). ZNF207, a transcriptional regu-
lator of IDO1, further exacerbates HCC progression by ele-
vating KYN levels, leading to CD8+ T-cell exhaustion (Wang 
et  al.  2022). Conversely, the KP metabolite 3-HAA exhibits 
anti-inflammatory and antitumor effects by inhibiting T-cell 
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cytokine secretion, modulating macrophage polarization, and 
suppressing mTOR/NF-κB signaling (Xue et al. 2023). Reduced 
3-HAA levels in HCC tissues correlate with disease progression, 
while its restoration inhibits tumor growth via Akt/PDK1 and 
CCL2/CCR2 pathways (Zhou, Weng, et al. 2023). Paradoxically, 
kynurenine monooxygenase (KMO), the enzyme synthesizing 
3-HAA, shows dual roles: its overexpression increases 3-HAA 
without altering other KP metabolites, while its silencing inhib-
its HCC cell proliferation and migration (Shi, Gan, et al. 2022) 
(Figure 2B).

In lung cancer, KP hyperactivation, particularly through IDO1 
and TDO2, is associated with poor prognosis (Qin et al. 2021). 
IDO1 enhances adhesion, invasion, and angiogenesis, while 
TDO stimulates KYN release in lung fibroblasts, promoting reg-
ulatory T-cell differentiation and immune suppression. Elevated 
serum KYN/Trp ratios in lung cancer patients are linked to gut 
microbiota dysbiosis (Huang et al. 2022). Lung cancer-associated 
fibroblasts further drive resistance to EGFR tyrosine kinase 
inhibitors (TKIs) by upregulating KYN, which activates AhR 
and downstream AKT/ERK pathways (Shi, Gan, et  al.  2022). 
Blocking AhR signaling reverses TKI resistance and inhibits 
tumor growth. Dual inhibition of IDO1/TDO2 has emerged as 
a promising strategy to enhance antitumor immunity in non-
small cell lung cancer (Wu et al. 2023) (Figure 2C).

These findings reveal that KYN metabolism exerts context-
dependent immunomodulatory effects—ranging from anti-
inflammatory to pro-tumorigenic, and underscore the KP's dual 
role in cancer progression and immune evasion, highlighting its 
potential as a therapeutic target. Furthermore, the interplay be-
tween KP metabolites, gut microbiota, and systemic immunity 
warrants further investigation. Developing selective KP inhibi-
tors and exploring combinatorial therapies targeting the KYN-
AhR axis or NAD+ biosynthesis may offer novel strategies for 
immune modulation and cancer.

2.2   |   Role of KYN in Neurodegenerative Diseases

KP is a pivotal metabolic pathway that plays a dual role in reg-
ulating neuroinflammation and neurodegeneration (Lucido 
et  al.  2021). Its key metabolites, KYNA and QA, exert oppos-
ing effects on neuronal health (Meier and Savitz 2022; Szalardy 
et al. 2012; Cogo et al. 2021). KYNA functions as a neuroprotective 

agent by antagonizing excitatory amino acid receptors, whereas 
QA, an agonist of N-methyl-D-aspartate (NMDA) receptors, pro-
motes neurotoxicity (Meier and Savitz 2022; Phenis et al. 2020). 
Under inflammatory conditions, the activation of KP in mi-
croglia and astrocytes leads to an overproduction of neuroac-
tive metabolites, which disrupts glutamatergic signaling and 
contributes to the pathogenesis of various neurological disor-
ders (Zhang et  al.  2023). One of the most extensively studied 
metabolic pathways in this context is the KP, which facilitates 
crosstalk between the host and its microbiome (Wei et al. 2021). 
A study has shown that Parabacteroides distasonis has been 
implicated in the pathogenesis of depression through its influ-
ence on KP-mediated gut–brain interactions (Cheng et al. 2024). 
It is suggested that specific gut microbiota can modulate CNS 
metabolism and behavior via the circulatory KP along the gut–
brain axis. Additionally, KYNA, a neuroprotective KYN metab-
olite, contrasts with QA, which exhibits neurotoxic properties. 
Studies in mice have shown that gut microbiota depletion re-
duces anxiety-like behaviors but exacerbates cognitive impair-
ment, accompanied by elevated KYN levels. Interventions with 
exogenous microbiota can alter KYNA levels, thereby influ-
encing neuroinflammation and behavior. Furthermore, indole 
and its derivatives, key gut microbiota metabolites, regulate 
neurological function. Elevated indole levels or an increase 
in indole-producing microbiota have been linked to reduced 
motor activity and worsened mood disorders. Indole-3-acetic 
acid (IAA) and indole-3-propionic acid (IPA) can cross the BBB 
and activate AhR, modulating neuroinflammation. Collectively, 
KYN metabolites serve as essential mediators of the gut–brain 
axis, and their interplay with gut microbiota holds significant 
implications for understanding and targeting inflammatory 
and immune mechanisms in neurological disorders (Li, Cai, 
et al. 2024) (Figure 3).

Dysregulation of KP metabolism has been implicated in a spec-
trum of neurodegenerative and psychiatric diseases, including 
Alzheimer's disease (AD), Parkinson's disease (PD), depression, 
and addiction (Fathi et al. 2022; Rudzki et al. 2019). To accurately 
track these pathological shifts, recent studies anchor these disor-
ders to consistent biomarker axes: the systemic KYN/Trp ratio 
(typically measured in plasma to reflect peripheral IDO/TDO 
activation) and the central QA/KYNA ratio (measured in cere-
brospinal fluid (CSF) or brain tissue to reflect the neurotoxic-to-
neuroprotective balance). Here, we summarize recent advances 
in understanding the role of KP in these conditions and explore 

TABLE 1    |    Immune cell types, KP triggers, functional outcomes, and dominant signaling axes.

Immune cell type KP triggers Key outcomes Dominant mechanism

Dendritic cells (DCs) IFN-γ, TLR ligands Treg differentiation; 
immune tolerance

AhR signaling

Macrophages IFN-γ, TNF-α, LPS M2-like polarization; reduced 
inflammation; bioenergetic repair

AhR (polarization); 
NAD+ (bioenergetics)

NK cells IFN-γ, IDO-dependent KYN Reduced cytotoxicity; suppressed 
antitumor/antiviral activity

AhR signaling

CD4+ T cells KYN, AhR ligands Th17 inhibition; Treg expansion AhR signaling

CD8+ T cells Tumor microenvironment; 
KYN

Exhaustion; PD-1 upregulation; 
hyporesponsiveness

AhR signaling
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its therapeutic potential, highlighting key findings and emerging 
opportunities for targeting this pathway.

In AD, the metabolic flux is severely skewed toward microglial 
KMO activation. Importantly, recent longitudinal clinical cohort 
studies have demonstrated that an elevated QA/KYNA ratio in 
the CSF, alongside an increased KYN/Trp ratio in plasma, sig-
nificantly predicts the temporal trajectory of cognitive decline 
and amyloid burden (Li, Cai, et  al.  2024; Minhas et  al.  2024). 

Although an elevated QA/KYNA ratio is associated with cog-
nitive decline, KYNA itself is also independently linked to 
cognitive impairment, and increased KYNA levels would cor-
respondingly lower the QA/KYNA ratio. Thus, both an ele-
vated QA/KYNA ratio and altered KYNA levels independently 
contribute to cognitive decline in AD (Narváez et  al.  2025; 
González-Sánchez et al. 2020), and restoring the balance of these 
metabolites may help alleviate neurodegeneration. Similarly, in 
PD, the peripheral and central biomarker axes reliably reflect 

FIGURE 2    |     Legend on next page.
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metabolic imbalance. Elevated KYN/Trp ratios in plasma cor-
relate with systemic immune activation, while a high QA/KYNA 
ratio in the CSF is strongly associated with motor symptom se-
verity and disease progression. Preclinical models indicate that 
targeting this axis via KMO inhibition can suppress microglial 
QA production, while an IDO1/AhR feedback loop mediates 
compensatory anti-inflammatory effects in LPS-stimulated 
astrocytes to inhibit inflammatory neurotoxicity (Warden 
et al. 2025; Fan et al. 2024). In major depressive disorder (MDD), 

pro-inflammatory cytokines drive a systemic and central shift 
toward neurotoxicity. This is captured by a consistently elevated 
plasma KYN/Trp ratio, which correlates with the severity of an-
hedonia and depressive symptoms. Centrally, the overactivation 
of microglial KMO elevates the CSF QA/KYNA ratio, directly 
contributing to neuroinflammation. Interventions that reduce 
plasma KYN levels or block its entry into the brain have demon-
strated robust antidepressant effects by indirectly normalizing 
this central ratio (Hughes et al. 2012; Tashiro et al. 2017; Ilavská 

FIGURE 2    |    Mechanism of kynurenine metabolism in immunity. (A) In immunity, intestinal flora is dysregulated, IFN-γ, TNF-α, and pathogen 
infection produce KYN by acting on IDO metabolism, and then produce KYNA; Activation of differentiation into Treg cells or Th17 cells by acting 
on AhR receptors, or activation of immunoinflammatory responses in macrophages; Suppressing the immunoinflammatory response by inhibiting 
natural killer cells and monocytes; KYN is ultimately metabolized to NAD+, which regulates macrophage phagocytosis and inflammation reduction. 
(B) The increase of TDO expression in HCC promotes the growth, invasion, and migration of HCC cells. TDO promotes the release of KYN, which 
activates AhR and promotes the proliferation of liver cancer cells. The expression of AhR contributes to the secretion of interleukin 6 (IL-6), which 
promotes tumor cell proliferation and epithelial-mesenchymal transformation through STAT3 and NF-κB/TIM4 signaling. The level of 3-HAA in 
tumor tissues of patients with liver cancer is decreased. 3-HAA inhibits the proliferation and activation of T cells in vitro. 3-HAA inhibits HCC pro-
gression by remodeling macrophage immunophenotype by inhibiting CCL2/CCR2, inhibiting mTOR and NF-κB activity, regulating macrophage po-
larization, and reducing the production of pro-inflammatory mediators. In addition, 3-HAA directly inhibits HCC development by activating protein 
kinase B (AKT) and altering pyruvate dehydrogenase lipamide kinase isoenzyme 1 (PDK1). KMO is a 3-HAA synthetase that inhibits the growth of 
liver cancer cells in vitro by increasing apoptosis. (C) In lung cancer, the hyperactivation of IDO1 and TDO2 is associated with poor prognosis and 
tumor metastasis. Lung cancer-associated fibroblasts drive resistance to EGFR-TKIs by upregulating KYN, which activates the AhR and AKT/ERK 
signaling pathways.

FIGURE 3    |    Kynurenine in microbiota, immunity and neurological functions. Kynurenine in Microbiota, Immunity, and Neurological func-
tions. Overview of the gut–brain axis in KP metabolism. Dysbiosis under inflammatory conditions increases systemic KYN levels. KYN, alongside 
microbiota-derived indoles (IAA, IPA), crosses the BBB to influence central neuroinflammation. Fecal microbiota transplantation (FMT) restores 
microbial diversity, thereby modulating KYN availability and enhancing neuroprotection. Cell-specific metabolic flux in CNS. Within the brain com-
partment, KYN metabolism is highly compartmentalized, dictating the neurotoxic-to-neuroprotective balance (QA/KYNA ratio). In microglia and 
infiltrating macrophages (left), the enzyme KMO drives the conversion of KYN to 3-HK and QA, leading to free radical generation, NMDA receptor 
hyperactivation, and subsequent neurotoxicity. Conversely, in astrocytes (right), KAT converts KYN into kynurenic acid (KYNA), which acts as an 
endogenous NMDA receptor antagonist to confer neuroprotection against neuroinflammation.
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et al. 2024; Reininghaus et al. 2024). Additionally, gut microbiota 
modulation influences KP metabolism, with reduced microbiota 
diversity linked to increased KYN levels and cognitive impair-
ment. Restoring microbiota balance or targeting KP metabolites, 
such as KYNA, may offer novel strategies for managing depres-
sion and anxiety (Deng et al. 2021).

Of note, emerging evidence suggests that KP modulation may 
address drug addiction, including nicotine, alcohol, and amphet-
amine dependence (Beggiato et al. 2022; Vengeliene et al. 2016; 
Contella et al. 2025). Nicotine addiction involves KP-mediated 
fluctuations in KYNA levels, while chronic alcohol use trig-
gers neuroinflammation and neuronal damage, which can be 
mitigated by KMO inhibition (Secci et al. 2017; Gil de Biedma-
Elduayen et al. 2025). In animal models, KP modulation reduces 
ethanol consumption and attenuates amphetamine-induced 
toxicity through AhR activation. These findings position KP as 
a promising target for addiction therapy (Akpınar et al. 2026).

Therefore, the dual roles of KP metabolites in neuroprotection 
and neurotoxicity underscore the need for context-specific 
therapeutic strategies. Future research should focus on: (1) 
Developing selective KP enzyme inhibitors to balance KYNA 
and QA levels in neurodegenerative diseases. (2) Exploring gut 
microbiota-based interventions to modulate KP activity in psy-
chiatric disorders. (3) Investigating KP-targeted therapies for 
addiction, including pharmacological regulation of KYNA and 
AhR. By elucidating the complex interplay between the KP, neu-
roinflammation, and neuronal health, we can advance innova-
tive treatments for neurological and psychiatric diseases.

2.3   |   Role of KYN in Cardiovascular Disease

Abdominal aortic aneurysm (AAA), characterized by the 
progressive dilation of the abdominal aorta, represents a dis-
tinct vascular pathology with significant clinical implications 
(Baman and Eskandari 2022). The pathogenesis of AAA is intri-
cately linked to chronic inflammation, smooth muscle cell apop-
tosis, and extracellular matrix degradation. Despite substantial 
evidence implicating these processes in AAA progression, the 
regulatory mechanisms governing early- and intermediate-stage 
AAA expansion remain poorly understood. Direct evidence link-
ing KP to AAA pathogenesis is currently lacking. Nevertheless, 
the consistent activation of IDO1, a key enzyme in the KP, by 
established AAA risk factors suggests that KP activation may 
contribute critically to AAA initiation and progression (Haque 
and Bhargava 2022). Clinically, elevated plasma C-reactive pro-
tein (CRP) levels, a critical biomarker for AAA incidence, exhibit 
strong positive correlations with KP metabolites such as KYN, 
3-HK, and 3-HAA while showing an inverse relationship with 
xanthurenic acid (XA) (Ramprasath et al. 2021; Li et al. 2026). 
These findings collectively suggest that dysregulated KP activa-
tion may contribute to AAA development through mechanisms 
involving inflammation and oxidative stress.

Atherosclerotic cardiovascular disease (ASCVD), encompass-
ing coronary artery disease and cerebrovascular disease, rep-
resents the most prevalent form of cardiovascular pathology 
(Nayor et  al.  2021). The KP and its metabolites are increas-
ingly recognized for their roles in modulating vascular tone 

and inflammatory responses. Atherosclerosis, a chronic in-
flammatory disorder of the arterial wall, is driven by lipid ac-
cumulation, immune cell infiltration, and plaque formation 
(Sandesara et  al.  2019; Hummelgaard et  al.  2023). KP influ-
ences multiple facets of atherosclerosis pathogenesis, including 
endothelial dysfunction, immune modulation, and plaque sta-
bility. Elevated IDO expression has been documented in ath-
erosclerotic patients, with IDO activity showing a significant 
positive correlation with advanced disease stages in both sexes 
(Chajadine et al. 2024; Kern et al. 2025; Mirzababaei et al. 2024; 
Jia et  al.  2026). Notably, administration of the KP metabolite 
3-HAA over an 8-week period markedly reduced plasma cho-
lesterol and triglyceride levels, suppressed macrophage uptake 
of oxidized low-density lipoprotein (oxLDL), and attenuated 
atherosclerosis progression in low-density lipoprotein receptor-
deficient (LDLr−/−) mice (Chajadine et al. 2024; Berg et al. 2020). 
Conversely, systemic IDO inhibition using 1-methyltryptophan 
(1-MT) exacerbated vascular inflammation, upregulated ex-
pression of vascular cell adhesion molecule-1 (VCAM-1) and 
monocyte chemoattractant protein-1 (MCP-1/CCL2), and in-
creased CD68+ macrophage infiltration, thereby accelerating 
atherosclerotic lesion formation in the aortic arch and root of 
high-fat diet (HFD)-fed apolipoprotein E knockout (ApoE−/−) 
mice (Natarajan et  al.  2024). Importantly, exogenous 3-HAA 
supplementation reversed these pro-atherogenic effects, under-
scoring the protective role of IDO-mediated KP metabolism in 
atherosclerosis. Furthermore, IDO1-expressing aortic plasma-
cytoid dendritic cells (pDCs) have been shown to mitigate ath-
erosclerosis through the induction of Treg cells, while IDO1 may 
also contribute to plaque stabilization (Grassia et  al.  2013). In 
HFD-fed LDLr−/− mice, IDO activity was significantly upregu-
lated in aortic sinus macrophages and vascular smooth muscle 
cells, accompanied by elevated circulating levels of KYNA and 
QA (Chajadine et al. 2024).

In the context of hypertension-related pathologies, IDO de-
ficiency exacerbates hypoxia-induced pulmonary hyperten-
sion (PH) in murine models, whereas endothelial-specific IDO 
overexpression confers protection against both hypoxia- and 
monocrotaline-induced PH, attenuating right ventricular hyper-
trophy and vascular remodeling (Nagy et al. 2017; Cai et al. 2025; 
Simpson et  al.  2023). Spontaneously hypertensive rats (SHRs) 
exhibit significantly reduced levels of KYNA, an α7 nicotinic re-
ceptor antagonist in the CNS, compared to normotensive controls 
(Shah et al. 2025). Exogenous KYNA administration effectively 
lowered blood pressure in SHRs, highlighting its potential anti-
hypertensive properties (Guo et al. 2017; Majerova et al. 2022). 
Additionally, KYNU, an enzyme regulating KYNA levels, was 
found to be upregulated in the brainstem of SHRs, further impli-
cating the KYN in blood pressure regulation.

The functional heterogeneity of the KYN across different car-
diovascular (Paydaş Hataysal et al. 2024) diseases may stem 
from variations in genetic backgrounds, cell-type-specific 
effects, and the distinct downstream metabolites involved. 
However, the conflicting evidence underscores the need to 
elucidate the precise mechanisms by which KP activation and 
expression influence cardiovascular disease pathogenesis. 
Future studies employing tissue-specific knock-out/knock-in 
models are warranted to dissect the context-dependent roles of 
the KYN in diverse disease states and cellular environments 
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(Divani et al. 2026). Such investigations will not only enhance 
our understanding of KYN biology but also pave the way for 
novel therapeutic strategies targeting this pathway in cardio-
vascular diseases.

2.4   |   Role of KYN in Gastrointestinal Diseases

The KP (KP) plays a pivotal role in maintaining gut microbiota 
homeostasis and modulating host-microbiome crosstalk, with 
profound implications for gastrointestinal health and disease 
(Paydaş Hataysal et al. 2024). Dysregulation of KP metabolites, 
such as KYN and KYNA, can disrupt this balance, contributing 
to IBD and colorectal cancer (CRC) (Yu et al. 2024).

IBD represents a heterogeneous chronic intestinal inflammatory 
condition, with ulcerative colitis (UC) and Crohn's disease (CD) 
as its two primary phenotypes (Shi et al. 2024). According to the 
latest research, trilobatin (TLB) plays an anti-colitis role by regu-
lating Trp metabolism, increasing XA production and activating 
AhR (Wu et al. 2025). IBD is accompanied by overexpression of 
IDO1 and activation of the gut microbiota, leading to changes in 
the microbiota in mice. In turn, restoring the levels of probiotics 
such as Lactobacillus in the gut can lead to a decrease in serum 
KYN levels in stressed mice (Zhao et al. 2022). Bacteroides the-
taiotaomicron can increase IAA and IPA (AhR ligands) levels and 
inhibit intestinal inflammation through activation of AhR and 
enhancement of Treg cell function (Li et al. 2021). It is notewor-
thy that KYNA contributes to T cell glycolysis and intestinal ep-
ithelial cell (IEC) mitochondrial metabolism in colitis to reduce 

intestinal inflammation (Michaudel et al. 2023). However, more 
and more studies are coming to the opposite conclusion. KYN 
has a protective effect on intestinal inflammation through the 
AhR pathway (Wang et al. 2024). CARD9 is known as a suscep-
tibility gene for IBD, and results from studies by Bruno Lamas 
et al. show that AhR ligand production is significantly reduced 
in IBD patients as well as Card9−/− mice (Lamas et al. 2016). It is 
implied that exogenous supplementation of KYN may be used as 
a treatment for IBD. Furthermore, KYN metabolism has formed 
a crosstalk between intestinal inflammation and neurological 
disorders. For example, IBD accompanied by IDO1 overexpres-
sion and activation of gut microbiota leads to depression in mice 
(Chen et al. 2021) (Figure 4A).

Elevated KP metabolite levels in CRC patients indicate height-
ened IDO1 activity, which drives immune tolerance and 
tumor progression (Ephraim et al. 2022; Elomaa et al. 2024; 
Yokota et al. 2024). Inflammatory pathways may drive IDO1 
expression. Studies in preclinical models support a key role for 
IDO1 in the development and progression of CRC (Cavia-Saiz 
et al. 2014). In colorectal cancer cells, overexpression of IDO 
inhibited the infiltration of immune cells (CD3+ T, CD8+ T, 
CD3+ CD8+ T, and CD57+ NK cells), leading to immune es-
cape, localized Trp depletion, and apoptosis inducing factor 
(AIF) production (Shi, Wu, et al. 2022; Ferdinande et al. 2012; 
Hagland et al. 2017; Wang, Yin, et al. 2025). Additionally, the 
downstream metabolite KYN was able to activate β-catenin 
signaling, leading to increased proliferation of colon cancer 
in mice, which significantly contributed to disease progres-
sion and shorter patient survival (Thaker et al. 2013). Studies 

FIGURE 4    |    Mechanism of kynurenine metabolism in IBD and CRC. (A) In IBD patients, IDO increased, gut microbiota abundance decreased, 
KAT mRNA expression increased in lymphocytes, and plasma KYN increased. Bacteroides can inhibit intestinal inflammation by activating AhR 
and enhancing Treg cell function, increasing IAA and IPA levels. KYNA helps colitis T cell glycolysis and intestinal epithelial cell (IEC) mitochon-
drial metabolism to reduce intestinal inflammation. (B) Increased KP metabolite levels in CRC patients indicate increased activity of IDO1. IDO1 
promotes adaptive immune tolerance, and downstream metabolite KYN is able to activate β-catenin signaling, leading to increased colon cancer 
proliferation in mice. In addition, in colorectal cancer cells, overexpression of IDO inhibits infiltration of immune cells (CD3+ T, CD8+ T, CD3+ CD8+ 
T, and CD57+ NK cells), leading to immune escape, local Trp depletion, and apoptosis-inducing factor (AIF) production.

 20404603, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cph4.70207 by U

niv N
acional de C

ordoba U
N

C
, W

iley O
nline L

ibrary on [01/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



9 of 19Comprehensive Physiology, 2026

have shown that mice administered the active enzyme PEG-
Kynureninase to colon cancer tumors (expressing IDO1), 
PEG-Kynureninase treatment resulted in a slight decrease in 
the percentage of T cell in the tumor-draining lymph nodes 
(TdLNs), and an increase in mean survival of nearly 45% com-
pared to animals in the control group. Notably, approximately 
15% of the animals had a complete and durable response with 
long-lasting tumor-specific immunity (Triplett et  al.  2018). 
The IDO inhibitor 1-L-methyltryptophan (1-L-MT) decreased 
transcription and proliferation of human colorectal cancer 
cells, induced mitochondrial damage, and led to apoptosis 
of cancer cells (Liu et  al.  2018). In contrast, QA-dependent 
NAD+ production resists apoptosis. Therefore, it is necessary 
to clarify the relationship between NAD+ and IDO inhibitors 
in CRC so as to enable them to exert synergistic effects for 
tumor suppression (Li, Li, et al. 2024; Zhou, Liu, et al. 2023). 
Indole compounds can be produced by the metabolism of gut 
microbiota. Indole compounds are produced from dietary Trp 
by the commensal colon microbiota. Several of these indole 
metabolites can, in turn, activate the AhR, and activation of 
the AhR is a crucial mechanism by which IDO1 expression 
promotes immune tolerance (Wu et al. 2024). Clarifying the 
interplay between AhR, IDO1, and NAD+ metabolism in CRC 
is essential for developing synergistic therapeutic approaches 
(Fong et al. 2023) (Figure 4B).

The two sides of KP in gastrointestinal disease highlight its po-
tential as a therapeutic target. Future research should focus on 
(1) developing microbiota-based interventions to modulate KP 
activity in IBD and CRC; (2) exploring combinatorial therapies 
targeting IDO1, AhR, and NAD+ metabolism to enhance antitu-
mor immunity and overcome treatment resistance. By unravel-
ing the complex interplay between the KP, gut microbiota, and 
host immunity, we can pave the way for innovative strategies to 
prevent and treat gastrointestinal diseases.

3   |   The Potential of KYN Metabolism as a 
Therapeutic Target

Based on the previous understanding of KP in systemic dis-
eases, targeting KYN metabolism is a promising multidimen-
sional therapeutic approach (Hezaveh et  al.  2022). Animal 
studies and clinical data suggest that the KP receptor AhR and 
critical KP molecules, including IDO1, KMO, and 3-HAA, can 
be used as viable drug targets for the treatment of diseases 
(Sadik et al. 2020). Therefore, structure-based drug design to 
modulate the KP is currently a major area of drug develop-
ment (Campesato et al. 2020). The development of these key 
enzyme inhibitors of KYN metabolism has played a vital driv-
ing force in optimizing the disease treatment strategy. To ad-
vance rational drug development and clinical translation, this 
section is structured around a unified framework of transla-
tional readiness. It integrates the biological rationale of the 
target, the specific context of the disease, and biomarker strat-
egies for circulating fluids and tissues (including the KYN/
Trp and QA/KYNA ratios across plasma, CSF, and tissue com-
partments). Furthermore, it evaluates the penetrance of the 
BBB, the potential for combination therapy, and the maturity 
of clinical development (Table 2).

3.1   |   AhR

AhR is a ligand-activated transcription factor that serves as 
the primary signaling receptor for KP-derived and microbial 
tryptophan metabolites—a property that fundamentally dis-
tinguishes it from redox-driven mediators such as 3-HAA 
(Rothhammer et al. 2018; Wang, Agabao-Tucker, et al. 2025). 
Its functional output is not binary but context-dependent, 
governed by ligand identity, tissue localization, and immune 
background. In mucosal and barrier tissues, commensal 
microbiota-derived indoles activate AhR to promote epithelial 
integrity and immune homeostasis, representing a protective 
modality (Wiggins et  al.  2023). Under neuroinflammatory 
conditions, AhR signaling augments microglial activation and 
pro-inflammatory mediator release, contributing to neurotox-
icity. Given this functional versatility, biomarker strategies 
have evolved to include the plasma KYN/Trp ratio, tissue AhR 
activation status, and the CSF QA/KYNA ratio (Gutiérrez-
Vázquez and Quintana  2018). Most AhR ligands show only 
moderate BBB penetrance, driving preclinical efforts toward 
brain-penetrant derivatives. Therapeutically, AhR modulation 
synergizes with immune checkpoint inhibitors in cancer and 
with anti-inflammatory agents in gut and vascular diseases. 
In the tumor microenvironment, however, KP-derived KYN 
drives CD8+ T cell exhaustion and PD-1 upregulation, fos-
tering immune evasion—an immunosuppressive phenotype 
(Gasaly et al. 2021; Xue et al. 2018; Cherayil 2009). Clinically, 
laquinimod has reached Phase III for multiple sclerosis, and 
tranilast is used for rheumatoid arthritis, whereas tool com-
pounds such as FICZ and CH-223191 remain experimental 
(Mohamed et al. 2019).

3.2   |   3-HAA

There are a number of challenges in the study of 3-HAA. 
First, 3-HAA has both anti-inflammatory and neuroprotec-
tive effects and may also promote oxidative stress, depending 
on the microenvironment in which 3-HAA is located (Zhang 
et al. 2012). It is reported that 3-HAA enhances TGF-β activity 
and redox activity (Zhang et al. 2012). Depending on the local 
oxidative status, it is selected to exert protective effects or 
cytotoxicity. Studies have demonstrated that 3-HAA inhibits 
the proliferation and production of inflammatory cytokines 
by Th1 cells, CD8+ T cells, and NKs (Yan et al. 2010; Weber 
et al. 2006).

In contrast to AhR-mediated transcriptional regulation, 
3-HAA operates through a fundamentally distinct mech-
anism. As a distal KP metabolite, it exerts intrinsic bioac-
tivity not via a dedicated receptor, but through direct redox 
modulation, TGF-β signaling engagement, and inhibition of 
the mTOR/NF-κB axes (Gargaro et al. 2019; Dai et al. 2024). 
Consequently, its functional effects are highly context-
dependent, dictated primarily by the local oxidative environ-
ment and cell type. Under low-oxidative conditions, 3-HAA 
assumes a protective and anti-inflammatory role (Zhang, 
Liu, et al. 2024). In vascular and hepatic tissues, it suppresses 
macrophage inflammasome activation, attenuates lipid syn-
thesis, and alleviates atherosclerosis (Chen et al. 2026). In the 
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tumor microenvironment, however, it promotes regulatory T 
cell differentiation and impairs CD8+ T cell function, thereby 
facilitating immune escape. Under excessive oxidative stress, 
3-HAA undergoes autoxidation to generate cytotoxic species, 
leading to DNA damage and a potential pro-toxic liability (Ai 
et  al.  2026). Accordingly, biomarker strategies must account 
for both metabolite concentration and redox context. Current 
candidates include plasma/CSF 3-HAA levels and the 3-HAA/
QA ratio. However, translational challenges remain substan-
tial: BBB penetration is low to moderate, limiting central 
bioavailability, and clinical translation is hampered by dual 
bioactivity and incomplete pharmacokinetic characterization. 
Nevertheless, therapeutic combinations show promise, partic-
ularly with statins for atherosclerosis and immunotherapies 
for cancer (Table 3).

3.3   |   IDO1, IDO2, TDO2

IDO1, IDO2, and TDO2 catalyze the first and rate-limiting 
step of the kynurenine pathway, converting tryptophan to ky-
nurenine and directing overall pathway flux (Yokota et al. 2024; 
Ning and Huang 2026). IDO1 acts as the dominant extrahepatic 
isoform, while TDO2 is highly expressed in the liver and is fre-
quently amplified in HCC and non-small cell lung cancer to 
drive immune escape, and IDO2 serves a partially redundant 
role in supporting regulatory T cell differentiation and modulat-
ing B-cell-mediated inflammatory responses (Merlo et al. 2020; 
Prendergast et al. 2018; Zhai et al. 2015). Insights derived from 
Table  4 further reinforce actionable refinements to trial de-
sign, pharmacodynamic monitoring, and rational combination 
therapy. As the summarized clinical stages and target profiles 
demonstrate, dual IDO1/TDO2 inhibition represents the only 
strategy capable of overcoming pathway redundancy (Ning 
and Huang  2026; Gouasmi et  al.  2022). This supports the en-
rollment of patients with elevated KYN/Trp or immune-active 
tumors to ensure robust target engagement. Furthermore, it 
highlights the need for serial plasma KYN/Trp and cerebrospi-
nal fluid QUIN/KYNA ratios as validated pharmacodynamic 
markers, alongside combination with anti-PD-1/PD-L1 agents 
to reverse coordinated immune dysfunction (Long et al. 2019; 
Subramaniam et  al.  2026). Accordingly, dual IDO1/TDO2 in-
hibitors have emerged as the preferred clinical candidates and 
are now being evaluated in biomarker-stratified Phase I/II trials 
(Wu et al. 2023).

3.4   |   KMO

KMO acts as a critical branch-point enzyme that directs KYN 
flux toward neurotoxic 3-HK and QA, whereas its inhibition 
redirects metabolism toward neuroprotective KYNA, position-
ing KMO as a promising target for neurodegeneration, acute 
pancreatitis, and myocardial ischemic injury (Lai et  al.  2023; 
Liu et  al.  2026; Xu et  al.  2025). Despite consistent preclinical 
efficacy, no KMO inhibitor has advanced to late-stage clinical 
testing due to well-defined translational barriers, including 
insufficient BBB penetration of early-generation compounds 
that limit CNS exposure, compensatory upregulation of KATs 
that blunt therapeutic increases in KYNA (Giménez-Gómez 
et al. 2018; Mole et al. 2016; Hutchinson et al. 2017; Duchemin 

and Cramer  2019), the most pathophysiologically relevant 
pharmacodynamic marker (Li et  al.  2025). Data from Table  4 
provide clear lessons for optimized clinical development by 
linking compound properties, clinical maturity, and target bi-
ology directly to trial design, pharmacodynamic monitoring, 
and rational combination therapy, supporting enrollment of 
patients with elevated cerebrospinal fluid QA/KYNA and evi-
dence of neuroinflammation CNS indications and use of KYN/
Trp for stratification in peripheral indications such as pancre-
atitis, implementation of serial cerebrospinal fluid QA/KYNA 
and plasma 3-HK as mandatory pharmacodynamic endpoints 
to verify target engagement and metabolic reprogramming, and 
rational combination regimens pairing KMO inhibitors with 
glutamate modulators for enhanced neuroprotection or mito-
chondrial stabilizers for ischemic tissue repair (Chakkarwar 
and Kulkarni 2025; Lindahl et al. 2026). Next-generation KMO 
inhibitors have been rationally optimized for improved BBB pen-
etration and demonstrate favorable preclinical safety profiles, 
although lead molecules including GSK366 remain in preclin-
ical development with no CNS-targeted agents yet advanced to 
clinical testing (Hutchinson et al. 2017; Tero-Vescan et al. 2025; 
Zhao et al. 2026).

4   |   Outlook

The collective evidence synthesized in this review establishes 
the KP as a central signaling hub that drives a systemic “dom-
ino effect” across multiple organ systems, linking immune 
activation, metabolic disturbance, gut microbiota imbalance, 
and pathological progression in neurodegenerative, cardiovas-
cular, gastrointestinal, and malignant diseases (Tanaka and 
Vécsei  2025; Xia and Huang  2025). Rather than functioning 
as an isolated metabolic cascade, the KP propagates local in-
flammatory signals systemically through key nodes including 
IDO1, TDO2, KMO, KATs, and AhR, with measurable readouts 
such as the KYN/Trp ratio, QA/KYNA balance, and NAD+ de-
pletion serving as critical indicators of pathway activity (Chen 
et al. 2026). We consolidate dispersed findings across disciplines 
and clarify how KP dysregulation acts as a convergent mecha-
nism underlying multi-organ comorbidities.

From a translational perspective, the KP offers a rich array of 
actionable therapeutic targets and biomarker candidates, yet 
the road to clinical implementation is hindered by significant 
translational barriers (Mor et al. 2024). While preclinical models 
of IDO1/TDO2 inhibition in cancer and KMO modulation for 
neuroprotection showed immense promise, clinical translation 
has been stymied by metabolic redundancy and the context-
dependent roles of KP metabolites (Wu et al. 2023). For exam-
ple, the paradoxical immunomodulatory versus neurotoxic roles 
of KYN and the dual anti-versus pro-tumorigenic functions of 
3-HAA remain unresolved contradictions that complicate uni-
versal therapeutic strategies. Moreover, the lack of standardized 
patient enrichment strategies that stratify patients based on cir-
culating KYN/Trp ratios or tissue-specific enzyme expression 
has likely contributed to the failure of high-profile Phase III tri-
als (Hezaveh et al. 2022).

To bridge this “valley of death” between bench and bedside, fu-
ture research must shift from focusing on isolated organs toward 
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an integrated, systemic approach that embraces the domino ef-
fect. Priority should be given to developing tissue-specific drug 
delivery systems that minimize systemic toxicity and to the 
validation of unified, pathway-wide biomarker panels, includ-
ing the plasma KYN/Trp ratio and CSF QA/KYNA balance, for 
real-time pharmacodynamic monitoring (Divani et  al.  2026). 
Ultimately, by refining this systemic conceptual framework and 
addressing the underlying regulatory mechanisms upstream of 
the pathway, targeting the KP can be translated into precision 
medicine strategies that reshape the diagnosis and treatment of 
a wide spectrum of chronic multisystem disorders.
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