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Abstract

The aryl hydrocarbon receptor (AHR) is an environmental sensor in mammals and a ligand-dependent,
highly conserved transcription factor. It belongs to the basic helix-loop-helix family of transcription
factors and is the only known ligand-activated member within this family. Previous studies have revealed
its significant roles in physiological regulation, metabolic homeostasis, and tumorigenesis. AHR governs
transcriptional regulation and epigenetic modifications through diverse mechanisms and plays an
important role in various types of cancer. In this review, we introduce the history and structure of AHR
and summarize its modes of action via canonical and non-canonical pathways. We elaborate on the
distinct impact of AHR on mitochondrial metabolism, epigenetics, as well as cell death and fate.
Furthermore, we systematically discuss the relationship between AHR and tumor immunity. Finally, we
explore the prospects of AHR in the tumor microenvironment, cancer immunity and therapy, and its
potential as an immunotherapeutic target, along with current achievements in drug development
targeting AHR. These research findings may provide insights into the relationship between AHR and its
regulated molecules and pathways in cancer, as well as mechanisms for cancer treatment and
intervention.
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Introduction

The aryl hydrocarbon receptor (AHR), an
evolutionarily conserved ligand-activated transcrip-
tion factor, maintains a predominantly cytoplasmic
localization in its unbound state [1]. As a distinctive
member of the Basic Helix-Loop-Helix/Per-Arnt-Sim
(BHLH-PAS) superfamily, AHR exhibits unique
ligand-dependent activation properties not observed
in other family members. While initial investigations
primarily characterized its role in the detoxification of

environmental pollutants, contemporary research has
revealed its capacity to integrate diverse signaling
inputs from environmental toxicants, dietary
constituents, microbiome-derived metabolites, and
endogenous ligands [2-4]. This multimodal signaling
capability establishes AHR as a critical regulator of
fundamental biological processes, including cellular
differentiation, immunomodulation, and metabolic
homeostasis maintenance. This expanded functional
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paradigm has revitalized interest in targeting AHR for
therapeutic intervention in malignancies,
inflammatory disorders, and autoimmune conditions.
Notably, increasing evidence has revealed AHR
activation by various diet-derived phytochemicals
present in common food sources, suggesting potential
mechanistic links between nutritional components
and AHR-mediated physiological regulation [5-7].
These findings underscore the need for systematic
investigations of the pleiotropic functions of AHR,
particularly its context-dependent roles in human
pathophysiology.

AHR has dual functions in tumor biology,
exhibiting  context-dependent oncogenic  and
tumor-suppressive roles. Pathologically elevated AHR
expression has been documented across multiple
malignancies, including glioma, gastrointestinal
carcinomas, breast cancer, and non-small cell lung
cancer (NSCLC). Mechanistically, AHR participates in
tumor evolution by regulating the characteristics of
cancer stem cells, epithelial-mesenchymal transition
(EMT), and remodeling of the immune
microenvironment [8, 9]. Given its multifaceted role in
tumor biology, AHR has emerged as a key driver in
the development of combinatorial therapeutic
strategies., with small molecule inhibitors (e.g., IK-175
and BAY 2416964) currently undergoing clinical
evaluation in solid tumors [10, 11]. Notably, the dual
IDO1/TDO2 inhibitor epacadostat combined with
anti-PD-1 immunotherapy has completed phase III
assessment in advanced melanoma, highlighting the
translational relevance of AHR [12]. Critically,
AHR-mediated biological responses exhibit strict
ligand specificity and tissue-selective activity,
demonstrating  context-dependent  bidirectional
regulation. This functional plasticity is governed by
two principal determinants: the pharmacological
properties of the ligand (agonist versus antagonist)
and spatiotemporal exposure parameters. In tumors,
metabolic reprogramming  within the tumor
microenvironment (TME), such as activation of the
tryptophan (Trp)-kynurenine (Kyn) axis, dynamically
alters AHR activation status [13, 14]. Furthermore,
diet-derived AHR ligands from cruciferous vegetables
(e.g. indole-3-carbinol (I3C)) demonstrate
epigenome-modifying potential, suggesting that
nutritional modulation may influence tumor
susceptibility landscapes, a finding with profound
implications for precision dietary interventions in
oncology [15, 16].

This article presents a comprehensive review of
the major roles of AHR and its signaling pathways in
cancer stem cells and the tumor immune
microenvironment. We highlight the importance of
AHR in cancer biology and therapy and explore its

potential as a key area for further research and clinical
development. By integrating existing research data,
this study aims to provide novel perspectives and a
theoretical foundation for the application of AHR in
cancer treatment.

The origin and structure of AHR

The AHR represents an evolutionarily ancient
protein conserved across animal phylogenetics, with
ancestral forms dating back more than 550 million
years. AHR and its homologous proteins exhibit
broad phylogenetic distributions and are preserved in
nematodes, mollusks, Drosophila, and all major
chordate lineages, including vertebrates [8]. Through
evolutionary processes, this receptor has acquired
pleiotropic characteristics, exhibiting species specific,
developmental stage dependent, and cell type-
selective functionalities. The discovery of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) as a potent AHR
ligand originated from observations of its ability to
induce aryl hydrocarbon hydroxylase activity and
upregulate the cytochrome P450 family 1 subfamily A
member 1 (CYP1Al) expression in mammalian
systems, which subsequently stimulated substantial
research interest in toxicology and pharmacology [9].
Subsequent investigations in the life sciences have
significantly expanded our understanding of the
pathophysiological roles of AHR, revealing its
functional dichotomy, a characteristic that manifests
dual regulatory roles in vital biological processes.
Current evidence highlights its context-dependent
effects across multiple physiological systems,
necessitating continued mechanistic exploration of
this multifunctional receptor.

In the unactivated state, cytoplasmic AHR forms
a stable macromolecular complex consisting of two
heat shock proteins90 (HSP90) that interact with
AHR, an X-associated protein 2 (XAP2) and a p23
cochaperone [17]. Cryoelectron microscopy studies of
the human cytoplasmic complex revealed that AHR
and HSP90 adopt a closed conformation, forming a
stable binary structure. In this configuration, the
PAS-A-PAS-B junction traverses the HSP90 lumen,
with the PAS domains positioned on opposing sides
of the HSP90 molecule. This spatial arrangement
prevents AHR degradation while maintaining high
ligand-binding affinity [18]. Mechanistically, HSP90
maintains AHR in an inactive state by masking its
nuclear localization signal. Within this complex,
XAP2 functions as a scaffolding protein that stabilizes
the AHR structure, particularly its Transactivation
domain region [19, 20]. Concurrently, p23 interacts
with HSP90 via multiple hydrogen bonds and salt
bridges, effectively inhibiting its nuclear translocation
and enhancing its complex stability. The PAS-B
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domain serves as the primary ligand-binding domain,
functioning as a sensor for environmental and
physiological signals. Structural analyses revealed
that the PAS-A domain lacks internal cavities suitable
for ligand binding and is occluded by bulky aromatic
residues. This observation suggests that the PAS-A
domain  primarily = mediates  protein—protein
interactions, including AHR-ARNT heterodimeri-
zation and increased DNA binding [21]. Following
ligand-induced AHR activation, the HSPP90 molecular
chaperone undergoes a conformational transition to
an open state, thereby unmasking the NLS and
initiating nuclear translocation. This activation
cascade involves sequential molecular events:
dissociation of HSP90, followed by replacement of
XAP2 and p23 with the aryl hydrocarbon receptor
nuclear translocator (ARNT), culminating in the
formation of a transcriptionally active AHR-ARNT
heterodimer that exhibits increased DNA-binding
affinity [22]. ARNT, a nuclear dimerization partner for
multiple transcription factors (also known as HIF-f.),
including hypoxia-inducible factor (HIF) and estrogen
receptor (ER) [23], enables the heterodimer to
recognize xenobiotic response elements (XREs) in
target gene promoters for transcriptional regulation.
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Notably, emerging evidence challenges the classical
activation model. Human cellular studies have
demonstrated that AHR nuclear translocation can
occur without complete HSP90 dissociation [24].
Furthermore, nuclear accumulation does not
necessarily correlate with transcriptional activation,
as AHR exhibits constitutive nucleocytoplasmic
shuttling independent of exogenous ligands—a
process devoid of transcriptional activation capacity.
Intriguingly, the nuclear AHR population maintains
stability through mechanisms independent of DNA
binding or ARNT interactions, suggesting that
ligand-induced conformational changes may promote
nuclear retention while preventing nuclear export
through autonomous regulatory mechanisms [25].

Mechanisms of action of AHR

Upon ligand binding, AHR functions as a
transcriptional regulator that modulates gene
expression through three coordinated mechanisms:
direct promoter engagement at XREs, selective
recruitment of transcriptional coactivators and
corepressors, and dynamic crosstalk with intracellular
signaling pathways (Figure 1) [3, 4, 26].
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Figure 1: Mechanism of AHR Signaling. The inactive form of AHR resides in the cytosol as a complex with chaperone proteins (HSP90, XAP2, and p23). Upon binding to
ligands derived from the gut microbiota, host metabolism, dietary components, or environmental sources, AHR undergoes conformational changes and initiates nuclear
translocation. Within the nucleus, the AHR complex recruits ARNT, replacing HSP90 to form an AHR-ARNT heterodimer. This heterodimer binds to XRE sequences, directly
activating downstream gene transcription. In addition to canonical transcriptional regulation, AHR exerts indirect genomic control through epigenetic modifications and
interactions with other transcription factors. Nongenomic regulatory roles include the assembly of E3 ubiquitin ligase complexes and the activation of protein kinases. To ensure
precise modulation of AHR signaling, a multilayered negative feedback system tightly regulates activation duration and intensity. The key mechanisms include the following: CYP
family enzymes metabolize AHR ligands, competitive inhibition of ARNT by AHRR, nuclear export mediated by TiPARP, and degradation of AHR via the ubiquitin—proteasome
pathway. This dynamic regulation maintains the homeostasis of AHR-mediated biological responses. This image was created using BioRender.com.
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Canonical (XRE-dependent) Genomic Signaling

AHR functions as a ligand-activated transcript-
ion factor that dimerizes with ARNT to recognize and
bind specific dioxin response elements (DREs) or
XREs within target gene promoters. These regulatory
elements characteristically contain a conserved
5'-GCGTG-3' core motif, typically positioned within
300 bp upstream of transcription start sites in
promoter regions [27, 28]. The AHR/ARNT
heterodimer binding to XRE induces chromatin
remodeling in promoter regions, facilitating the
recruitment of RNA polymerase II preinitiation
complexes to initiate transcription. This molecular
cascade activates key xenobiotic-metabolizing
enzymes, including CYP1A1l, CYP1A2 and CYP1Bl1
[29, 30]. In addition to this canonical transcriptional
activation, AHR orchestrates epigenetic regulation
through three distinct mechanisms: chromatin
architectural control via brahma/SWI2-related gene 1
(Brgl)-mediated remodeling and steroid receptor
coactivator-1 complex recruitment [31];
transcriptional derepression through competitive

displacement of histone deacetylase (HDAC)
complexes; and noncoding genome regulation
involving retrotransposon silencing, microRNA

modulation, and long noncoding RNA (IncRNA)
interactions [32].

Noncanonical (XRE-independent) Genomic Signaling

In addition to its canonical transcriptional
regulation, AHR exhibits cross-regulatory capacity
through the modulation of other transcription factors.
Studies have shown that AHR antagonizes estrogen
signaling by modulating ER activity. In rats
chronically exposed to AHR ligands, the incidence of
uterine and mammary tumors was lower than that in
control animals [33]. Mechanistically, AHR directly
regulates ER through an interaction site located
within the P/S/T region of its transactivation domain
[34]. Furthermore, the AHR/ARNT complex
competes with ER for nuclear receptor co-regulators
such as ERAP140 and SMRT, thereby further
antagonizing estrogen signaling [35]. And AHR also
interacts with the core clock gene Basic helix-loop-
helix ARNT like 1 (BMAL1); the structural homology
between these two transcription factors enables them
to heterodimerize through their PAS domains [36].
Activation of AHR has been shown to disrupt
CLOCK-BMAL1 complex activity, leading to
suppressed Perl expression and subsequent circadian
disruption [37].

Nongenomic AHR Signaling

Apart from genomic regulation, AHR exerts

noncanonical control over cellular processes through
nongenomic signaling mechanisms. AHR has been
reported to be involved in scaffolding Cullin 4B
(CUL4B)-based E3 ubiquitin ligase complexes,
facilitating the proteasomal degradation of nuclear
receptors, including estrogen receptor a, androgen
receptor, and peroxisome proliferator-activated
receptor y [38]. For instance, a study on bladder
cancer revealed that AHR suppresses STING
signaling through a negative feedback mechanism.
Interestingly, activation of AHR did not alter STING
mRNA levels. Further investigation revealed that
AHR functions as an adaptor protein, recruiting the
CUL4B-RBX1 E3 ligase complex to mediate
K48-linked ubiquitination of STING at lysine 236,
thereby promoting its proteasomal degradation. This
results in reduced production of type I interferons and
impaired T cell-dependent antitumor immunity [39].
The nongenomic effects of AHR involve protein
kinase activation. In the cytoplasm, AHR interacts
with non-receptor tyrosine kinases such as steroid
receptor coactivator (SRC). Notably, c-SRC has been
reported to serve dual functions as both an AHR
chaperone and a signaling partner [40]. On
ligand-induced AHR activation, c-SRC dissociates
from the cytoplasmic AHR/HSP90/c-SRC complex
and subsequently phosphorylates multiple cellular
targets [41, 42].

Negative feedback regulation of AHR activation

The regulation of activated AHR is a dynamic
process: Upon initiating the transcriptional activation
of target genes, AHR levels progressively decrease.
The receptor is rapidly exported from the nucleus to
the cytoplasm for proteasomal degradation, although
the precise degradation mechanisms remain
incompletely understood. Current evidence suggests
that nuclear-to-cytoplasmic export is a prerequisite for
the  ubiquitination-mediated 26S  proteasomal
degradation of AHR [27,28]. HSP90 dissociation
appears to be critical for proteasome recognition, but
emerging data implicate E3 ubiquitin ligases in
activated AHR degradation [29]. To constrain
AHR-mediated transcriptional programs, organisms
employ sophisticated negative feedback mechanisms
that regulate both the duration and intensity of AHR
activation. Ligand-activated AHR induces the
transcription of cytochrome CYP1A1, CYPI1B1, aryl
hydrocarbon receptor repressor (AHRR), and TCDD-
inducible poly-ADP-ribose polymerase (TiPARP),
which collectively suppress AHR signaling through
multiple mechanisms.

CYP1A1 catalyzes the oxidative metabolism of
AHR ligands, facilitating their clearance and
effectively terminating AHR signaling [43, 44].
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Murine studies revealed that constitutive CYP1A1
expression depletes endogenous AHR ligand pools,
inducing quasi-AHR-deficient states. Intestinal
epithelium-specific CYP1A1l overexpression ablates
AHR-dependent group 3 innate lymphoid cells and T
helper 17 (Th17) populations, increasing susceptibility
to enteric pathogens—a phenotype rescued by
exogenous ligand supplementation [45]. Importantly,
CYP activity modulation (via UVB exposure,
hydrogen peroxide, dietary substrates, or epigenetic
regulation) may induce ligand-specific degradation,
potentially confounding the interpretation of CYP
inhibitors as false AHR agonists [46].

AHRR, a BHLH/PAS family protein, exhibits
substantial N-terminal homology with AHR, which
contains conserved DNA-binding BHLH and PAS-A
domains but lacks the C-terminal ligand-binding
PAS-B domain and glutamine-rich transactivation
domain characteristic of AHR [47]. First, AHRR
competes with AHR for ARNT heterodimerization,
thereby preventing XRE binding and subsequent
target gene activation [48]. Second, AHRR recruits
corepressor complexes (including histone
deacetylases) to XRE-containing promoters, inducing
chromatin condensation that impedes transcription
factor accessibility [49]. Third, structural dissection
studies have revealed an ARNT-independent
repression mechanism mediated through the AHRR
N-terminal region. This "transrepression" mode
operates via protein—protein interactions rather than
disrupting AHR-ARNT complex formation or DNA
binding. Supporting evidence includes the following:
ARNT overexpression fails to rescue AHRR-mediated
transcriptional suppression; C-terminal truncation
mutants retain full inhibitory capacity [50].

TiPARP  suppresses AHR target gene
transcription through two distinct mechanisms: direct
DNA binding or anchoring interaction with AHR,
both of which require intact zinc finger and catalytic
domains. Additionally, TiPARP overexpression
enhances proteolytic degradation of AHR via either
direct ADP-ribosylation or indirect modulation
through  unidentified intermediaries, thereby
inhibiting ~AHR-mediated transactivation [51].
Emerging evidence indicates that TiPARP regulates
ligand-induced AHR nuclear export. In TiPARP
knockout models, TCDD-activated AHR accumulates
in the nucleus [52]. Further mechanistic studies reveal
that TIPARP mediates mono-ADP-ribosylation of the
AHR nuclear export signal motif, facilitating AHR
export from the nucleus to the cytoplasm for
subsequent degradation [53].

Ligands of AHR
As the understanding of AHR has increased,

AHR research has gradually expanded from
toxicology to all aspects of physiology, and the
sources of AHR ligands have increased, ranging from
strong-affinity exogenous agonists such as planar
halogenated polycyclic hydrocarbons and polycyclic
aromatic hydrocarbons (PAHs), as represented by
TCDD, to dietary sources, the formation of free
radicals, and enzyme activities in the host and
commensal flora, among others (Table 1).

Table 1: Ligands of AHR.

Classification AHR Ligand

Chemicals ¢ 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [54]
* Polychlorinated dibenzofurans[55]
¢ Polychlorinated biphenyls [56]

¢ Benzanthracenes [57]

¢ 3-methylcholanthrene(3MC) [58]

* AGT-5 [59]

« VAF347 [60]

Indoles:

* Indolo[3,2-b]carbazole (ICZ) [61]

¢ Indole-3-carbinol (I3C) [62]

¢ 3,3-diindolylmethane (DIM) [63]
Others:

* Quercetin [64]

¢ Galangin[65]

¢ Astaxanthin [66]

¢ Indirubin [67]

¢ Ethyl caffeate [68]

* Wogonin [69]

Ryptophan metabolites:

* Kynurenic acid [70]

¢ Kynurenine [71]

Others:

e Bilirubin [72]

* Biliverdin [72]

¢ Prostaglandin PGG2 [73]

* Hydroxyeicosatrienoic acid ([12(R)-HETE]) [74]
* Tryptamine [75]

¢ Indoxyl sulfate [76]

* 6-formylindolo[3,2b] carbazole (FICZ) [77]
* Malassezin [61]

¢ Urolithin A [78]

* Vitamin B12 [79]

* Folic acid [79]

¢ Vitamin K2 [80]

Dietary

Host metabolism

Bacterial
metabolism

Environmental pollutants, exemplified by
TCDD, exhibit high affinity for AHR and possess
potent toxicity. TCDD can enter the human body
through direct exposure or bioaccumulation. TCDD
induces and binds to CYP1A2 in the liver, a process
that restricts cytochrome P450-mediated metabolism,
leading to hepatic sequestration and prolonged
retention, thereby making it difficult to eliminate from
the body. Consequently, TCDD has a half-life of
several years in humans [81, 82]. This
bioaccumulation results in sustained AHR activation,
which in turn triggers a range of toxicological effects,
including cancetr, reproductive disorders,
hepatobiliary injury, and neurodegenerative diseases,
necessitating stringent regulatory control [83-85]. In
contrast, dietary AHR ligands are more commonly
encountered in daily life and include cruciferous
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vegetables (such as Brussels sprouts, cabbage, and
cauliflower), coffee, and various spices [86-90]. These
compounds generally exhibit lower affinity for AHR.
Taking cruciferous vegetables as an example, they are
rich in indole glucosinolates. When the plant tissue is
chewed or cut, these glucosinolates are converted by
plant myrosinase into I3C. This compound is
considered a pro-ligand that undergoes further
chemical transformation under the acidic conditions
of the stomach to generate a variety of functional
AHR ligands, including DIM, alkyl- and
chlorine-substituted 3,3'-diindolylmethanes, linear
and cyclic di-, tri-, and tetraindoles, and condensed
derivatives such as indolo[3,2-b] carbazole. Among
these, ICZ exhibits particularly high affinity for AHR
[88, 91]. Additionally, various structurally diverse and
relatively safe AHR ligands are present in the diet,
such as quercetin, curcumin, and resveratrol [90].
Despite the AHR-activating potential of various
foods, their complex composition and the lack of
knowledge regarding their efficacy at doses relevant
to human intake remain major limitations. Therefore,
while dietary AHR ligands warrant systematic
evaluation as potential intervention targets, they
nevertheless represent a promising direction for
future research.

Most endogenous physiological activation of
AHR originates from host- and microbiota-mediated
Trp metabolism. As an essential amino acid that
cannot be synthesized by the human body, Trp must
be obtained through dietary sources such as meat,
eggs, fish, and dairy products [92]. Approximately
95% of Trp is catabolized via the Kyn pathway,
primarily through two rate-limiting enzymes:
tryptophan 2,3-dioxygenase (ITDO) and indoleamine
2,3-dioxygenase (IDO), which convert Trp into Kyn.
Subsequently, kynurenine aminotransferase (KAT)
further converts Kyn into kynurenic acid (KynA).
Both Kyn and KynA are key effector molecules in
activating AHR [92, 93]. Through AHR activation,
these metabolites influence a broad range of
physiological and pathological processes, including
cancer, aging, and immunity [94-97]. For example,
IDO1 and TDO expression levels correlate with
glioma grade, and the IDO1/TDO-Kyn-AHR-AQP4
axis has been shown to promote glioblastoma
progression [98]. In tuberculosis, IDO1 is upregulated
in inflammatory macrophages, leading to increased
Kyn production. Kyn-mediated AHR activation
suppresses JAK-STAT1 signaling, reduces the
secretion of the chemokines CXCL9 and CXCL10,
impairs T-cell infiltration, and thereby delays T-cell
immune responses [99]. In addition to host
metabolism, the gut microbiota also contributes
significantly to the pool of endogenous AHR ligands

by directly converting Trp into a wide array of
metabolites, including indole and its derivatives such
as indole-3-aldehyde, indole-3-acetic acid, and
indole-3-propionic acid. These microbial metabolites
play critical roles in maintaining intestinal epithelial

renewal, barrier integrity, and gut immune
homeostasis [100-102].

Despite significant advancements in
understanding AHR signaling, the molecular

mechanisms underlying ligand binding specificity
and subsequent activity regulation remain elusive,
primarily =~ due  to  incomplete  structural
characterization of AHR domains. Recent progress
combining homology modeling of BHLH-PAS
proteins with cryo-EM technological breakthroughs
has enabled structural resolution of both the
cytoplasmic AHR complex and its PAS-B domain. In
contrast to conventional models, Dai et al. (2022)
demonstrated through Drosophila AHR PAS-B
domain analysis that ligand binding (e.g.,
a-naphthoflavone [alNF]) induces conformational
changes distal to the AHR/ARNT dimerization
interface. Subsequent luciferase reporter assays
revealed that these structural rearrangements do not
influence murine AHR transcriptional activity,
suggesting that ligands function primarily as nuclear
translocation switches rather than as transcriptional
modulators posttranslocation [17]. Furthermore,
Tagliabue et al. (2019) revealed distinct interaction
patterns between various ligands and specific
residues within the AHR ligand-binding pocket,
which may lead to differential effects on AHR
conformational changes as well as interactions with
protein chaperones that may propagate downstream
of the AHR signaling pathway [103]. Further efforts
are still needed in the future to elucidate the structure
of AHR to identify new AHR ligands and develop
efficient anticancer AHR drugs, as well as to further
elucidate the proposed mechanism of ligand-
dependent AHR transformation, such as the process
of HSP90 transition to the open conformation, and
how the different binding modes of ligands can affect
the transcription of downstream genes.

AHR and cancer

Cancer stem cells (CSCs) are a subpopulation of
undifferentiated cells with high self-renewal ability in
tumor tissues. The unique biological properties of
CSCs establish them as central drivers of tumor
malignancy [104, 105]. Through their robust self-
renewal and tumorigenic potential, CSCs not only
promote tumor invasion and metastasis but also
orchestrate key pathological processes, including
chemoresistance and disease recurrence, via dynamic
modulation of the tumor microenvironment [106-109].
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The AHR has recently emerged as a critical molecular
interface connecting environmental signals with CSC
maintenance [110, 111]. By binding diverse
endogenous and exogenous ligands, AHR modulates
downstream signaling pathways to regulate CSC
biology through stemness-associated gene expression,
epigenetic reprogramming, cell death mechanisms,
and metabolic plasticity. This section systematically
examines the mechanistic role of AHR in CSC
pathophysiology and evaluates its potential as a
therapeutic  target through four integrated
dimensions: stemness regulation and mitochondrial
function, epigenetic remodeling, and cell death
pathways (Figure 2).

AHR and stemness regulation

Octamer-binding transcription factor 4 (OCT4),
SRY-box transcription factor 2 (SOX2), Nanog, and
Kruppel-like factor 4 constitute core pluripotency

factors essential for maintaining the self-renewal,
proliferation, and differentiation capacities of CSCs
[112, 113]. These transcriptional regulators are
significantly upregulated in CSCs across diverse
malignancies, including breast [114, 115], pancreatic
[116], and lung [117] cancers. Elevated expression of
these factors not only enhances tumor-initiating
potential, chemoresistance, and metastatic
competence [118-120] but also correlates negatively
with clinical outcomes, which are associated with
poor prognosis and reduced patient survival
[121-123]. Nacarino-Palma et al. (2021) demonstrated
that constitutive AHR deficiency increases the
expression of stem cell regulators (e.g., OCT4 and
SOX2), promoting stem cell expansion and driving
non-small cell lung cancer pathogenesis [124]. Cheng
et al. (2015) established an inverse correlation between
AHR and OCT4 expression across human embryonic

uu AHR IbL02A1 / ENO1/ETC gene

cancer stem cell

cancer cell

Promoter

AHR AHR
== ARNT
HIF-1a
HIF-18
(ARNT) HIF-1a

glycolysis/%
HK2 il

/ AHRt ATP

AHR Y

mitochondrial
autophagy

‘mitochondrial
biogenesis

Figure 2: AHR as a Key Regulator of Mitochondrial Function in Cancer Stem Cells. AHR not only localizes to the nucleus to exert canonical transcriptional
regulation but also prominently colocalizes with the mitochondrial matrix and outer membrane, suggesting its direct involvement in mitochondrial quality control systems.
Compared with differentiated cancer cells, CSCs exhibit unique mitochondrial morphology characterized by a smaller size, rounded shape, and interconnected network
structures—features critical for maintaining their stemness. AHR has dual regulatory effects on glycolysis and OXPHOS. Mechanistically, AHR suppresses glycolysis by inhibiting
the transcription of SLC2A1 and ENOI while competing with HIF1A for binding to HIF-1B, thereby destabilizing the HIFI complex. Conversely, AHR transcriptionally activates
HK?2, a key glycolytic enzyme, significantly increasing glycolytic flux. Notably, AHR activation inhibits mitochondrial respiratory chain activity, represses 20 ETC-related genes and
directly interacts with mitochondrial proteins to suppress complex | and complex V activity. Furthermore, AHR dynamically regulates mitochondrial dynamics in
CSCs—promoting fission and mitophagy while inhibiting fusion—to fine-tune metabolic adaptation and maintain stemness. This image was created using BioRender.com.
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stem cells, embryonic carcinoma cells, tumor cell lines
(HeLa, HepG2, U87, HT-29, and MCEF-7), and
nontumor lines (HUVEC, LO2, and 2937).
Mechanistically, AHR binds the OCT4 promoter to
repress transcriptional activity [125].

In contrast, evidence indicates that AHR
activation may potentiate cancer stemness. Exogenous
administration of Kyn can upregulates OCT4 and
SOX2 expression, increasing ~ the  tumor
sphere-forming capacity of breast cancer cells [126].
Furthermore, AHR stabilizes the SOX2 protein by
suppressing its ubiquitination via protein kinase A
pathway activation, consequently augmenting cancer
stemness in small cell lung cancer (SCLC) and
correlating with poor clinical outcomes in SCLC
patients[127]. AHR plays a dual role in regulating
stemness gene expression in CSCs. It can suppress the
self-renewal and tumorigenic potential of CSCs by
downregulating the expression of stemness genes
such as OCT4 and SOX2. Conversely, AHR activation
may enhance CSC stemness by upregulating these
genes or inhibiting their ubiquitination. This dual
nature likely depends on the AHR ligand type,
heterogeneity of the tumor microenvironment, and
cross-regulation of signaling pathways. Future
research should investigate the role of AHR in diverse
tumor microenvironments and its regulatory
mechanisms in maintaining CSC stemness.

AHR and EMT

EMT represents a critical biological process
wherein polarized epithelial cells lose intercellular
adhesion properties and acquire mesenchymal

phenotypes  [128]. This dynamic plasticity
significantly impacts the clinical outcomes of
malignant tumors by increasing tumor cell

invasiveness, inducing apoptosis resistance, and
conferring therapeutic tolerance [129-131]. Notably,
EMT not only constitutes a core regulatory
mechanism for CSCs but also endows disseminated
tumor cells with hybrid epithelial-mesenchymal
stemness properties, rendering them the most
aggressive and chemotherapy-resistant metastatic
precursors  [132-134].  Recent studies have
demonstrated that AHR plays pivotal roles in EMT
regulatory networks. Li et al. (2017) [135] revealed that
cytoplasmic AHR exerts EMT-suppressive effects
through accelerated vimentin degradation, whereas
ligand-mediated AHR nuclear translocation may
constitute a critical molecular switch for EMT
activation. In lung cancer models, sustained
benzopyrene (BaP)-induced AHR activation induces
canonical EMT phenotypic conversion, characterized
by E-cadherin suppression and significant N-cadherin
upregulation [136]. EMT initiation depends on the

integration of microenvironmental signals (TGEF-p,
Wnt, and Notch), with the TGF-p axis occupying
central regulatory dominance: the canonical Smad
pathway  regulates mesenchymal phenotype-
associated gene expression via SMAD complex
nuclear translocation, = whereas  noncanonical
pathways cooperatively promote EMT through
posttranslational modifications, including
phosphorylation/ubiquitination [137-141]. In SHH
medulloblastoma, AHR maintains tumor cell
differentiation by inhibiting SMAD3 phosphorylation;
its deficiency causes aberrant TGEF-p/SMAD3
pathway activation and undifferentiated phenotypes
[142].  Conversely,  during  colitis-associated
carcinogenesis, TGF-p synergizes with IL-6 to induce
AHR expression and promote IL-22 secretion by Th17
cells through ligand-dependent activation, thereby
remodeling the tumor immune microenvironment
[143, 144]. In glioma research, Gramatzki et al. (2009)
discovered tissue-specific dual regulatory
characteristics in AHR-TGF-B signaling crosstalk:
AHR inhibition downregulates the TGF-/Smad
pathway in human glioblastoma cells, reducing
proliferation and invasiveness; in contrast, AHR
negatively regulates TGF-P signaling in nonneoplastic
astrocytes  [145]. However, the AHR-TGF-p
relationship transcends wunidirectional regulation,
with accumulating evidence supporting dynamic
bidirectional crosstalk. Miret et al. (2016) [146]
demonstrated that the AHR activator
hexachlorobenzene rapidly triggers c-Src activation
through AHR, increasing the phosphorylation of
TGF-p1 downstream effectors (Smad3, JNK, and
ERK1/2). Conversely, when TGF-p1 concentrations
reach threshold levels in the TME, an inhibitory
feedback loop suppresses AHR expression. This
homeostatic imbalance ultimately promotes breast
cancer invasion and progression. Current evidence
reveals that AHR and the TGF-B/EMT axis establish
intricate regulatory networks through
positive/negative  feedback loops. AHR-TGF-f
interaction nodes may represent novel therapeutic
targets to overcome EMT-associated treatment
resistance. However, selection between AHR
agonists/antagonists requires the consideration of
specific TME characteristics for precise modulation of
the context-dependent tumor-suppressive  or
oncogenic functions of AHR.

AHR and mitochondrial metabolism

Emerging research reveals that mitochondria in
CSCs  function beyond classical "powerhouses,"
instead of operating as regulatory hubs that govern
CSC fate through multiple mechanisms [147, 148].
Compared with differentiated cancer cells, CSCs
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exhibit  distinct  mitochondrial =~ morphology
characterized by small, globular structures with a
networked  organization. = This  architectural

specialization confers metabolic particularities such as
succinate and L-2-hydroxyglutarate accumulation—
metabolites that sustain CSC self-renewal by
inhibiting histone lysine demethylase activity [149].
DRP1  knockdown  transforms  mitochondrial
morphology from fragmented spheres to elongated
forms in oral squamous cell carcinoma stem cells,
concomitant with increased a-ketoglutarate (a-KG)
levels that drive TCA cycle flux and histone
modification, consequently suppressing stemness
while increasing ferroptosis susceptibility [150]. The
metabolic phenotypes of CSCs vary among
malignancies, with subsets exhibiting either glycolytic
dominance or oxidative phosphorylation (OXPHOS)
dependence [151]. In prostate cancer, hepatocellular
carcinoma, osteosarcoma, lung cancer,
nasopharyngeal carcinoma, and other solid tumors,
CSC  subpopulations primarily utilize aerobic
glycolysis to generate ATP and metabolic
intermediates that support stemness maintenance.
Glycolysis inhibitors, which represent promising
therapeutic targets, have demonstrated significant
anti-CSC efficacy [152]. Conversely, glioblastoma,
pancreatic ductal adenocarcinoma, and ROS-low
quiescent leukemia stem cells display profound
OXPHOS dependence. Notably, forced OXPHOS
utilization in PDAC cells enriches CSCs, as evidenced
by elevated CSC biomarker expression, increased
tumorigenic potential, and increased immune evasion
capacity [153]. Regardless of their metabolic
configuration,  mitochondria  remain  pivotal
regulators of CSC functionality.

CSCs typically reside within hypoxic tumor
niches and exhibit elevated OXPHOS capacity with
low reactive oxygen species (ROS) levels and robust
antioxidant defense systems that collectively sustain
self-renewal and stemness [154, 155]. Mitochondrial
dysfunction increases ROS generation, effectively
suppressing self-renewal while triggering CSC
differentiation [156]. Furthermore, mitochondrial
subcellular localization and dynamics—including
fission/fusion  processes—are essential  for
maintaining csC stemness. Asymmetric
mitochondrial distribution influences daughter cell
fate: Progeny receiving fewer perinuclearly localized
aged mitochondria retain stem-like properties.
Inhibiting mitochondrial fragmentation disperses
senescent mitochondria throughout the network,
causing daughter cells to lose their stem cell
characteristics  [157]. Through their unique
morphology, metabolic phenotypes, and subcellular
positioning, mitochondria serve as key regulators of

CSC fate. Their dynamic modulation not only impacts
CSC self-renewal and therapy resistance but also
affects tumor aggressiveness and treatment response.
Elucidating mitochondrial regulatory mechanisms in
CSCs will provide a theoretical foundation for
developing  metabolism-targeted  interventions
against CSC populations.

Multiple studies have identified AHR as a key
molecule linking CSC metabolic phenotypes to
mitochondrial function regulation. Previous research
has demonstrated that AHR colocalizes with
mitochondria in specific cell types [158], where its
cytoplasmic binding partners AIP and HSP90 interact
with the mitochondrial outer membrane translocase
complex to facilitate the mitochondrial import of
proteins lacking classical mitochondrial targeting
sequences (MTSs), including AHR. Notably, TCDD-
induced mitochondrial dysfunction may involve
aberrant degradation of mitoAHR [159]. This
subcellular colocalization suggests direct AHR
involvement in the regulation of mitochondrial
function. The following sections systematically
delineate AHR regulatory mechanisms across three
dimensions: mitochondrial metabolic control, quality
surveillance systems, and stress responses.

Mitochondrial metabolic regulation

At the bioenergetic level, AHR exhibits
bidirectional control over glycolysis and OXPHOS. In
colorectal cancer (CRC), AHR directly interacts with
IncRNA-SLCC1  to  transcriptionally  activate
hexokinase 2 (HK2), a key glycolytic enzyme,
significantly ~ increasing  glycolytic  flux and
accelerating tumor growth [160]. Similarly, separate
CRC studies revealed the pivotal glycolytic role of
AHR: common APC deficiency activates AHR via the
TDO2-Kyn pathway, increasing glycolysis to drive
anabolic cancer cell proliferation while promoting
CXCL5-mediated macrophage recruitment, which
establishes an immunosuppressive microenvironment
[161]. Conversely, epidermal keratinocyte studies
have demonstrated AHR-mediated glycolytic
suppression; ChlP-seq analyses have confirmed that
AHR binds to promoter regions of the glucose
transporter SLC2A1 and the glycolytic enzyme ENO1,
inhibiting their transcription and significantly
reducing glycolytic flux and pyruvate levels [162]. In
addition to direct regulation, AHR indirectly
modulates mitochondrial metabolism through HIF-1.
The HIF-1 heterodimer (HIF-la/HIF-1P) critically
enables CSC adaptation to hypoxia by enhancing
glycolytic capacity while suppressing OXPHOS.
Mechanistically, AHR activation competes with
HIF1A for dimerization partner HIF-1P, sequestering
HIF-1B and destabilizing the HIF-1 complex. This
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disruption impairs basal glycolysis in human
coronary artery endothelial cells while enhancing
fatty acid oxidation as an alternative fuel source [163].
AHR activation significantly = suppresses the
mitochondrial respiratory chain. Murine muscle
tissue studies have demonstrated that AHR activation
markedly increases pyruvate dehydrogenase kinase 4
expression and pyruvate dehydrogenase
phosphorylation, thereby inhibiting mitochondrial
bioenergetic utilization of carbohydrates [164].
Exposure to classic AHR activators —Polycyclic
aromatic hydrocarbons and their chlorinated
derivatives —induces substantial metabolic
perturbations; these compounds activate AHR to
repress 20 genes associated with the mitochondrial
electron transport chain (ETC) while directly
interacting with mitochondrial proteins to inhibit
complex V and complex I activities [165].

AHR and Mitochondrial Quality Control Systems

Multiple studies have indicated that AHR
critically regulates mitochondrial quality control. For
instance, in oxidative stress models such as
H,O,-treated melanocytes, AHR potentially protects
against oxidative damage by modulating nuclear
respiratory factor 1 and its downstream targets to
promote mitochondrial DNA synthesis and ATP
production. Conversely, impaired AHR activation
may compromise mitochondrial repair mechanisms,
exacerbating oxidative stress-induced melanocyte
apoptosis [166]. Similarly, following TCDD exposure
in CD4" T cells, early-phase AHR activation alters
mitochondrial dynamics: fission gene expression

increases, while fusion-related gene expression
decreases, concomitant with metabolic
reprogramming, as evidenced by significantly

reduced cellular respiration and glycolytic rates.
Collectively, these findings suggest that AHR impairs
cellular metabolism by disrupting quality control
mechanisms, thereby compromising metabolic
signatures essential for CD4" T-cell activation and
differentiation [167]. And AHR can also regulates
mitophagy. Upon exposure to the toxicant BaP,
mitophagy is increased in HaCaT cells to eliminate
damaged mitochondria. AHR knockout suppresses
BaP-induced mitophagy, restoring the mitochondrial
membrane potential (MMP) and ATP levels [168].
Moreover, activation activation of AHR by
endogenous agonists significantly increases the
transcription and protein levels of the mitophagy
receptor Bnip3 in hepatocytes. ChIP-seq and
luciferase reporter assays demonstrated that AHR
interacts with the Bnip3 enhancer region (-10 kb),
directly regulating mitophagy [169].

Sustained AHR activation has been shown to

induce mitochondrial dysfunction across multiple
tissues. In the liver, the potent AHR activator TCDD
triggers oxidative stress, partly by disrupting
mitochondrial metabolism, leading to inner
membrane hyperpolarization, followed by reduced
cellular respiration and ATP production. In contrast,
AHR-knockout mice exposed to TCDD exhibited
significantly =~ lower hepatic ROS generation.
Furthermore, PM2.5 induces mitochondrial
dysfunction through AHR-mediated CYP1Al
overexpression, resulting in mitochondrial ROS
accumulation, mitochondrial permeability transition
pore (mPTP) opening, MMP collapse, decreased ATP
levels, and downregulation of mRNAs encoding
mitochondrial ~ proteins, ultimately  impairing
cardiomyocyte development in zebrafish embryos.
These defects are alleviated by pharmacological or
genetic inhibition of AHR [166].

AHR not only localizes to the nucleus to exert
canonical transcriptional regulation but also
significantly colocalizes with the mitochondrial
matrix and outer membrane, suggesting its direct
involvement in mitochondrial quality control.
Moreover, AHR modulates mitochondrial
homeostasis through multiple mechanisms. Notably,
although the multifaceted regulation of mitochondria
by AHR has been validated in nonneoplastic diseases
and diverse tumor entities, its specific role in CSCs
remains a critical knowledge gap. For example, the
spatial coordination between CSC-specific metabolic
plasticity and AHR signaling remains unclear.
Deciphering the AHR-mitochondrion axis in CSCs
may provide a theoretical basis for metabolically
targeting CSCs and opening new avenues to
overcome chemoresistance.

AHR and epigenetic regulation

Epigenetic regulation—As a heritable gene
expression regulatory system that is independent of
DNA sequence alterations, this mechanism plays a
pivotal role as a critical molecular bridge in
organisms’ responses to environmental stimuli owing
to its dynamic reversibility. Its core mechanisms
include DNA methylations, posttranslational histone
modifications, three-dimensional chromatin
structural remodeling, and noncoding RNA
regulatory networks. These processes precisely
control spatiotemporal gene expression patterns,
thereby determining cell fate decisions and
maintaining lineage-specific characteristics [170, 171].
Recent studies have revealed that tumor
heterogeneity substantially originates from the
unique phenotypic plasticity of CSCs. These cells
exhibit dynamic interconversion between stem-like
and differentiated states, leveraging epigenetic
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reprogramming to evade apoptosis and initiate
metastatic progression [151, 172, 173]. Notably, AHR,
an evolutionarily conserved environmental chemical
sensor, plays a pivotal role in maintaining CSC
stemness and regulating plasticity. Through
ligand-dependent epigenetic regulatory mechanisms,
AHR integrates exogenous stimuli with endogenous
signaling pathways, offering novel molecular insights
into environment-genome interactions (Figure 3).

AHR and DNA methylation

DNA methylation occurs through the addition of
a methyl group to the cytosine base at the C5 position,
which is catalyzed by DNA methyltransferases
(DNMTs), leading to transcriptional activation or
suppression of various genes and the regulation of
diverse cellular functions—a process tightly
controlled by enzymatic reactions [174]. Aberrant

genome-wide hypomethylation and locus-specific
hypermethylation have been reported in multiple
tumor tissues, including breast, liver, and ovarian
cancers, and serve as hallmarks of cancer
development and progression [175-177]. The
transformation, differentiation, and dedifferentiation
of CSCs require precise methylation regulation.
Dynamic DNA methylation aberrations, such as
promoter hypermethylation of tumor suppressor
genes and hypomethylation of proto-oncogenes,
disrupt normal cellular processes, thereby promoting
carcinogenesis.  Furthermore, abnormal DNA
methylation interferes with pluripotency-associated
transcription and signaling in stem cells, destabilizes
the balance between self-renewal and differentiation,
and drives the conversion of normal stem cells into
CSCs [178-180].
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Emerging evidence from epigenetics has shed
new light on the tissue-specific regulatory
mechanisms of the AHR signaling pathway. Stueve et
al. (2017) performed whole-genome methylation
sequencing of human lung tissues and identified
seven  hypomethylated  regions  significantly
associated with smoking, including the XRE core
binding sites of the canonical AHR target gene
CYP1B1 and its negative feedback regulator AHRR
[181]. Further mechanistic insight was provided by
Miura et al. (2021) using HepG2 cell models:
B-naphthoflavone (BNF)-activated AHR specifically
bound to unmethylated XRE sequences, and the
AHR-bound XRE sites remained hypomethylated
even when adjacent CpG sites were methylated [182].
This finding suggests that chronic AHR ligand
exposure may dynamically reshape the epigenome,
establishing a positive feedback loop characterized by
“AHR  activation-hypomethylation-target = gene
transcription”. Habano et al. (2022) proposed that
AHR may function as an epigenetic “reader”: its
PAS-B domain recognizes the methylation status of
XRE sites, preferentially binding to hypomethylated

XREs to initiate transcription, whereas
hypermethylation causes steric hindrance that
disrupts AHR-DNA interactions [183]. This

mechanism helps explain the functional heterogeneity
of AHR across tissues (e.g., liver vs. lung) and tumors
(e.g., lung adenocarcinoma vs. hepatocellular
carcinoma). Regional methylation patterns may
redirect AHR signaling output, thereby influencing
processes such as xenobiotic metabolism and immune
responses.

The AHR pathway also bidirectionally regulates
DNA methylation homeostasis, remodeling the tumor
epigenomic landscape. In Triple-negative breast
cancer, high AHR expression is correlated with
BRCA1 promoter hypermethylation. AHR recruits
DNMT1 to the BRCA1l promoter, facilitating CpG
island methylation and increasing the expression of
proliferation markers (e.g, Cdk4 and Ccndl).
Silencing AHR reversed this repression. Constitutive
AHR expression coupled with BRCA-1 promoter CpG
hypermethylation may serve as a predictive
biomarker for the development of ERa-negative
breast tumors [16, 184]. Similarly, TCDD induces
promoter hypermethylation of p16INK4a and p53 via
an AHR-dependent mechanism, inhibiting senescence
and promoting aberrant proliferation in keratinocytes
[185].  Additionally, =~ AHR  participates in
demethylation processes. PM2.5 exposure disrupts
the methylation-demethylation balance through the
AHR-ROS axis, resulting in decreased DNMT1/3A
expression and increased TET1/3 activity, ultimately
accelerating keratinocyte senescence [186]. In systemic

lupus erythematosus (SLE), the Trp metabolite Kyn
suppresses adenosine production in Treg cells via the
AHR-TET?2 axis, wherein AHR directly binds to the
TET2 promoter and enhances its transcription [187].

Recent studies have indicated that AHR-
mediated epigenetic changes are not limited to
unidirectional hypomethylation or hypermethylation
but may comprehensively alter methylation patterns.
A population-based study revealed that early-life
AHR ligand exposure led to persistent changes in
whole-blood DNA methylation patterns that persisted
into adulthood. The methylation levels of 11 genes
(including cancer-related genes such as FRMD4A
[188, 189]and ANPEP [190]) correlated with maternal
exposure levels. Whole-genome bisulfite sequencing
further confirmed that developmental TCDD
exposure durably reprogrammed the genome-wide
methylation landscape in CD4" T cells, impairing their
expansion and effector function in response to
influenza virus infection in adulthood. These changes
were widespread and complex, involving multiple
hyper and hypomethylated regions, thereby
promoting polarization of the methylation landscape.
Notably, demethylating agents only partially restore
CD4" T-cell function [191]. In summary, AHR ligands
are widespread environmental factors that exert
broad, persistent, and multidimensional effects on
DNA methylation, profoundly influencing gene
expression and  cellular  function.  Further
investigations into the role of AHR in epigenetic
regulation are crucial for understanding its
pathophysiological mechanisms.

AHR and Histone Maodifications

Histone modifications, as reversible covalent
posttranslational ~ protein  modifications  (e.g.,
acetylation, methylation, lactylation), regulate gene
expression programs by altering the spatial
conformation of chromatin [192]. In CSCs, these
modifications modulate key signaling pathways
(WNT, NOTCH, JAK/STAT, etc), forming a
bidirectional regulatory network that synergistically
promotes stemness maintenance, self-renewal, and
EMT processes. HDACs are closely associated with
epigenetic gene silencing and condensed chromatin
states in cancer. Overexpression of HDAC has been
observed in various cancers, including gastric,
prostate, colorectal, esophageal, lung, and breast
cancers. On the other hand, multiple studies have
reported that HDAC inhibitors are promising
therapeutic agents for cancer control [193].
Additionally, acetylations can interact with key
signaling pathways in CSCs. In CRC,the acetylation
level of the Wnt/p-catenin signaling pathway is
associated with the homeostasis of colorectal cancer
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stem cells [194]. Furthermore, in multiple myeloma,
aberrant activation of the NOTCH ligand JAG2 is
closely linked to its acetylation level: loss of function
in the nuclear corepressor complex SMRT-HDAC3
elevates histone H3K27 acetylation (H3K27ac) at the
JAG2 promoter region, increasing chromatin
accessibility and driving JAG2 overexpression [195].
Histone methylation influences CSC fate by
modulating the activity of pioneer transcription
factors. The interaction between the acidic domain of
OCT4 and the H3 tail region is regulated by the
H3K27 methylation state, which alters nucleosomal
DNA exposure sites and modulates the cooperative
binding efficiency of downstream factors such as
SOX2 [196]. The H3K4 methyltransferase SETD1A
directly sustains the OCT4/SOX2 core regulatory
network, and its wupregulation is significantly
associated with chemotherapy resistance. Preclinical
studies have confirmed that SETD1A knockdown
effectively suppresses the growth of tamoxifen-
resistant cells and CSCs [197, 198].

Histone acetylation positively regulates AHR
expression by increasing promoter accessibility. Ding
et al. (2018) reported that chronic ultraviolet
irradiation induces hyperacetylation of histone H3 in
skin cells and significantly increases H3K27ac at the
AHR promoter region, thereby promoting AHR
mRNA expression, activating the AHR-MMP
pathway, and ultimately leading to collagen
degradation [199]. On the other hand, AHR can
reciprocally regulate histone acetylation. For example,
stimulation with cinnamic acid (CA), an AHR-specific
agonist, promotes the formation of an AHR-SRC1
complex that is enriched at the Stc2 gene promoter.
This enhances H4Kl6ac levels, activates Stc2
transcription, and facilitates the repair of chemical-
induced damage in hepatocytes [200]. In gastric
cancer, AHR expression is positively correlated with
histone acetylation levels. AHR knockdown
significantly inhibits Aza-PBHA-induced histone
acetylation and affects cell cycle progression [201].
However, in Hepatocellular carcinoma (HCC), AHR
expression is positively associated with HDAC levels.
AHR directly binds to the HDAC8 promoter to
promote its transcription; upregulation of HDACS
targets the promoter of the tumor suppressor RB1,
inhibits its expression, and thereby promotes HCC
progression [202, 203].

Histone methylation modulates gene expression
and activity, a regulatory mechanism that also
extends to the AHR signaling pathway. In a liver
cancer model, the histone demethylase LSD1
catalyzes the demethylation of H3K4me3, thereby
inducing a repressive chromatin state at the AHR
promoter. This erasure of H3K4me3 by LSD1 leads to

CpG island hypermethylation and transcriptional
silencing of AHR. Treatment with the LSD1 inhibitor
SP2509 reverses this epigenetic suppression and
restores both AHR mRNA and protein levels [204].
Similarly, in a female fibrosis mouse model,
KDM5B/KDM5C-mediated modulation of H3K4me3
facilitates coordinated activation of the AHR, Arnt,
and Aip genes through chromatin opening
remodeling [205]. Conversely, AHR can also regulate
histone methylation levels. In colitis, the AHR/
glycolysis/SIRT1 pathway indirectly modulates
H3K9me3 modification in CD4* T cells, effectively
reducing H3K9me3 enrichment at the Foxp3 promoter
region (positions -1,201 to -1,500), thereby promoting
Treg differentiation and alleviating disease
progression [206].

AHR and non-coding RNAs

The interplay between AHR and non-coding
RNAs in epigenetic regulation remains largely
unexplored; however, emerging evidence suggests
significant research potential in this area. Alluli et al.
(2023) observed that AHR modulates the expression
of multiple IncRNAs, with numerous differentially
expressed IncRNAs identified in A549 cells exposed
to benzo[a]pyrene (B[a]P) [207]. In pancreatic cancer
research, environmental toxicant TCDD-activated
AHR induces IncRNA MALAT1 expression. MALAT1
subsequently recruits EZH?2, the catalytic subunit of
PRC2, to deposit H3K27me3 at tumor suppressor
gene promoters, thereby mediating epigenetic
silencing and promoting cancer progression. This
AHR-MALATI1-EZH?2 signaling axis mechanistically

links environmental exposure to epigenetic
dysregulation [208]. AHR also participates in
epigenetic  pathways  governing  homologous

recombination (HR) repair in recurrent miscarriage.
As a transcription factor, AHR promotes Inc-HZ10
transcription. Conversely, Inc-HZ10 upregulates AHR
expression by inhibiting CULB4-mediated
ubiquitination and degradation, establishing a
positive feedback loop. This Inc-HZ10/AHR axis
impairs HR repair of double-strand breaks (DSBs) in
human trophoblast cells by reducing BRCA1 nuclear
abundance and compromising BRCA1 recruitment to
DSB foci, ultimately leading to DSB repair defects
[209].

AHR and Cell Fate: Modes of Cell Death

The goal of cancer therapy is to eliminate tumor
cells while minimizing damage to normal cells.
However, due to tumor resistance, cancer treatment
remains challenging. Thus, investigating the signaling
pathways and molecular mechanisms underlying
distinct cell death modalities may facilitate the
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discovery of novel antitumor strategies or the
optimization of existing therapeutic regimens (Figure
4).

Ferroptosis

Ferroptosis is an iron-dependent regulated cell
death driven by oxidative damage and membrane
disruption [210]. It interacts with tumor suppressors
such as TP53 [211, 212] and KEAP1 [213, 214] to exert
its  antitumor effects. Owing to metabolic
reprogramming, genetic mutations, and imbalanced
ferroptosis defenses, certain cancers, including breast
cancer and small cell lung cancer, exhibit exceptional
susceptibility to ferroptosis [215-218]. Ferroptosis-
targeting interventions —including agents like IFN-y,
sorafenib, and  sulfasalazine, as well as
ferroptosis-immunotherapy combinations —
effectively suppress tumor progression and overcome
drug resistance [211, 219, 220]. Zhang et al. (2024)
found that the gut microbiota-derived metabolite
trans-3-indoleacrylic acid (IDA) confers ferroptosis
resistance in CRC. IDA activates AHR as an

Cys Glu

exogenous ligand, upregulating ALDHI1A3 and
AIFM2 (FSP1) to enhance NADH regeneration and
maintain redox homeostasis. AHR knockout reverses
IDA-induced tumor growth and restores ferroptosis
susceptibility [221]. The regulatory role of AHR in
ferroptosis extends to NSCLC: studies have confirmed
AHR directly binds the SLC7A11 promoter to increase
its expression, enhancing glutathione synthesis and
ROS scavenging, thereby inhibiting ferroptosis and
promoting cancer progression [222].

Conversely, in intestinal intraepithelial
lymphocytes (IELs), AHR hyperactivation promotes
ferroptosis: loss of AHRR sustains AHR signaling,
inducing CYP1A1l expression. CYPIAl1 generates
superoxide anions via electron leakage, triggering
lipid peroxidation. Consequently, AHRR-/- mice
exhibit broad IEL deficiencies, which are reversed by
dietary selenium or vitamin E supplementation [223].
Thus, AHR signaling must be tightly regulated to
prevent oxidative stress imbalance and uncontrolled
ferroptosis.
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Apoptosis

Apoptosis is an energy-dependent programmed
cell death process that eliminates dysfunctional or
abnormal cells in response to stressors such as
hypoxia, DNA damage, or viral infection [224, 225]. It
involves caspase cascade activation or mitochondrial
cytochrome C release and has been extensively
studied as a cancer therapeutic target [226].

AHR serves as a key sensor for environmental
chemicals, with its role in apoptosis varying by
external signals. The canonical AHR/ARNT complex
transcriptionally activates CYPs to regulate redox
homeostasis. During catalytic reactions, CYPs
generate sustained ROS via “uncoupling cycles,”
increasing proapoptotic stress [227]. In an HCC
model, Zhan et al. (2022) demonstrated that ionizing
radiation (IR) significantly elevated cleaved PARP
and cleaved caspase-3 levels by inducing AHR
overexpression, promoting tumor cell apoptosis.
Conversely, AHR degradation reduces ROS
production and reverses IR-induced apoptosis,
revealing the proapoptotic function of the AHR-CYP
axis in oxidative stress responses [228]. Conversely, in
uterine leiomyoma, the phthalate metabolite MEHHP
activates AHR via the Kyn pathway, suppressing
apoptosis; AHR knockout or CH223191 abolishes this
survival effect [229]. In BRAF V600E-mutant thyroid
cancer, MAPK/ERK signaling upregulates AHR,
which  induces = CYP2S1. CYP2S1-generated
metabolites act as endogenous AHR ligands, creating
an autocrine loop that drives proliferation, invasion,
and apoptosis resistance [230].

Pyroptosis

Pyroptosis is gasdermin-mediated programmed
necrosis marked by pore formation, osmotic lysis, and
release of DAMPs and IL-1B/IL-18 [231]. Localized
tumor  pyroptosis  remodels the immune
microenvironment and synergizes with immune
checkpoint inhibitors to activate antitumor immunity
[232]. In renal injury models (BDE-47/Cd), AHR
pathway activation correlates with tubular epithelial
pyroptosis; the AHR antagonist CH223191 reduces
cleaved caspase-3 and GSDME-NT, confirming AHR
involvement [233]. In BaP-induced myocardial
infarction, ~ AHR  suppresses = PINK1/Parkin
mitophagy, triggering mPTP overactivation, ROS
release, and NLRP3 inflammasome activation,
forming a pyroptotic feedback loop [234]. These
findings suggest  tissue-specific =~ regulatory
mechanisms of AHR in different injury models.
Conversely, AHR negatively regulates NLRP3 in
macrophages: AHR binds the NLRP3 promoter XRE
to suppress transcription, reducing caspase-1

activation and IL-1p secretion [235]. In a colitis model,
myeloid-specific =~ AHR  deficiency  exacerbates
macrophage pyroptosis, whereas supplementation
with an AHR ligand precursor inhibits potassium
efflux and NLRP3 assembly via Odcl-driven
polyamine  biosynthesis, thereby suppressing
pyroptosis and alleviating colitis symptoms [236].
Notably, while the mechanistic link between
AHR and pyroptosis has been extensively studied in
inflammatory diseases, their interplay within the
tumor microenvironment remains a significant
knowledge gap requiring further investigation.

AHR signaling exhibits dual tumor
immunomodulatory effects

AHR has emerged as a pivotal regulator within
the tumor immune microenvironment. By responding
to endogenous ligands such as Trp metabolites (e.g.,
Kyn), AHR orchestrates immunosuppressive
networks through modulating tumor-associated
macrophage (TAM) polarization, regulatory T-cell
(Treg) differentiation, and effector T-cell exhaustion
(Figure 5). Notably, crosstalk between AHR signaling
and immune checkpoints (e.g., PD-1/PD-L1) directly
influences checkpoint molecule expression, thereby
impacting immunotherapy efficacy. Targeting AHR
pathways to counteract tumor immune evasion
represents a promising frontier in cancer
immunotherapy.

AHR and T cells

T cells play a pivotal role in maintaining human
health and combating disease, and they serve as a
cornerstone of cancer immunotherapy.CD8" T cells
are core antitumor effectors that kill tumor cells via
granzyme B/perforin and cytokine secretion (IFN-vy,
TNF-a), while also inhibiting angiogenesis and
enhancing DC function [237, 238]. They generate
memory subsets for long-term surveillance [239, 240].
thus, durable CD8" T-cell responses directly
determine tumor recurrence and patient survival
However, in progressive tumors, chronic antigen
stimulation  drives CD8" T  cells into
exhaustion—characterized by sustained inhibitory
receptor expression (PD-1, LAG-3, TIM-3) and loss of
effector function [237, 241, 242]. Reinvigorating
exhausted TILs is therefore a key strategy to enhance
immunotherapy efficacy. Takenaka ef al. (2019) linked
AHR activation to CD8" T-cell exhaustion in the TME.
Tumor-derived Kyn activates AHR in TAMs,
inducing CD39 expression, which synergizes with
CD73 to produce adenosine. Adenosine-A2AR
signaling upregulates exhaustion markers (Pdcdl,
Gata3, 1kzf2) and suppresses IFN-y/TNF-a secretion
in CD8" T cells [243]. Liu et al. (2021) further
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confirmed AHR's central role in exhaustion: AHR
inhibition or knockout reduced inhibitory receptor
expression and restored IFN-y/TNF-a production.
Mechanistically, AHR directly binds promoters of
exhaustion-related genes (PDCD1, LAG3, HAVCR?2,
ENTPD1), revealing its critical function as a
transcription factor in CD8* T-cell exhaustion [244].
Conversely, single-cell analysis revealed AHR is
essential for  generating  highly  activated,
polyfunctional CD8* TILs. AHR-deficient CD8" T cells
showed reduced polyfunctional and activated subsets
but increased circulating memory-like phenotypes,
leading to accelerated tumor growth [245]. Notably,
AHR-mediated regulation of CD8" T cells involve the
microbiota-metabolite axis. In a melanoma model, the
tryptophan metabolite indole-3-aldehyde (I3A)
derived from Lactobacillus reuteri (Lr)activates AHR
signaling in CD8" T cells via the AHR-CREB-Blimp1
axis, thereby promoting an immunostimulatory
phenotype [246].
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Figure 5: Role of AHR in the tumor immune microenvironment. AHR plays a multifaceted role within the tumor immune microenvironment (TIME), exerting distinct
effects on various immune cell components. AHR regulates the recruitment of TAMs and drives their polarization toward an immunosuppressive phenotype. It further enhances
the immunosuppressive function of macrophages via the Treg—macrophage interaction axis. In CD8" T cells, AHR occupies a central position in the exhaustion program: AHR
signaling derived from TAMs drives CD39 expression and collaborates with CD73 to catalyze adenosine production. This promotes significant upregulation of exhaustion
markers (e.g., Pdedl, Gata3, 1kzf2) and suppresses effector molecule production in CD8* T cells. Moreover, AHR is crucial for the development of highly activated and
polyfunctional tumor-infiltrating CD8" T cells (CD8 TILs); AHR-deficient CD8" T cells exhibit reduced polyfunctional and activated (e.g., Ifit1*, Il1b*) subsets but increased
populations with a central memory-like phenotype. AHR is also involved in Treg development, where its expression level is closely correlated with Treg survival and suppressive
activity. AHR governs the differentiation of Th17 cells through multiple mechanisms, including the STAT | -RORyt pathway, which regulates key cytokines such as IL-17 and IL-22.
Critically, AHR is essential for the conversion of Th17 cells into Treg cells, a process reduced by AHR antagonists. AHR acts as a molecular switch for monocyte fate: its activation
promotes monocyte-derived dendritic cell (mo-DC) differentiation via BLIMP-1 induction while suppressing the proinflammatory phenotype of DCs. AHR also participates in
DC-mediated T-cell activation and differentiation. Importantly, the acquisition of IDO1-dependent tolerogenic activity by the cDC2 subset requires AHR expression. This image

was created using BioRender.com.
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Multiple studies have demonstrated that AHR
participates in Treg development. For example, the
exogenous administration of synthetic AHR agonists
suppresses various autoimmune diseases, including
experimental autoimmune encephalomyelitis [255],
colitis [256], and collagen-induced arthritis [257].
Moreover, approximately 40-50% of AHR knockout
mice die shortly after birth due to inflammatory
infiltration in multiple organs. These mice exhibit an
approximately 30% reduction in Treg cells, with the
remaining surviving Tregs showing significantly
decreased FOXP3 levels [258]. Further supporting
this, Griffith et al. (2025) demonstrated that AHR
activation within CD4" T cells can trigger Treg
differentiation. Analysis of human pancreatic tissues
revealed that smokers harbor markedly higher AhR
activity than non-smokers, accompanied by a
pronounced enrichment of Tregs in the tumor
microenvironment. Subsequent experiments
demonstrated that AhR signaling in CD4" T cells
orchestrate the co-accumulation of both Treg and
TH22 cells, thereby attenuating CD8* T-cell effector
function and ultimately promoting pancreatic
tumorigenesis and progression [259]. Similarly, Ye et
al. (2017) employed gene-editing technology to label
AHR in murine Treg cells, revealing that, compared
with other peripheral organs, AHR is preferentially
expressed by microbiota-independent intestinal
Tregs. In a T-cell transfer model of colitis, AHR-
expressing Tregs demonstrated greater in vivo
suppressive activity than AHR-deficient Tregs did
[260]. Importantly, TGF-B, a crucial cytokine
influencing Treg differentiation both in vivo and in
vitro, has synergistic effects with AHR. Notably, naive
human CD4* T cells activated by TGF-3 expression do
not necessarily display suppressive activity.
However, when AHRs are simultaneously active, they
indeed acquire functional Treg characteristics,
including high FOXP3 expression; low expression of
IFNA1, IL2, and 1IL17; and CD39-dependent
suppressive responsiveness [261].

Th17 cells are a distinct CD4" T-cell subset
defined by RORyt expression and production of
IL-17/1L-22, playing critical roles in inflammatory
diseases [262, 263]. AHR regulates Thl7 cell
differentiation through multiple mechanisms. AHR
directly modulates IL-17 expression by binding DRE
sites in the Th17 promoter [264]. It physically interacts
with ROR-yt, as demonstrated by PLA assays in SLE
and RA patient T cells [265] and cooperates with
c-Maf to promote IL-22 production [143]. However,
AHR effects are context-dependent: linoleic acid acts
as an AHR antagonist under Thl7-polarizing
conditions, driving Signal transducer and activator of
transcription 1 (STAT1) phosphorylation (Ser727) to

suppress IL-17 while increasing Foxp3, thereby
disrupting Th17/Treg balance and exacerbating
colitis [266]. Conversely, in SLE mice, MSC-derived
indole 3 pyruvate (I3P) activates AHR to suppress
Th17 cells (IL-17A* cells reduced from 47.3% to 25.7%)
and delay disease progression [267]. Furthermore, the
presence of AHR is critical for Th17 cell plasticity.
Intestinal Th17 cells can transdifferentiate into Treg
cells under the synergistic influence of TGF-$1 (via
Smad3 signaling) and AHR  activation.
Supplementation with the AHR ligand FICZ
significantly enhances the generation of TrlexThl7
cells, whereas AHR antagonism suppresses this
conversion. These in vitro-generated TrlexThl17 cells
exhibit regulatory function [268]. Furthermore,
Damasceno et al. (2022) demonstrated that STING-
induced conversion of pathogenic Thl7 cells to
non-pathogenic Th17 cells requires AHR signaling to
induce IL-10 production while suppressing IL-17A
and IL-23R expression [269].

AHR and macrophages

As key members of the mononuclear phagocyte
system, macrophages maintain tissue homeostasis
through immune regulation, phagocytosis, and
antigen presentation [270]. In the TME, tumor-
associated macrophages (TAMs) represent the most
abundant immune cell population and are broadly
categorized into classically activated M1l-like and
alternatively activated M2-like subtypes. M1
macrophages are generally considered tumoricidal,
whereas M2 macrophages exert immunosuppressive
functions and promote tissue repair as well as tumor
progression. Both M1- and M2-like TAMs coexist
throughout all stages of tumor development, with the
proportion of M2-like TAMs increasing as the disease
progresses [271, 272]. Meta-analyses across multiple
cancer types (cumulative N > 10,000) have confirmed
that high TAMs density correlates with reduced
recurrence-free and overall survival [273-275].

AHR regulates multiple aspects of macrophage
recruitment to the TME. In APC-deficient CRC,
Tryptophan 2,3-dioxygenase (TDO2) metabolizes
tryptophan through the KP, thereby activating AHR.
The TDO2-Kyn-AHR axis promotes tumor
progression through dual mechanisms: enhancing
cancer cell glycolysis and upregulating CXCL5 to
recruit CCR2* TAMs into the tumor core [161]. In
BRCA1-associated breast cancer models, AHR
promotes CD14" monocyte recruitment by regulating
CCL2/CCL5 secretion; these monocytes differentiate
into  proangiogenic = TAMs  that facilitate
neovascularization via VEGF-A/PDGF-BB [276].
AHR also regulates TAM polarization. In PDAC,
TAMs show upregulated AHR and CYP1B1.
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Macrophage-specific =~ AHR  knockout reverses
immunosuppressive phenotypes, enhancing M1
polarization (increased MHC-II, CD40, PD-L1) and
reducing proliferation while increasing apoptosis [13].
Additionally, single-cell transcriptomic analysis of
glioblastoma revealed that macrophage subsets with
elevated AHR activity display prominent M2
characteristics, with minimal enrichment of M1 genes.
TCGA database analysis further revealed strong
positive correlations between AHR pathway genes
(IDO1/TDO2/CYP1B1) and M2 markers (CD206,
CD14), Treg-related genes (FOXP3, IL2RA), and
immune checkpoints (PD-1, CTLA-4) [277]. Current
evidence suggests that AHR  drives the
immunosuppressive polarization of TAMs.

In addition to directly inducing the
immunosuppressive polarization of TAMs, AHR can
also interact with other cells to reinforce the TAM-
regulated immunosuppressive microenvironment. On
the one hand, First, via the Treg-macrophage axis,
Kyn-pretreated Tregs drive M2-like macrophage
polarization through AHR signaling. In coculture
systems, Kyn increased the proportion of CD206*
M2-like macrophages from 20% to 40% (p<0.05), an
effect reversed by the AHR inhibitor CH-223191.
Moreover, Kyn gradients correlated with BM-APC-
mediated CD8* T-cell suppression in wild-type but
not AHR-knockout Tregs, indicating AHR
dependence [278]. On the other hand, AHR regulates
the immune checkpoint CD155 on TAMs. In vivo AHR
inhibition reduced both TAM density and CD155
expression on TAMs, relieving competitive binding to

the T-cell receptor CD226 and reversing
immunosuppression [279].
AHR and DC

Dendritic cells (DC), the most potent

professional antigen-presenting cells (APCs) in the
immune system, efficiently capture, process, and
present antigens. They play pivotal roles in initiating,
regulating, and sustaining immune responses by
inducing potent, antigen-specific T-cell immunity,
positioning them at the center of immune response
orchestration.

AHR serves as a molecular switch for monocyte
fate determination [280, 281]. In in vitro culture
models, AHR activation promotes monocyte-derived
DC (mo-DC) differentiation through BLIMP-1
induction while impairing monocyte-to-macrophage
differentiation. AHR deficiency also compromises
mo-DC differentiation in vivo. Mice fed an
I3C-supplemented diet presented significant increases
in cutaneous mo-DC with concomitant reductions in
MHC class II* macrophages [282]. AHR suppresses
proinflammatory phenotypes in DCs. Nguyen et al.

(2010) demonstrated that LPS/CpG stimulation
markedly upregulates AHR expression in bone
marrow-derived DCs. Genetic ablation of AHR
significantly attenuated IL-10 secretion upon TLR
activation, suggesting that AHR establishes a negative
feedback loop to constrain excessive inflammatory
responses [283]. Platzer et al. (2009) revealed that the
AHR agonist VAF347 inhibits the immuno
competence of human mo-DC through two
mechanisms: reducing IL-12/IL-23 secretion upon
anti-CD40/TNF-a stimulation and impairing the
differentiation efficiency of CD34* hematopoietic
precursors into DCs and Langerhans cells [284].

AHR participates in DC-mediated T-cell
activation and differentiation. AHR activation in DCs
induces IDO1/IDO2 expression, increasing Kyn
production. Kyn promotes Treg differentiation while
suppressing Thl7 polarization through AHR-
dependent mechanisms, establishing an immune-
tolerant microenvironment [285]. Moreover, AHR
plays an essential role in IDO1-tolerogenic pathway
acquisition by DC subsets. The tolerogenic IDO1
pathway is expressed in mature cDCls but absent in
c¢DC2s. The activated IDO1 enzyme in cDCls releases
the Trp metabolite L-Kyn, which acts in a paracrine
manner to propagate tolerogenic activity from the
cDC1 to the ¢cDC2 subsets. This process requires AHR
and its coactivator RelB to regulate IDO1 expression
in cDC2s, thereby eliciting IDOI1-dependent
tolerogenic activity [286].

AHR and immune checkpoints

Upregulation of immune checkpoint expression
has been demonstrated to promote tumor immune
escape. Immune checkpoint inhibitor therapy, which
revitalizes antitumor immunity, constitutes a core
component of cancer treatment and has shown
unprecedented efficacy in a subset of cancer patients.

AHR directly regulates the expression of the
immune checkpoint PD-L1. In breast cancer, elevated
expression of AHR and PD-L1 correlates with
increased Treg infiltration and poor prognosis.
Mechanistically, GM-CSF secreted by breast cancer
cells upregulates AHR expression in macrophages
within the premetastatic niche (PMN). Activated AHR
then binds to the Pdl1 promoter, inducing PD-L1
expression, which in turn promotes Treg
differentiation and establishes an immunosuppressive
PMN [287]. Further mechanistic insights come from
Wang et al. (2021), whose analysis of the PD-L1
promoter revealed five potential consensus AhR
response elements (AHREs). Mutations in these
predicted AHREs significantly impaired AHR-
mediated regulation of PD-L1, demonstrating that
AhR directly transactivates the PD-L1 promoter [288].
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And Han ef al. (2023) analyzed 168 patient samples
and found that the combination of nuclear AHR and
membrane PD-L1 outperformed membrane PD-L1
alone by 29.7% in predicting patient survival benefit,
providing a simple and effective approach for
prognostic prediction in immunotherapy [289].

IDO1 has emerged as a prominent immune
checkpoint closely associated with AHR signaling.
Distinct from classical checkpoints such as PD-1/PD-

L1, which mediate direct contact-dependent
inhibition, IDO1 primarily functions through
metabolic ~ reprogramming  of the  tumor

microenvironment [290-292]. The core mechanism of
IDO-KYN-AHR pathway involves indoleamine-
2,3-dioxygenase-mediated Trp catabolism, generating
Kyn, which activates AHR to modulate immune cell
function [293, 294]. This pathway plays pivotal roles
in shaping the tumor immune microenvironment,
particularly in Treg differentiation and effector T-cell
(e.g., CD8* T cell) suppression, which are closely
associated with tumor immune evasion and tolerance
[295, 296]. In CRC, while tumor cell supernatants had
minimal effects on CD4* T cells, they significantly
inhibited CD8* T-cell function. Further studies
revealed that tumor-derived Kyn activated AHR in
CD4* T cells, increasing FoxP3 transcription to
promote Treg differentiation. Treg expansion
subsequently suppresses CD8* T-cell proliferation
and cytotoxicity, ultimately establishing an
immunosuppressive microenvironment favorable for
tumor progression [297]. In atherosclerosis-related
diseases, the IDO-KYN-AHR pathway has similar
functions. DC-expressed IDO activates AHR in CD4+*
T cells to promote Treg differentiation, thereby
modulating local immune responses [298]. In
addition, in pancreatic cancer, blocking KP and
targeting the Kyn-AHR pathway to blunt the
migration and invasion of cancer cells exhibited
preclinical efficacy and ameliorated IDO1/TDO-
mediated immunosuppression in pancreatic cancer
model mice [299]. Furthermore, in TRC, IDO-
KYN-AHR activation enables escape from IFN-y-
induced apoptosis and induces immunodormancy.
Mechanistically, this pathway upregulates the cell
cycle inhibitor p27, causing cell cycle arrest and TRC
dormancy. Additionally, p27 binds cytoplasmic
phosphorylated STAT1 (p-STAT1), inhibiting its
nuclear translocation and biasing signaling toward
the IDO-AHR cascade [300]. Studies have shown that
combining IFN-y with IDO/AHR inhibitors
effectively eliminates tumors in vivo, providing novel
immunotherapeutic strategies.

In addition, AHR can induce IDO expression,
with TCDD stimulation increasing IDO1 levels
5.4-fold in vitro [301]. Moreover, AHR is essential for

sustained IDO expression in DCs. AHR-/- mice
exhibit complete absence of the IDO2 protein during
the early and late DC maturation stages, along with
significantly reduced IDO1 in the late stages. AHR-/-
DCs showed threefold reduced tolerogenic activity
and impaired Treg induction capacity. While
exogenous Kyn fully reversed IDO enzymatic
inhibition, it failed to restore persistent IDO
expression in AHR-/- DCs, confirming the absolute
requirement of AHR complex binding for maintaining
tolerogenic IDO expression. IDO enables DCs to
rapidly switch from immunogenic to tolerogenic
phenotypes, mediating robust Treg expansion while
blocking IL-12-driven CTL activation, contributing to
therapy resistance. Targeting the DC-AHR-IDO axis
(e.g., through DC-specific AHR modulators) may
represent a novel strategy to overcome tumor
immune resistance and benefit cancer patients [302].
ILA4I1 has emerged as a novel metabolic immune
checkpoint, exhibiting aberrant expression across
diverse cancer types. It drives tumor immune evasion,
promotes cancer progression, and contributes to
immunotherapy  resistance  through  multiple
mechanisms: suppressing T-cell proliferation and
effector functions, and negatively regulating B-cell
receptor and T-cell receptor signaling [303]. In
exploring alternative pathways of AHR activation,
Sadik et al. (2020) employed WGCNA analysis across
multiple solid tumors and found that IL4I1 exhibits a
stronger correlation with AHR activity than other
Trp-catabolizing enzymes such as TDO2 and IDOL1.
Further mechanistic studies in glioblastoma revealed
that IL4I1 catalyzes Trp to generate the key
intermediate metabolite I3P, which activates AHR to
enhance GBM invasiveness while suppressing CD8*
T-cell proliferation. Notably, I3P activates AHR at
substantially lower concentrations compared with
Kyn [304]. Similarly, in lung cancer, IL4I1"
macrophages promote Trp degradation and AHR
activation, driving CD8" T-cell exhaustion and
conferring resistance to anti-PD-1 therapy [305].
However, despite the ability of IL4I1-derived
metabolites to activate AHR, their correlation with
AHR target gene expression in cancer remains
relatively weak [306]. Moreover, the utilization
patterns of IL4I1 and the kynurenine pathway appear
to differ markedly across cancer types [307].
Nonetheless, the central importance of AHR as the
ultimate effector integrating multiple Trp metabolic
pathways remains unequivocal. Collectively, these
findings suggest that IL4I1 may compensate for the
limitations of IDO1 inhibitors. However, the
relationship between IL4I1 and AHR is far from a
simple linear regulatory axis; rather, it is highly
context-dependent. A comprehensive understanding
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of the interplay between IL4I1 and IDO1/TDO2 is
essential for achieving precise modulation of AHR
signaling and overcoming cancer immunotherapy
resistance.

AHR and microbiota—metabolite

Recent studies have increasingly focused on the
interplay between AHR and the microbiota,
particularly within the context of intestinal
immunity—a finding consistent with AHR's
established role as an environmental sensor [2, 308].
The gut microbiota serves as a critical source of AHR
ligands: on one hand, it regulates immunity through
Trp-derived metabolites that engage the IDO1/TDO2-
Kyn-AHR axis; on the other, certain bacteria directly
produce high-affinity AHR ligands to activate AHR
signaling and sustain intestinal immune homeostasis
[27, 309, 310]. Notably, analogous regulatory
paradigms have recently been identified in the tumor
microenvironment, where microbiota-derived
metabolites modulate antitumor immunity via AHR.
For instance, engineered probiotic bacteria producing
indole-3-acetic acid have been shown to activate AHR,
thereby reshaping the tumor immune landscape by
enhancing T-cell infiltration and cytokine production
[311]. These findings suggest that supplementing with
probiotics or modulating microbial metabolism may
represent a promising adjunct strategy for cancer
therapy.

AHR orchestrates tumor immunity through the
microbiota-metabolite axis. In melanoma, Lr
metabolizes Trp to produce I3A, which activates AHR
signaling in CD8* T cells. This induces an
immunostimulatory phenotype characterized by Tcl
expansion, increased IFN-y and granzyme B secretion,
and downregulation of exhaustion markers.
Mechanistically, I3A enhances Blimpl transcription
via the AHR-CREB axis to potentiate cytotoxicity.
Notably, the antitumor effects of Lr/I3A require CD8*
T-cell-intrinsic AHR activation, as they are abrogated
in AHR-deficient CD8* T cells [246]. Similarly,
Lactobacillus = gallinarum synergizes with anti-PD1
therapy by reducing intratumoral Treg infiltration
and enhancing CD8* T-cell effector function. Its
metabolite indole-3-carboxylic acid (ICA) acts
through dual mechanisms: inhibiting IDO1 to
suppress Kyn production, and competitively binding
AHR to block Kyn-induced Treg differentiation. ICA
phenocopies the effects of L. gallinarum, significantly
enhancing anti-PD1 efficacy in CRC—an effect
reversed by Kyn supplementation [312]. Conversely,
certain microbes exploit AHR to promote
immunosuppression. In head and neck squamous cell
carcinoma (HNSCC), chronic stress-induced oral
dysbiosis elevates Kyn levels. Kyn stabilizes AHR via

deubiquitination, driving CD8" T-cell exhaustion and
accelerating  tumorigenesis  [313].  Likewise,
Fusobacterium nucleatum and its outer membrane
vesicles activate the TDO2/AHR axis in tumor-
associated macrophages, upregulating immuno
suppressive cytokines and checkpoints while
suppressing CD8* T-cell and CTL infiltration and
enhancing Treg recruitment [314].

Focusing on probiotic adjunctive therapy or
targeting  microbial metabolism in  tumor
immunotherapy may serve as a key strategy to
enhance therapeutic efficacy and overcome drug
resistance. By intervening in microbial metabolism to
reshape AHR signaling, it is possible to achieve a shift
in the immune microenvironment from pro-tumor to
anti-tumor, offering new insights for improving
immunotherapy outcomes.

AHR-related clinical trials

AHR plays dual roles in cancer progression and
immunomodulation. It directly regulates cancer
stemness maintenance, mitochondrial metabolic
reprogramming, and cell death modalities.
Simultaneously, it transcriptionally governs the
differentiation and functionality of both innate and
adaptive immune cells. Although AHR exhibits cell
type-specific heterogeneity in its immunomodulatory
effects, its overall activation promotes a broadly
immunosuppressive ~ TME. Despite promising
preclinical ~evidence supporting AHR-targeted
strategies, their clinical translation faces substantial
challenges. As summarized in Table 2, current
AHR-related clinical trials in oncology remain limited
(e.g., NCT05472506, NCT04999202, and NCT04200
963), with most focusing on combination regimens
with immune checkpoint inhibitors.

Tapinarof cream, the first therapeutic AHR
modulator approved globally, has significant clinical
value in treating inflammatory skin diseases,
including psoriasis and atopic dermatitis (AD),
indicating the successful translation of AHR-targeted
therapy. Its tripartite  mechanism involves
immunomodulation through the suppression of Th17
cytokines, antioxidant activation via Nrf2 pathway
enhancement with direct ROS scavenging, and barrier
repair via the regulation of structural proteins to
inhibit epidermal hyperplasia [315]. This nonsteroidal
agent overcomes the limitations of conventional
glucocorticoid therapies by balancing efficacy with
safety, with key clinical trials confirming therapeutic
benefits. A phase III psoriasis study revealed that
40.9% of patients achieved complete lesion clearance,
and 58.2% attained 2>2-grade Physician Global
Assessment improvement after 12 weeks of treatment,
maintaining a 122-day median relapse-free interval
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postcessation [316], whereas an open-label AD
extension study reported a 51.9% clearance rate after
48 weeks of therapy, with a 79.8-day sustained
efficacy posttreatment [317]. Following FDA approval
of Dermavant's VTAMA® cream (NDA 215272) for
psoriasis in May 2022, Organon received December
2024 expanded approval for AD treatment in patients
aged > 2 years, establishing tapinarof as the first
pediatric AHR-targeted agent whose durable control
potential (> 3-month remission postdiscontinuation).

Table 2: Clinical trials related to AHR modulators

Registration ~ Clinical trials Diseases Intervention
number
NCT04069026 A First-in-Humans Dose Solid BAY 2416964
Finding Study for an Aryl  tumors
Hydrocarbon Receptor
Inhibitor (AHRi) in Patients
with Advanced Cancer
NCT04200963 A Phase 1a/b Study of Solid 1K-175,
IK-175 as a Single Agent and tumors nivolumab
in Combination with
Nivolumab in Patients with
Locally Advanced or
Metastatic Solid Tumors
and Urothelial Carcinoma
NCT05472506 Oral AHR Antagonist in Head and 1K-175,
Combination with neck nivolumab
Nivolumab in Patients With squamous
PD-1 Resistant Metastatic or cell
Recurrent Head and Neck  carcinoma
Cancer
NCT04999202 A Study to Learn How Safe  Solid BAY 2416964,
the Study Drug BAY tumors pembrolizumab

2416964 (AHR Inhibitor) in
Combination with the
Treatment Pembrolizumab
is, How This Combination
Affects the Body, the
Maximum Amount That
Can be Given, how it Moves
Into, Through and Out of
the Body and Its Action
Against Advanced Solid
Cancers in Adults
NCT04053387 Long Term Extension Study Plaque
of Tapinarof for Plaque psoriasis
Psoriasis in Adults
NCT06161415 Safety, Tolerability, and
Distribution of Laquinimod
Eye Drop: The LION Study
(LION)

Tapinarof cream

Uveitis Laquinimod eye

drops

IK-175, a novel AHR-targeted therapeutic, exerts
antitumor effects by remodeling the
immunosuppressive TME. This compound directly
binds AHR with high affinity, demonstrating potent
AHR activity inhibition across species (mice, rats,
monkeys, and humans). Preclinical studies have
revealed favorable ADME properties and linear
pharmacokinetics. Notably, while IK-175 lacks direct
antiproliferative effects on human or murine cancer
cell lines, it effectively reverses immunosuppression
by promoting proinflammatory cytokine release from
T cells, suppressing immunosuppressive T-cell

differentiation, and converting tumor-draining lymph
nodes and intratumoral microenvironments toward
proinflammatory states. In combination studies,
IK-175 synergizes with anti-PD-1 antibodies or
liposomal doxorubicin, significantly —enhancing
antitumor efficacy, supporting its broad therapeutic
potential in combination regimens [10].

Research on the Kyn pathway underscores the
therapeutic value of AHR inhibition. BAY 2416964
targets downstream KYN-AHR signaling to overcome
resistance to upstream inhibitors. Although IDO1/
TDO2 initially attracted significant interest [5], the
clinical failure of IDO1 inhibitors reflects mechanistic
limitations: they neither block TDO2-mediated KYN
production nor counteract immunosuppressive
metabolites downstream of IL4I1 [5]. Targeting the
KYN-AHR signaling nexus may offer superior
therapeutic advantages. Through high-throughput
screening, BAY 2416964 was identified as a novel
AHR inhibitor that dose-dependently reverses
ligand-induced AHR activation in human and murine
immune cells, with excellent pharmacokinetic
properties. This compound not only reverses AHR-
mediated immunosuppression but also induces the
T-cell effector IL-2 more potently than the IDO1
inhibitor epacadostat does. When combined with
anti-PD-1, it amplifies T-cell responses, providing a
new strategy to overcome KYN pathway-driven
immune checkpoint inhibitor resistance [11].

AHR  inhibitors  have evolved from
"environmental toxin receptor antagonists' to
"Iimmune microenvironment modulators," with core
value in dismantling tumor resistance networks and
reprogramming immunosuppressive ecosystems.
With the clinical advancement of agents such as
IK-175 and BAY 2416964—coupled with the
structure-based development of next-generation
inhibitors — AHR-targeted therapies are poised to
become standard components in solid tumor
combination regimens within five years. Future
efforts must address tissue-selective delivery and
dynamic resistance monitoring to achieve truly
personalized intervention.

AHR-targeting nanoparticles

Nanomaterials, with their unique
physicochemical properties, have opened new
avenues for precision targeting of the AHR. These
nanoparticles can be synthesized from diverse
sources—including natural products, metals, and
polymers—and functionalized for various medical
applications [318-320]. Their core advantages include:
overcoming the low bioavailability of conventional
drugs, and addressing poor tumor specificity through
passive targeting (enhanced permeability and
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retention effect) and active modification, thereby
enabling precision, high-efficacy, and multifunctional
therapy  [321-323].  Currently, = AHR-targeting
nanomedicines are under preclinical investigation in
fields such as tumor immunology.

At the interface of microbiota and immunity,
nanomaterials can remodel microbial metabolism in
an AHR-dependent manner to modulate immune
responses. For instance, in ulcerative colitis, Portulaca
oleracea L.-derived natural exosome-like nanoparticle
maintain gut microbial diversity, promote the growth
of Lactobacillus ventriosus, and elevate indole
derivative levels. These metabolites activate AHR in
CD4* T cells, reprogramming them into double-
positive CD4*CD8" T cells, reducing pro-
inflammatory cytokine levels, and alleviating colitis
[324]. Similarly, in a sepsis model, oral administration
of manganese-doped carbon dots restores gut
microbiota homeostasis (enriching Clostridium and
Bacteroides) and enhances indole-3-propionic acid
(IPA) production. IPA activates AHR in macrophages,
inducing  anti-inflammatory  polarization = and
attenuating gut-lung axis-mediated lung injury [318].

The development of smart nanomaterials has
further advanced precision AHR-targeted strategies.
Researchers have engineered multiple TME-
responsive delivery systems. MMP-2-Responsive
Polypeptide Micelles: Self-assembling polypeptide
micelles co-loaded with the AHR inhibitor CH223191
and anti-CD28 antibody are engineered with an
MMP-2-sensitive ~ sequence.  Following  tumor
accumulation via the EPR effect, TME-enriched
MMP-2 triggers micelle dissociation and controlled
CH223191 release. Dual-SHRP reverses
immunosuppression by inhibiting AHR activation
while enhancing T-cell co-stimulation, synergistically
amplifying antitumor immunity and suppressing
metastasis  [325]. Dual-Responsive  Liposomal
Vesicles: This system comprises an MMP-2-cleavable
mPEG shell and a GSH-responsive core co-loaded
with the IDO1 inhibitor NLG919 and the
chemotherapeutic agent 5-FU. Tumor-enriched
MMP-2 promotes specific accumulation and cellular
uptake, while intracellular GSH triggers drug release.
5-FU induces immunogenic cell death (ICD),
activating the immune system, whereas NLG919
blocks IFN-y-driven Kyn-AHR signaling, reversing
IDO1-mediated immune tolerance. This design
achieves a  chemo-immunotherapeutic  cycle
amplification [326]. TME-Responsive Nanomedicine:
IDO1 inhibitor 1-MT and nitric oxide donor GSNO are
co-loaded onto PEGylated HMnO, nanoparticles. The
system responds to the acidic TME, releasing its
payload to enhance tumor immunogenicity while
inhibiting IDO1 expression to counteract Trp

metabolism-induced immunosuppression, thereby
remodeling the metabolic microenvironment and
synergistically boosting antitumor efficacy [327].

In summary, nanomaterials leverage their
functional versatility and TME-responsive properties
to achieve multidimensional precision regulation of
the AHR pathway —either indirectly via microbiota-
metabolic intervention or directly through smart
delivery systems. These strategies overcome the
targeting limitations of conventional therapies and
provide novel tools for reversing immune tolerance
and remodeling the TME, advancing the clinical
translation of AHR-targeted therapeutics.

Conclusions and prospects

In summary, AHRs, a class of ligand-activated
transcription factors, play complex and multifaceted
roles in tumorigenesis, immune regulation, and
microenvironment remodeling. The activation status
of AHR and its downstream signaling network can
profoundly influence tumor immune responses,
microenvironment characteristics, and therapeutic
sensitivity by modulating immune cell functions,
metabolic reprogramming, and epigenetic
remodeling. Specifically, AHR is a notable "double-
edged sword" in tumor immunity: on the one hand, it
can foster an immunosuppressive microenvironment
by suppressing CTL activity, promoting Treg
differentiation, and expanding myeloid-derived
suppressor cells, thereby facilitating tumor immune
escape; on the other hand, in specific ligand or cellular
contexts, AHR may also enhance DC antigen-
presenting capacity, or remodel antitumor immune
responses through immunogenic cell death. This
functional diversity is likely attributed to the
tissue-specific distribution of AHR ligands, the
selective recruitment of receptor-interacting proteins,
and the dynamic regulation of epigenetic
modifications. AHR-targeted therapies face several
challenges, including the potential for off-target
effects due to the high tissue specificity of AHR
signaling; complications in drug design arising from
the dual functionality of ligand-bound AHR, which
acts both as a transcriptional activator and an E3
ubiquitin ligase component that mediates protein
degradation; and the risk of resistance driven by
dynamic signaling fluctuations and compensatory
pathway activation within the TME.

Future research should focus on the following
directions. First, single-cell multiomics technologies
and spatial transcriptomics should be leveraged to
dissect the spatiotemporally specific functional
landscape of AHR in different tumor types,
developmental stages, and TME subcompartments,
and the molecular switches governing its transition
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between "protumor" and "antitumor" roles should be
clarified. Second, we explore the interaction network
between AHR and other epigenetic regulators (e.g.,
DNA methyltransferases and histone deacetylases) in
detail to reveal their epigenetic-metabolic synergistic
mechanisms in tumor immunoediting. Third, novel
AHR allosteric modulators or PROTAC degraders
should be developed to achieve precise intervention
in the AHR signaling pathway, while organoid
models and patient-derived xenograft (PDX)
platforms should be utilized to optimize preclinical
evaluation systems. Additionally, the regulatory
effect of the gut microbiota—host metabolic axis on
AHR activity warrants attention. For example, specific
microbiota-derived Trp metabolites may remotely
regulate antitumor immunity via AHR signaling,
which provides a theoretical basis for microbiome
intervention-based combination therapies. As the
understanding of the AHR signaling network has
increased, its translational potential in tumor
immunotherapy has gradually emerged. By
integrating multidisciplinary approaches such as
chemical  biology, = immunometabolism,  and
computational biology, it is anticipated that future
efforts will establish personalized treatment strategies
based on AHR targeting to overcome the resistance
bottleneck of existing tumor immunotherapies and to
provide novel opportunities for improving patient
prognosis.

Abbreviations

3MC: 3-methylcholanthrene

AHR: Aryl hydrocarbon receptor

AD: Atopic dermatitis

AHRE: AHR response elements

AHRR: Aryl hydrocarbon receptor repressor

APC: Antigen-presenting cells

ARNT: Aryl hydrocarbon receptor nuclear
translocator

BaP: Benzopyrene

BHLH-PAS: Basic helix-loop-helix/Per-Arnt-Sim

BMALT1: Basic helix-loop-helix ARNT like 1

Brgl: Brahma/SWI2-related gene 1

CA: Cinnamic acid

CRC: Colorectal cancer

CSC: Cancer Stem Cell

CULA4B: Cullin 4B

CYP1A1: Cytochrome P450 1A

DC: Dendritic cells

DIM: 3,3’-diindolylmethane

DNMT: DNA methyltransferases

DRE: Dioxin response elements

EMT: Epithelial-mesenchymal transition

ER: Estrogen receptor

ETC: Electron transport chain

FICZ: 6-formylindolo[3,2b] carbazole

HCC: Hepatocellular carcinoma

HDAC: Histone deacetylase

HIF: Hypoxia-inducible factor

HK2: Hexokinase 2

HNSCC: Head
carcinoma

HSP90: Heat-shock protein90

I3A: Indole-3-aldehyde

ICZ: Indole-3-carbinol (I3C)

IDA: 3-indoleacrylic acid

IDO: Indoleamine-2,3-dioxygenase

IEL: Intestinal intraepithelial lymphocytes

IPA: Indole-3-propionic acid

IR: Ionizing radiation

Kyn: Kynurenine

IncRNA: Long noncoding RNA

MMP: Mitochondrial membrane potential

MTS: Mitochondrial targeting sequences

NSCLC: Non-small cell lung cancer

OCT4: Octamer-binding transcription factor 4

OXPHOS: Oxidative phosphorylation

PDAC: Pancreatic ductal adenocarcinoma

PMN: Premetastatic niche

PDX: Patient-derived xenograft

ROS: Reactive oxygen species

SCLC: Small cell lung cancer

SLE: Systemic lupus erythematosus

SOX2: SRY-box transcription factor 2

SRC: Steroid receptor coactivator

STAT1: Signal transducer and activator of
transcription 1

TAM: Tumor-associated macrophage

TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin

TDO2: Tryptophan 2,3-dioxygenase

Th17: T helper 17

TiPARP:  TCDD-inducible
polymerase

TME: Tumor microenvironment

Treg: Regulatory T-cell

Trp: Tryptophan

XAP2: X-associated protein 2

XRE: Xenobiotic response elements

and neck squamous cell

poly-ADP-ribose

Acknowledgments

This work was supported by the National
Natural Science Foundation of China (82272982,
82372598); the Science and Technology Innovation
Program of Hunan Province (2022RC3072); the
Natural Science Foundation of Hunan Province
(2024]]3048, 2025]J30046, 2025]]50545, 2025]J50710);
and the Changsha Municipal Natural Science
Foundation (kq2502146). We acknowledge the use of
Biorender.com for creating the figures.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

5845

Author contributions

Y.H.P. and Y.X.Z. drafted the manuscript and

created the figures. Y.Y.Z. prepared the resources and
provided guidance. S.L., D.S.X. and Y.G.T. designed
and supervised the work. The author read and
approved the final manuscript.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

2.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kolonko M, Greb-Markiewicz B. bHLH-PAS Proteins: Their Structure and
Intrinsic Disorder. Int ] Mol Sci. 2019; 20.

Rothhammer V, Quintana FJ. The aryl hydrocarbon receptor: an
environmental sensor integrating immune responses in health and disease.
Nat Rev Immunol. 2019; 19: 184-97.

Yang C-E, Wang Y-N, Hua M-R, Miao H, Zhao Y-Y, Cao G. Aryl hydrocarbon
receptor: From pathogenesis to therapeutic targets in aging-related tissue
fibrosis. Ageing Res Rev. 2022; 79: 101662.

Fu J, Nogueira SV, Drongelen Vv, Coit P, Ling S, Rosloniec EF, et al. Shared
epitope-aryl hydrocarbon receptor crosstalk underlies the mechanism of
gene-environment interaction in autoimmune arthritis. Proc Natl Acad Sci U S
A. 2018; 115: 4755-60.

van Ede K, Li A, Antunes-Fernandes E, Mulder P, Peijnenburg A,
Hoogenboom R. Bioassay directed identification of natural aryl
hydrocarbon-receptor agonists in marmalade. Anal Chim Acta. 2008; 617:
238-45.

Amakura Y, Yoshimura M, Takaoka M, Toda H, Tsutsumi T, Matsuda R, et al.
Characterization of natural aryl hydrocarbon receptor agonists from cassia
seed and rosemary. Molecules. 2014; 19: 4956-66.

Tan YQ, Chiu-Leung LC, Lin S-M, Leung LK. The citrus flavonone hesperetin
attenuates the nuclear translocation of aryl hydrocarbon receptor. Comp
Biochem Physiol C Toxicol Pharmacol. 2018; 210: 57-64.

Hahn ME, Karchner SI, Merson RR. Diversity as Opportunity: Insights from
600 Million Years of AHR Evolution. Curr Opin Toxicol. 2017; 2: 58-71.
Legraverend C, Hannah RR, Eisen HJ, Owens IS, Nebert DW, Hankinson O.
Regulatory gene product of the Ah locus. Characterization of receptor mutants
among mouse hepatoma clones. ] Biol Chem. 1982; 257: 6402-7.

McGovern K, Castro AC, Cavanaugh ], Coma S, Walsh M, Tchaicha J, et al.
Discovery and Characterization of a Novel Aryl Hydrocarbon Receptor
Inhibitor, IK-175, and Its Inhibitory Activity on Tumor Immune Suppression.
Mol Cancer Ther. 2022; 21: 1261-72.

Kober C, Roewe J, Schmees N, Roese L, Roehn U, Bader B, et al. Targeting the
aryl hydrocarbon receptor (AhR) with BAY 2416964: a selective small molecule
inhibitor for cancer immunotherapy. ] Immunother Cancer. 2023; 11.

Labadie BW, Bao R, Luke JJ. Reimagining IDO Pathway Inhibition in Cancer
Immunotherapy via Downstream Focus on the Tryptophan-Kynurenine-Aryl
Hydrocarbon Axis. Clin Cancer Res. 2019; 25: 1462-71.

Hezaveh K, Shinde RS, Klétgen A, Halaby MJ, Lamorte S, Ciudad MT, et al.
Tryptophan-derived microbial metabolites activate the aryl hydrocarbon
receptor in tumor-associated macrophages to suppress anti-tumor immunity.
Immunity. 2022; 55.

Solvay M, Holfelder P, Klaessens S, Pilotte L, Stroobant V, Lamy J, et al.
Tryptophan depletion sensitizes the AHR pathway by increasing AHR
expression and GCN2/LAT1-mediated kynurenine uptake, and potentiates
induction of regulatory T lymphocytes. ] Immunother Cancer. 2023; 11.
Pandey SP, Bender MJ, McPherson AC, Phelps CM, Sanchez LM, Rana M, et
al. Tet2 deficiency drives liver microbiome dysbiosis triggering Tcl cell
autoimmune hepatitis. Cell Host Microbe. 2022; 30.

Papoutsis AJ, Lamore SD, Wondrak GT, Selmin OI, Romagnolo DF.
Resveratrol prevents epigenetic silencing of BRCA-1 by the aromatic
hydrocarbon receptor in human breast cancer cells. ] Nutr. 2010; 140: 1607-14.
Dai S, Qu L, Li J, Zhang Y, Jiang L, Wei H, et al. Structural insight into the
ligand binding mechanism of aryl hydrocarbon receptor. Nat Commun. 2022;
13: 6234.

Petrulis JR, Kusnadi A, Ramadoss P, Hollingshead B, Perdew GH. The hsp90
Co-chaperone XAP2 alters importin beta recognition of the bipartite nuclear
localization signal of the Ah receptor and represses transcriptional activity. J
Biol Chem. 2003; 278: 2677-85.

Bonati L, Motta S, Callea L. The AhR Signaling Mechanism: A Structural Point
of View. ] Mol Biol. 2023: 168296.

Gruszezyk J, Grandvuillemin L, Lai-Kee-Him J, Paloni M, Savva CG, Germain
P, et al. Cryo-EM structure of the agonist-bound Hsp90-XAP2-AHR cytosolic
complex. Nat Commun. 2022; 13: 7010.

Wen Z, Zhang Y, Zhang B, Hang Y, Xu L, Chen Y, et al. Cryo-EM structure of
the cytosolic AhR complex. Structure. 2023; 31.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Murray IA, Patterson AD, Perdew GH. Aryl hydrocarbon receptor ligands in
cancer: friend and foe. Nat Rev Cancer. 2014; 14: 801-14.

Xu X, Closson JD, Marcelino LP, Favaro DC, Silvestrini ML, Solazzo R, et al.
Identification of small-molecule ligand-binding sites on and in the ARNT
PAS-B domain. ] Biol Chem. 2024; 300: 107606.

Tsuji N, Fukuda K, Nagata Y, Okada H, Haga A, Hatakeyama S, et al. The
activation mechanism of the aryl hydrocarbon receptor (AhR) by molecular
chaperone HSP90. FEBS Open Bio. 2014; 4: 796-803.

Haidar R, Henkler F, Kugler J, Rosin A, Genkinger D, Laux P, et al. The role of
DNA-binding and ARNT dimerization on the nucleo-cytoplasmic
translocation of the aryl hydrocarbon receptor. Scientific Reports. 2021; 11:
18194.

Jiang J, Zhu ], Liu Q, Zhang T, Wen J, Xia J, et al. Role of DNA
methylation-related  chromatin ~ remodeling in aryl hydrocarbon
receptor-dependent regulation of T-2 toxin highly inducible Cytochrome P450
1A4 gene. FASEB J. 2021; 35: €21469.

Shinde R, McGaha TL. The Aryl Hydrocarbon Receptor: Connecting
Immunity to the Microenvironment. Trends Immunol. 2018; 39: 1005-20.
ShiY, Zeng Z, Yu ], Tang B, Tang R, Xiao R. The aryl hydrocarbon receptor: An
environmental effector in the pathogenesis of fibrosis. Pharmacological
Research. 2020; 160: 105180.

Tian Y, Ke S, Chen M, Sheng T. Interactions between the aryl hydrocarbon
receptor and P-TEFb. Sequential recruitment of transcription factors and
differential phosphorylation of C-terminal domain of RNA polymerase II at
cyplal promoter. ] Biol Chem. 2003; 278: 44041-8.

Beedanagari SR, Bebenek I, Bui P, Hankinson O. Resveratrol inhibits
dioxin-induced expression of human CYP1A1 and CYP1B1 by inhibiting
recruitment of the aryl hydrocarbon receptor complex and RNA polymerase II
to the regulatory regions of the corresponding genes. Toxicol Sci. 2009; 110:
61-7.

Wang S, Hankinson O. Functional involvement of the Brahma/SWI2-related
gene 1 protein in cytochrome P4501A1 transcription mediated by the aryl
hydrocarbon receptor complex. J Biol Chem. 2002; 277: 11821-7.

Rogers S, de Souza AR, Zago M, Iu M, Guerrina N, Gomez A, et al. Aryl
hydrocarbon receptor (AhR)-dependent regulation of pulmonary miRNA by
chronic cigarette smoke exposure. Scientific Reports. 2017; 7: 40539.

Tarnow P, Tralau T, Luch A. Chemical activation of estrogen and aryl
hydrocarbon receptor signaling pathways and their interaction in toxicology
and metabolism. Expert Opin Drug Metab Toxicol. 2019; 15: 219-29.

Beischlag TV, Perdew GH. ER alpha-AHR-ARNT protein-protein interactions
mediate estradiol-dependent transrepression of dioxin-inducible gene
transcription. ] Biol Chem. 2005; 280: 21607-11.

Nguyen TA, Hoivik D, Lee JE, Safe S. Interactions of nuclear receptor
coactivator/corepressor proteins with the aryl hydrocarbon receptor complex.
Arch Biochem Biophys. 1999; 367: 250-7.

Salminen A. Aryl hydrocarbon receptor (AhR) impairs circadian regulation:
Impact on the aging process. Ageing Res Rev. 2023; 87: 101928.

Xu C-X, Krager SL, Liao D-F, Tischkau SA. Disruption of CLOCK-BMAL1
transcriptional activity is responsible for aryl hydrocarbon receptor-mediated
regulation of Period1 gene. Toxicol Sci. 2010; 115.

Ohtake F, Baba A, Takada I, Okada M, Iwasaki K, Miki H, et al. Dioxin
receptor is a ligand-dependent E3 ubiquitin ligase. Nature. 2007; 446: 562-6.
Ma Z,LiZ, Mao Y, Ye ], Liu Z, Wang Y, et al. AhR diminishes the efficacy of
chemotherapy via suppressing STING dependent type-I interferon in bladder
cancer. Nat Commun. 2023; 14: 5415.

Enan E, Matsumura F. Identification of c-Src as the integral component of the
cytosolic ~ Ah  receptor complex, transducing the signal  of
2,3,7,8-tetrachlorodibenzo-p-dioxin ~ (TCDD)  through  the  protein
phosphorylation pathway. Biochem Pharmacol. 1996; 52: 1599-612.

Jia Y, Tao Y, Lv C, Xia Y, Wei Z, Dai Y. Tetrandrine enhances the
ubiquitination and degradation of Syk through an AhR-c-src-c-Cbl pathway
and consequently inhibits osteoclastogenesis and bone destruction in arthritis.
Cell Death Dis. 2019; 10: 38.

Zhou S, Li ], Ying T, Wang Y, Wang Q, Li X, et al. StemRegenin 1 attenuates
the RANKL-induced osteoclastogenesis via inhibiting
AhR-c-sre-NF-kB/p-ERK MAPK-NFATCc1 signaling pathway. iScience. 2024;
27:109682.

Schmidt JV, Bradfield CA. AH RECEPTOR SIGNALING PATHWAYS. 1996;
12: 55-89.

Shimada T, Yun CH, Yamazaki H, Gautier JC, Beaune PH, Guengerich FP.
Characterization of human lung microsomal cytochrome P-450 1A1 and its
role in the oxidation of chemical carcinogens. Mol Pharmacol. 1992; 41: 856-64.
Schiering C, Wincent E, Metidji A, Iseppon A, Li Y, Potocnik AJ, et al.
Feedback control of AHR signalling regulates intestinal immunity. Nature.
2017; 542: 242-5.

Opitz CA, Holfelder P, Prentzell MT, Trump S. The complex biology of aryl
hydrocarbon receptor activation in cancer and beyond. Biochem Pharmacol.
2023; 216: 115798.

Vogel CFA, Haarmann-Stemmann T. The aryl hydrocarbon receptor repressor
- More than a simple feedback inhibitor of AhR signaling: Clues for its role in
inflammation and cancer. Curr Opin Toxicol. 2017; 2: 109-19.

Sakurai S, Shimizu T, Ohto U. The crystal structure of the AhRR-ARNT
heterodimer reveals the structural basis of the repression of AhR-mediated
transcription. ] Biol Chem. 2017; 292: 17609-16.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

5846

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Oshima M, Mimura J, Yamamoto M, Fujii-Kuriyama Y. Molecular mechanism
of transcriptional repression of AhR repressor involving ANKRA2, HDAC4,
and HDACS5. Biochem Biophys Res Commun. 2007; 364: 276-82.

Evans BR, Karchner SI, Allan LL, Pollenz RS, Tanguay RL, Jenny M]J, et al.
Repression of aryl hydrocarbon receptor (AHR) signaling by AHR repressor:
role of DNA binding and competition for AHR nuclear translocator. Mol
Pharmacol. 2008; 73: 387-98.

MacPherson L, Tamblyn L, Rajendra S, Bralha F, McPherson JP, Matthews J.
2,3,7,8-Tetrachlorodibenzo-p-dioxin poly(ADP-ribose) polymerase (TiPARP,
ARTD14) is a mono-ADP-ribosyltransferase and repressor of aryl
hydrocarbon receptor transactivation. Nucleic Acids Res. 2013; 41: 1604-21.
Rijo MP, Diani-Moore S, Yang C, Zhou P, Rifkind AB. Roles of the ubiquitin
ligase CUL4B and ADP-ribosyltransferase TiPARP in TCDD-induced nuclear
export and proteasomal degradation of the transcription factor AHR. ] Biol
Chem. 2021; 297: 100886.

Gomez A, Bindesbgll C, Satheesh SV, Grimaldi G, Hutin D, MacPherson L, et
al. Characterization of TCDD-inducible poly-ADP-ribose polymerase
(TIPARP/ ARTD14) catalytic activity. Biochem J. 2018; 475: 3827-46.

Collins JJ. Dioxin exposure. Science. 1993; 262: 1498.

Yuan J, Pu Y, Yin L. Prediction of binding affinities of PCDDs, PCDFs and
PCBs using docking-based Comparative Molecular Similarity Indices
Analysis. Environ Toxicol Pharmacol. 2014; 38: 1-7.

Wang Q-Y, Zhang L, Han X-Y, Wang D-M, Ding M-L, Cheng D, et al.
2,3',4,4' 5-Pentachlorobiphenyl induces mitochondria-dependent apoptosis
mediated by AhR/Cyplal in mouse germ cells. ] Hazard Mater. 2022; 445:
130547.

McDougal A, Wilson C, Safe S. Inhibition of
7,12-dimethylbenz[a]anthracene-induced rat mammary tumor growth by aryl
hydrocarbon receptor agonists. Cancer Lett. 1997; 120: 53-63.

Harper PA, Prokipcak RD, Bush LE, Golas CL, Okey AB. Detection and
characterization of the Ah receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin in
the human colon adenocarcinoma cell line LS180. Arch Biochem Biophys.
1991; 290: 27-36.

Joni¢ N, Koprivica I, Kyrkou SG, Bistas V-P, Chatzigiannis C, Radulovi¢ N, et
al. Novel AHR ligand AGT-5 ameliorates type 1 diabetes in mice through
regulatory cell activation in the early phase of the disease. Frontiers In
Immunology. 2024; 15: 1454156.

Zapadka TE, Lindstrom SI, Batoki JC, Lee CA, Taylor BE, Howell SJ, et al. Aryl
Hydrocarbon Receptor Agonist VAF347 Impedes Retinal Pathogenesis in
Diabetic Mice. Int ] Mol Sci. 2021; 22.

Vlachos C, Schulte BM, Magiatis P, Adema GJ, Gaitanis G. Malassezia-derived
indoles activate the aryl hydrocarbon receptor and inhibit Toll-like
receptor-induced maturation in monocyte-derived dendritic cells. Br J
Dermatol. 2012; 167: 496-505.

Qian C, Yang C, Lu M, Bao J, Shen H, Deng B, et al. Activating AhR alleviates
cognitive deficits of Alzheimer's disease model mice by upregulating
endogenous AP catabolic enzyme Neprilysin. Theranostics. 2021; 11: 8797-812.
Williams DE. Indoles Derived From Glucobrassicin: Cancer Chemoprevention
by Indole-3-Carbinol and 3,3'-Diindolylmethane. Front Nutr. 2021; 8: 734334.
Zhang S, Qin C, Safe SH. Flavonoids as aryl hydrocarbon receptor
agonists/antagonists: effects of structure and cell context. Environ Health
Perspect. 2003; 111: 1877-82.

Murray TJ, Yang X, Sherr DH. Growth of a human mammary tumor cell line is
blocked by galangin, a naturally occurring bioflavonoid, and is accompanied
by down-regulation of cyclins D3, E, and A. Breast Cancer Res. 2006; 8: R17.
Montazeri-Najafabady N, Dabbaghmanesh MH, Chatrabnous N, Arabnezhad
MR. The Effects of Astaxanthin on Proliferation and Differentiation of MG-63
Osteosarcoma Cells via Aryl Hydrocarbon Receptor (AhR) Pathway: A
Comparison with AhR Endogenous Ligand. Nutr Cancer. 2020; 72: 1400-10.
Diao X, Shang Q, Guo M, Huang Y, Zhang M, Chen X, et al. Structural basis for
the ligand-dependent activation of heterodimeric AHR-ARNT complex. Nat
Commun. 2025; 16: 1282.

Nguyen P-T, Nakamura Y, Tran NQV, Ishimaru K, Nguyen T-A, Kobayashi Y,
et al. Ethyl Caffeate Can Inhibit Aryl Hydrocarbon Receptor (AhR) Signaling
and AhR-Mediated Potentiation of Mast Cell Activation. Int ] Mol Sci. 2023; 24.
Ye Q, Huang S, Wang Y, Chen S, Yang H, Tan W, et al. Wogonin improves
colitis by activating the AhR pathway to regulate the plasticity of ILC3/ILC1.
Phytomedicine International ~ Journal = of  Phytotherapy and
Phytopharmacology. 2024; 128: 155425.

Wang D, Li D, Zhang Y, Chen ], Zhang Y, Liao C, et al. Functional
metabolomics reveal the role of AHR/GPR35 mediated kynurenic acid
gradient sensing in chemotherapy-induced intestinal damage. Acta Pharm Sin
B. 2021; 11: 763-80.

Huang T, Song J, Gao J, Cheng J, Xie H, Zhang L, et al. Adipocyte-derived
kynurenine promotes obesity and insulin resistance by activating the
AhR/STAT3/IL-6 signaling. Nat Commun. 2022; 13: 3489.

Sinal CJ, Bend JR. Aryl hydrocarbon receptor-dependent induction of cyplal
by bilirubin in mouse hepatoma hepa 1clc7 cells. Mol Pharmacol. 1997; 52:
590-9.

Seidel SD, Winters GM, Rogers W], Ziccardi MH, Li V, Keser B, et al
Activation of the Ah receptor signaling pathway by prostaglandins. ] Biochem
Mol Toxicol. 2001; 15: 187-96.

Chiaro CR, Patel RD, Perdew GH.
12(R)-Hydroxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid [12(R)-HETE], an

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

arachidonic acid derivative, is an activator of the aryl hydrocarbon receptor.
Mol Pharmacol. 2008; 74: 1649-56.

Vyhlidalovd B, Krasulova K, Pec¢inkova P, Marcalikovda A, Vrzal R,
Zemankova L, et al. Gut Microbial Catabolites of Tryptophan Are Ligands and
Agonists of the Aryl Hydrocarbon Receptor: A Detailed Characterization. Int J
Mol Sci. 2020; 21.

Saito S, Koya Y, Kajiyama H, Yamashita M, Nawa A. Indoxyl Sulfate Promotes
Metastatic Characteristics of Ovarian Cancer Cells via Aryl Hydrocarbon
Receptor-Mediated Downregulation of the Mas Receptor. Lab Invest. 2023;
103: 100025.

Yang X, Liu H, Ye T, Duan C, Lv P, Wu X, et al. AhR activation attenuates
calcium oxalate nephrocalcinosis by diminishing M1 macrophage polarization
and promoting M2 macrophage polarization. Theranostics. 2020; 10: 12011-25.
Muku GE, Murray IA, Espin JC, Perdew GH. Urolithin A Is a Dietary
Microbiota-Derived Human Aryl Hydrocarbon Receptor Antagonist.
Metabolites. 2018; 8.

Kim DJ, Venkataraman A, Jain PC, Wiesler EP, DeBlasio M, Klein ], et al.
Vitamin B12 and folic acid alleviate symptoms of nutritional deficiency by
antagonizing aryl hydrocarbon receptor. Proc Natl Acad Sci U S A. 2020; 117:
15837-45.

Fukumoto S, Toshimitsu T, Matsuoka S, Maruyama A, Oh-Oka K, Takamura
T, et al. Identification of a probiotic bacteria-derived activator of the aryl
hydrocarbon receptor that inhibits colitis. Immunol Cell Biol. 2014; 92: 460-5.
Fernandes AR, Lake IR, Diletti G, Ceci R, Scortichini G. Relative disposition of
PCDD/Fs and PCBs in paired liver and muscle tissues from different species
of farm animals and different contamination scenarios. Environ Res. 2026; 294:
123863.

Yang Y, Filipovic D, Bhattacharya S. A Negative Feedback Loop and
Transcription Factor Cooperation Regulate Zonal Gene Induction by 2, 3, 7,
8-Tetrachlorodibenzo-p-Dioxin in the Mouse Liver. Hepatol Commun. 2021; 6:
750-64.

Gao J, Xu Y, Zhong T, Yu X, Wang L, Xiao Y, et al. A review of food
contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin and its toxicity associated
with metabolic disorders. Curr Res Food Sci. 2023; 7: 100617.

Consonni D, Rognoni M, Cavalieri d'Oro L, Pesatori AC. Mortality and cancer
incidence in a population exposed to TCDD after the Seveso, Italy, accident
(1976-2013). Occup Environ Med. 2024; 81: 349-58.

Dong Z, Yuan G, Hu J. Uncertainty analysis in
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) cancer dose-response for three
occupational cohorts. Environ Int. 2015; 88: 53-9.

Toydemir G, Loonen LMP, Venkatasubramanian PB, Mes JJ, Wells JM, De Wit
N. Coffee induces AHR- and Nrf2-mediated transcription in intestinal
epithelial cells. Food Chem. 2020; 341: 128261.

Chapkin RS, Davidson LA, Park H, Jin U-H, Fan Y-Y, Cheng Y, et al. Role of
the Aryl Hydrocarbon Receptor (AhR) in Mediating the Effects of Coffee in the
Colon. Mol Nutr Food Res. 2021; 65: €2100539.

Popolo A, Pinto A, Daglia M, Nabavi SF, Farooqi AA, Rastrelli L. Two likely
targets for the anti-cancer effect of indole derivatives from cruciferous
vegetables: PI3K/Akt/mTOR signalling pathway and the aryl hydrocarbon
receptor. Semin Cancer Biol. 2017; 46: 132-7.

Bartorikova I, Dvotdk Z. Essential oils of culinary herbs and spices display
agonist and antagonist activities at human aryl hydrocarbon receptor AhR.
Food Chem Toxicol. 2017; 111: 374-84.

Husain I, Gurley BJ, Kothapalli HB, Wang Y-H, Vedova LD, Chittiboyina AG,
et al. Evaluation of bioaccessibility, metabolic clearance and interaction with
xenobiotic receptors (PXR and AhR) of cinnamaldehyde. Food Chem (Oxf).
2024; 10: 100237.

Sladekova L, Mani S, Dvofak Z. Ligands and agonists of the aryl hydrocarbon
receptor AhR: Facts and myths. Biochem Pharmacol. 2023; 213: 115626.
Hole¢ek M. Serotonin, Kynurenine, and Indole Pathways of Tryptophan
Metabolism in Humans in Health and Disease. Nutrients. 2026; 18.

Miao H, Zhang S-J, Wu X, Li P, Zhao Y-Y. Tryptophan metabolism as a target
in gut microbiota, ageing and kidney disease. Int J Biol Sci. 2025; 21: 4374-87.
Salminen A. Role of indoleamine 2,3-dioxygenase 1 (IDO1) and kynurenine
pathway in the regulation of the aging process. Ageing Res Rev. 2022; 75:
101573.

Cheong JE, Sun L. Targeting the IDO1/TDO2-KYN-AhR Pathway for Cancer
Immunotherapy - Challenges and Opportunities. Trends Pharmacol Sci. 2017;
39: 307-25.

Triplett TA, Garrison KC, Marshall N, Donkor M, Blazeck J, Lamb C, et al.
Reversal of indoleamine 2,3-dioxygenase-mediated cancer immune
suppression by systemic kynurenine depletion with a therapeutic enzyme.
Nat Biotechnol. 2018; 36: 758-64.

Sun M, Ma N, He T, Johnston LJ, Ma X. Tryptophan (Trp) modulates gut
homeostasis via aryl hydrocarbon receptor (AhR). Crit Rev Food Sci Nutr.
2019; 60: 1760-8.

Du L, Xing Z, Tao B, Li T, Yang D, Li W, et al. Both IDO1 and TDO contribute
to the malignancy of gliomas via the Kyn-AhR-AQP4 signaling pathway.
Signal Transduct Target Ther. 2020; 5: 10.

Liu X, Yang M, Xu P, Du M, Li S, Shi J, et al. Kynurenine-AhR reduces T-cell
infiltration and induces a delayed T-cell immune response by suppressing the
STAT1-CXCL9/CXCL10 axis in tuberculosis. Cellular & Molecular
Immunology. 2024; 21: 1426-40.

Agus A, Planchais J, Sokol H. Gut Microbiota Regulation of Tryptophan
Metabolism in Health and Disease. Cell Host Microbe. 2018; 23: 716-24.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

5847

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Li S. Modulation of immunity by tryptophan microbial metabolites. Front
Nutr. 2023; 10: 1209613.

Roager HM, Licht TR. Microbial tryptophan catabolites in health and disease.
Nat Commun. 2018; 9: 3294.

Giani Tagliabue S, Faber SC, Motta S, Denison MS, Bonati L. Modeling the
binding of diverse ligands within the Ah receptor ligand binding domain.
Scientific Reports. 2019; 9: 10693.

Prasetyanti PR, Medema JP. Intra-tumor heterogeneity from a cancer stem cell
perspective. Mol Cancer. 2017; 16: 41.

Bai X, Ni J, Beretov ], Graham P, Li Y. Cancer stem cell in breast cancer
therapeutic resistance. Cancer Treat Rev. 2018; 69: 152-63.

Han J, Won M, Kim JH, Jung E, Min K, Jangili P, et al. Cancer stem
cell-targeted bio-imaging and chemotherapeutic perspective. Chem Soc Rev.
2020; 49: 7856-78.

Najafi M, Mortezaee K, Majidpoor J. Cancer stem cell (CSC) resistance drivers.
Life Sci. 2019; 234: 116781.

Bayik D, Lathia JD. Cancer stem cell-immune cell crosstalk in tumour
progression. Nat Rev Cancer. 2021; 21: 526-36.

Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the niche
in regulating stemness of tumor cells? Cell Stem Cell. 2015; 16: 225-38.

Zhang S, Peng L, Goswami S, Li Y, Dang H, Xing S, et al. Intestinal crypt
microbiota modulates intestinal stem cell turnover and tumorigenesis via
indole acetic acid. Nat Microbiol. 2025; 10: 765-83.

Ouyang L, Yan B, Liu Y, Mao C, Wang M, Liu N, et al. The deubiquitylase
UCHL3 maintains cancer stem-like properties by stabilizing the aryl
hydrocarbon receptor. Signal Transduct Target Ther. 2020; 5: 78.

Sneha S, Nagare RP, Manasa P, Vasudevan S, Shabna A, Ganesan TS. Analysis
of Human Stem Cell Transcription Factors. Cell Reprogram. 2019; 21: 171-80.
Maharajan N, Roufaeil DB, Brown RA, Portney BA, Banerjee A, Zalzman M.
Cancer Stem Cell Mechanisms and Targeted Therapeutic Strategies in Head
and Neck Squamous Cell Carcinoma. Cancer Lett. 2025: 218015.

Zhou X, Chakraborty D, Murray IA, Coslo D, Kehs Z, Vijay A, et al. Aryl
Hydrocarbon Receptor Activation Coordinates Mouse Small Intestinal
Epithelial Cell Programming. Lab Invest. 2023; 103: 100012.

Steffens Reinhardt L, Groen K, Zhang X, Morten BC, Wawruszak A,
Avery-Kiejda KA. p53 isoform expression promotes a stemness phenotype
and inhibits doxorubicin sensitivity in breast cancer. Cell Death Dis. 2023; 14:
509.

Ibrahim EE, Babaei-Jadidi R, Saadeddin A, Spencer-Dene B, Hossaini S,
Abuzinadah M, et al. Embryonic NANOG activity defines colorectal cancer
stem cells and modulates through AP1- and TCF-dependent mechanisms.
Stem Cells. 2012; 30: 2076-87.

Lu C-S, Shiau A-L, Su B-H, Hsu T-S, Wang C-T, Su Y-C, et al. Oct4 promotes
M2 macrophage polarization through upregulation of macrophage
colony-stimulating factor in lung cancer. ] Hematol Oncol. 2020; 13: 62.

Liu X, Ye Y, Zhu L, Xiao X, Zhou B, Gu Y, et al. Niche stiffness sustains cancer
stemness via TAZ and NANOG phase separation. Nat Commun. 2023; 14: 238.
Koukourakis IM, Platoni K, Kouloulias V, Arelaki S, Zygogianni A. Prostate
Cancer Stem Cells: Biology and Treatment Implications. Int ] Mol Sci. 2023; 24.
Fatma H, Siddique HR. Cancer cell plasticity, stem cell factors, and therapy
resistance: how are they linked? Cancer Metastasis Rev. 2023.

Wang L, Peng Q, Xie Y, Yin N, Xu J, Chen A, et al. Cell-cell contact-driven
EphB1 cis- and trans- signalings regulate cancer stem cells enrichment after
chemotherapy. Cell Death Dis. 2022; 13: 980.

EJ, Kang Z, Yuan J, Wang Z, Tong D, Xing J. ZNF516 suppresses stem cell-like
characteristics by regulating the transcription of Sox2 in colorectal cancer. Am
J Cancer Res. 2022; 12: 3745-59.

Su Y-C, Chen Y-C, Tseng Y-L, Shieh G-S, Wu P, Shiau A-L, et al. The
Pro-Survival Oct4/Statl/Mcl-1 Axis Is Associated with Poor Prognosis in
Lung Adenocarcinoma Patients. Cells. 2021; 10.

Nacarino-Palma A, Rejano-Gordillo CM, Gonzalez-Rico FJ, Ordiales-Talavero
A, Roman AC, Cuadrado M, et al. Loss of Aryl Hydrocarbon Receptor Favors
K-RasG12D-Driven Non-Small Cell Lung Cancer. Cancers (Basel). 2021; 13.
Cheng J, Li W, Kang B, Zhou Y, Song J, Dan S, et al. Tryptophan derivatives
regulate the transcription of Oct4 in stem-like cancer cells. Nat Commun. 2015;
6:7209.

Low H-Y, Lee Y-C, Lee Y-J, Wang H-L, Chen Y-I, Chien P-J, et al. Reciprocal
Regulation Between Indoleamine 2,3-Dioxigenase 1 and Notchl Involved in
Radiation Response of Cervical Cancer Stem Cells. Cancers (Basel). 2020; 12.
Ni H, Tang S, Yuan X, Xu J, Zheng F, Chen K, et al. Prolonged exposure of
environmental concentration benzo[a]pyrene promoted cancer stemness
through AhR/PKA/SOX2 dependent pathway in small cell lung cancer. Sci
Total Environ. 2024; 906: 167824.

Bracken CP, Goodall GJ. The many regulators of epithelial-mesenchymal
transition. Nat Rev Mol Cell Biol. 2022; 23: 89-90.

Mittal V. Epithelial Mesenchymal Transition in Tumor Metastasis. Annu Rev
Pathol. 2018; 13: 395-412.

Taki M, Abiko K, Ukita M, Murakami R, Yamanoi K, Yamaguchi K, et al.
Tumor Immune Microenvironment during Epithelial-Mesenchymal
Transition. Clin Cancer Res. 2021; 27: 4669-79.

Dongre A, Weinberg RA. New insights into the mechanisms of
epithelial-mesenchymal transition and implications for cancer. Nat Rev Mol
Cell Biol. 2019; 20: 69-84.

Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, et al. EMT
and dissemination precede pancreatic tumor formation. Cell. 2012; 148: 349-61.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Gu X, Wei S, Lv X. Circulating tumor cells: from new biological insights to
clinical practice. Signal Transduct Target Ther. 2024; 9: 226.

De Angelis ML, Francescangeli F, Nicolazzo C, Signore M, Giuliani A, Colace
L, et al. An organoid model of colorectal circulating tumor cells with stem cell
features, hybrid EMT state and distinctive therapy response profile. ] Exp Clin
Cancer Res. 2022; 41: 86.

Li C-H, Liu C-W, Tsai C-H, Peng Y-J, Yang Y-H, Liao P-L, et al. Cytoplasmic
aryl hydrocarbon receptor regulates glycogen synthase kinase 3 beta,
accelerates vimentin degradation, and suppresses epithelial-mesenchymal
transition in non-small cell lung cancer cells. Arch Toxicol. 2017; 91: 2165-78.
Hyzdalova M, Prochéazkova J, Strapacova S, Svrzkové L, Vacek O, Fedr R, et
al. A prolonged exposure of human lung carcinoma epithelial cells to
benzo[a]pyrene induces p21-dependent epithelial-to-mesenchymal transition
(EMT)-like phenotype. Chemosphere. 2021; 263: 128126.

Lamouille S, Xu ], Derynck R. Molecular mechanisms of
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 2014; 15: 178-96.
Brake SJ, Lu W, Chia C, Haug G, Larby ], Hardikar A, et al. Transforming
growth factor-B1 and SMAD signalling pathway in the small airways of
smokers and patients with COPD: potential role in driving fibrotic type-2
epithelial mesenchymal transition. Frontiers In Immunology. 2023; 14:
1216506.

Rios-Lépez DG, Tecalco-Cruz AC, Martinez-Pastor D, Sosa-Garrocho M,
Tapia-Urzta G, Aranda-Lopez Y, et al. TGF-B/SMAD canonical pathway
induces the expression of transcriptional cofactor TAZ in liver cancer cells.
Heliyon. 2023; 9: €21519.

Matsuoka T, Yashiro M. The Role of the Transforming Growth Factor-f
Signaling Pathway in Gastrointestinal Cancers. Biomolecules. 2023; 13.

Zhao Z, Hao D, Wang L, Li ], Meng Y, Li P, et al. CtBP promotes metastasis of
breast cancer through repressing cholesterol and activating TGF-f signaling.
Oncogene. 2019; 38: 2076-91.

Sari¢ N, Selby M, Ramaswamy V, Kool M, Stockinger B, Hogstrand C, et al.
The AHR pathway represses TGF 8 -SMAD3 signalling and has a potent
tumour suppressive role in SHH medulloblastoma. Scientific Reports. 2020;
10: 148.

Perez LG, Kempski J, McGee HM, Pelzcar P, Agalioti T, Giannou A, et al.
TGF-p signaling in Th17 cells promotes IL-22 production and colitis-associated
colon cancer. Nat Commun. 2020; 11: 2608.

Monteleone I, Marafini I, Zorzi F, Di Fusco D, Dinallo V, Rizzo A, et al. Smad7
Knockdown Restores Aryl Hydrocarbon Receptor-mediated Protective Signals
in the Gut. ] Crohns Colitis. 2016; 10: 670-7.

Gramatzki D, Pantazis G, Schittenhelm J, Tabatabai G, Kohle C, Wick W, et al.
Aryl hydrocarbon receptor inhibition downregulates the TGF-beta/Smad
pathway in human glioblastoma cells. Oncogene. 2009; 28: 2593-605.

Miret N, Pontillo C, Ventura C, Carozzo A, Chiappini F, Kleiman de Pisarev D,
et al. Hexachlorobenzene modulates the crosstalk between the aryl
hydrocarbon receptor and transforming growth factor-p1 signaling, enhancing
human breast cancer cell migration and invasion. Toxicology. 2016; 366-367:
20-31.

Shin M-K, Cheong J-H. Mitochondria-centric bioenergetic characteristics in
cancer stem-like cells. Arch Pharm Res. 2019; 42: 113-27.

De Francesco EM, Sotgia F, Lisanti MP. Cancer stem cells (CSCs): metabolic
strategies for their identification and eradication. Biochem J]. 2018; 475:
1611-34.

Tomkova V, Sandoval-Acuiia C, Torrealba N, Truksa J. Mitochondrial
fragmentation, elevated mitochondrial superoxide and respiratory
supercomplexes disassembly is connected with the tamoxifen-resistant
phenotype of breast cancer cells. Free Radic Biol Med. 2019; 143: 510-21.

Wang Z, Tang S, Cai L, Wang Q, Pan D, Dong Y, et al. DRP1
inhibition-mediated mitochondrial elongation abolishes cancer stemness,
enhances glutaminolysis, and drives ferroptosis in oral squamous cell
carcinoma. Br ] Cancer. 2024; 130: 1744-57.

Sancho P, Barneda D, Heeschen C. Hallmarks of cancer stem cell metabolism.
Br ] Cancer. 2016; 114: 1305-12.

Chelakkot C, Chelakkot VS, Shin Y, Song K. Modulating Glycolysis to
Improve Cancer Therapy. Int ] Mol Sci. 2023; 24.

Valle S, Alcala S, Martin-Hijano L, Cabezas-Sainz P, Navarro D, Mufioz ER, et
al. Exploiting oxidative phosphorylation to promote the stem and
immunoevasive properties of pancreatic cancer stem cells. Nat Commun.
2020; 11: 5265.

Choi H-J, Jhe Y-L, Kim J, Lim JY, Lee JE, Shin M-K, et al. FoxM1-dependent
and fatty acid oxidation-mediated ROS modulation is a cell-intrinsic drug
resistance mechanism in cancer stem-like cells. Redox Biol. 2020; 36: 101589.
Wang B, Wang W, Xu Y, Liu R, Li R, Yang P, et al. Manipulating Redox
Homeostasis of Cancer Stem Cells Overcome Chemotherapeutic Resistance
through Photoactivatable Biomimetic Nanodiscs. Small. 2024: €2308539.

Lee BWL, Ghode P, Ong DST. Redox regulation of cell state and fate. Redox
Biol. 2019; 25: 101056.

Katajisto P, Dohla ], Chaffer CL, Pentinmikko N, Marjanovic N, Igbal S, et al.
Stem cells. Asymmetric apportioning of aged mitochondria between daughter
cells is required for stemness. Science. 2015; 348: 340-3.

Tappenden DM, Lynn SG, Crawford RB, Lee K, Vengellur A, Kaminski NE, et
al. The aryl hydrocarbon receptor interacts with ATP5al, a subunit of the ATP
synthase complex, and modulates mitochondrial function. Toxicol Appl
Pharmacol. 2011; 254: 299-310.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

5848

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Hwang H]J, Dornbos P, Steidemann M, Dunivin TK, Rizzo M, LaPres JJ.
Mitochondrial-targeted aryl hydrocarbon receptor and the impact of
2,3,7 8-tetrachlorodibenzo-p-dioxin ~ on  cellular respiration and the
mitochondrial proteome. Toxicol Appl Pharmacol. 2016; 304: 121-32.

Yan T, Shen C, Jiang P, Yu C, Guo F, Tian X, et al. Risk SNP-induced
IncRNA-SLCC1 drives colorectal cancer through activating glycolysis
signaling. Signal Transduct Target Ther. 2021; 6: 70.

Lee R, Li J, Li J, Wu C-J, Jiang S, Hsu W-H, et al. Synthetic Essentiality of
Tryptophan 2,3-Dioxygenase 2 in APC-Mutated Colorectal Cancer. Cancer
Discov. 2022; 12: 1702-17.

Sutter CH, Olesen KM, Bhuju J, Guo Z, Sutter TR. AHR Regulates Metabolic
Reprogramming to Promote SIRT1-Dependent Keratinocyte Differentiation. J
Invest Dermatol. 2019; 139: 818-26.

Lee LY-H, Oldham WM, He H, Wang R, Mulhern R, Handy DE, et al.
Interferon-y Impairs Human Coronary Artery Endothelial Glucose
Metabolism by Tryptophan Catabolism and Activates Fatty Acid Oxidation.
Circulation. 2021; 144: 1612-28.

Thome T, Vugman NA, Stone LE, Wimberly K, Scali ST, Ryan TE. A
tryptophan-derived uremic metabolite/ Ahr/Pdk4 axis governs skeletal
muscle mitochondrial energetics in chronic kidney disease. JCI Insight. 2024; 9.
Luo Y, Zhang B, Geng N, Sun S, Song X, Chen J, et al. Transcriptomics and
metabolomics analyses provide insights into the difference in toxicity of
benzo[a]pyrene and 6-chlorobenzo[a]pyrene to human hepatic cells. Sci Total
Environ. 2022; 812: 152242.

Wang X, Li S, Liu L, Jian Z, Cui T, Yang Y, et al. Role of the aryl hydrocarbon
receptor signaling pathway in promoting mitochondrial biogenesis against
oxidative damage in human melanocytes. ] Dermatol Sci. 2019; 96: 33-41.
Burke CG, Myers JR, Boule LA, Post CM, Brookes PS, Lawrence BP. Early life
exposures shape the CD4+ T cell transcriptome, influencing proliferation,
differentiation, and mitochondrial dynamics later in life. Scientific Reports.
2019; 9: 11489.

Das DN, Naik PP, Mukhopadhyay S, Panda PK, Sinha N, Meher BR, et al.
Elimination of dysfunctional mitochondria through mitophagy suppresses
benzo[a]pyrene-induced apoptosis. Free Radic Biol Med. 2017; 112: 452-63.
Heo M]J, Suh JH, Lee SH, Poulsen KL, An YA, Moorthy B, et al. Aryl
hydrocarbon receptor maintains hepatic mitochondrial homeostasis in mice.
Mol Metab. 2023; 72: 101717.

GeT, Gu X, JiaR, Ge S, Chai P, Zhuang A, et al. Crosstalk between metabolic
reprogramming and epigenetics in cancer: updates on mechanisms and
therapeutic opportunities. Cancer Commun (Lond). 2022; 42: 1049-82.

Hogg SJ, Beavis PA, Dawson MA, Johnstone RW. Targeting the epigenetic
regulation of antitumour immunity. Nat Rev Drug Discov. 2020; 19: 776-800.
Akunuru S, James Zhai Q, Zheng Y. Non-small cell lung cancer
stem/progenitor cells are enriched in multiple distinct phenotypic
subpopulations and exhibit plasticity. Cell Death Dis. 2012; 3: e352.

Wu M, Zhang X, Zhang W, Chiou YS, Qian W, Liu X, et al. Cancer stem cell
regulated phenotypic plasticity protects metastasized cancer cells from
ferroptosis. Nat Commun. 2022; 13: 1371.

Lee AV, Nestler KA, Chiappinelli KB. Therapeutic targeting of DNA
methylation alterations in cancer. Pharmacol Ther. 2024; 258: 108640.
Saghafinia S, Mina M, Riggi N, Hanahan D, Ciriello G. Pan-Cancer Landscape
of Aberrant DNA Methylation across Human Tumors. Cell Rep. 2018; 25.
Wang T, Li P, Qi Q, Zhang S, Xie Y, Wang ], et al. A multiplex blood-based
assay targeting DNA methylation in PBMCs enables early detection of breast
cancer. Nat Commun. 2023; 14: 4724.

Kim S-C, Kim D-W, Cho EJ, Lee J-Y, Kim J, Kwon C, et al. A circulating
cell-free DNA methylation signature for the detection of hepatocellular
carcinoma. Mol Cancer. 2023; 22: 164.

Dong H, He X, Zhang L, Chen W, Lin Y-C, Liu S-B, et al. Targeting
PRMT9-mediated arginine methylation suppresses cancer stem cell
maintenance and elicits cGAS-mediated anticancer immunity. Nat Cancer.
2024; 5: 601-24.

LiuH, Song Y, Qiu H, Liu Y, Luo K, Yi Y, et al. Downregulation of FOXO3a by
DNMT1 promotes breast cancer stem cell properties and tumorigenesis. Cell
Death Differ. 2020; 27: 966-83.

Deshmukh A, Binju M, Arfuso F, Newsholme P, Dharmarajan A. Role of
epigenetic modulation in cancer stem cell fate. Int J Biochem Cell Biol. 2017; 90.
Stueve TR, Li W-Q, Shi J, Marconett CN, Zhang T, Yang C, et al.
Epigenome-wide analysis of DNA methylation in lung tissue shows
concordance with blood studies and identifies tobacco smoke-inducible
enhancers. Hum Mol Genet. 2017; 26: 3014-27.

Miura T, Onodera R, Terashima J, Ozawa S, Habano W.
B-naphthoflavone-induced upregulation of CYP1B1 expression is mediated by
the preferential binding of aryl hydrocarbon receptor to unmethylated
xenobiotic responsive elements. Exp Ther Med. 2021; 22: 1410.

Habano W, Miura T, Terashima J, Ozawa S. Aryl hydrocarbon receptor as a
DNA methylation reader in the stress response pathway. Toxicology. 2022;
470:153154.

Romagnolo DF, Papoutsis AJ, Laukaitis C, Selmin OI. Constitutive expression
of AhR and BRCA-1 promoter CpG hypermethylation as biomarkers of
ERa-negative breast tumorigenesis. BMC Cancer. 2015; 15: 1026.

Ray SS, Swanson HI. Dioxin-induced immortalization of normal human
keratinocytes and silencing of p53 and pl6INK4a. J Biol Chem. 2004; 279:
27187-93.

186.

187.

188.

189.

190.

191

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Ryu YS, Kang KA, Piao MJ, Ahn M], Yi JM, Bossis G, et al. Particulate
matter-induced senescence of skin keratinocytes involves oxidative
stress-dependent epigenetic modifications. Exp Mol Med. 2019; 51.

Cheng H-H, Hung-Ke L, Sheu M-L, Lee C-Y, Tsai Y-C, Lai D-W.
AHR/TET2/NTS5E axis downregulation is associated with the risk of systemic
lupus erythematosus and its progression. Inmunology. 2023; 168: 654-70.

Liao Q, Deng ], Tong J, Gan Y, Hong W, Dong H, et al. p53 induces
circFRMD4A to suppress cancer development through glycolytic
reprogramming and cuproptosis. Mol Cell. 2025; 85.

Goldie SJ, Mulder KW, Tan DW-M, Lyons SK, Sims AH, Watt FM. FRMD4A
upregulation in human squamous cell carcinoma promotes tumor growth and
metastasis and is associated with poor prognosis. Cancer Res. 2012; 72:
3424-36.

Goltsov AA, Maru DM, Katkhuda R, Duose DY, Luthra R, Correa AM, et al.
ANPEP/CD13 Expression as a Marker of Lymphovascular Invasion and
Survival in Esophageal Adenocarcinoma. Ann Thorac Surg. 2024; 118: 241-51.
Burke CG, Myers JR, Post CM, Boulé LA, Lawrence BP. DNA Methylation
Patterns in T Cells of Naive and Influenza A Virus-Infected Mice
Developmentally Exposed to an Aryl Hydrocarbon Receptor Ligand. Environ
Health Perspect. 2021; 129: 17007.

Millan-Zambrano G, Burton A, Bannister AJ, Schneider R. Histone
post-translational modifications - cause and consequence of genome function.
Nat Rev Genet. 2022; 23: 563-80.

Bayat S, Shekari Khaniani M, Choupani J, Alivand MR, Mansoori Derakhshan
S. HDACis (class I), cancer stem cell, and phytochemicals: Cancer therapy and
prevention implications. Biomed Pharmacother. 2018; 97: 1445-53.

Chen X, Wang C, Jiang Y, Wang Q, Tao Y, Zhang H, et al. Bcl-3 promotes Wnt
signaling by maintaining the acetylation of B-catenin at lysine 49 in colorectal
cancer. Signal Transduct Target Ther. 2020; 5: 52.

Ghoshal P, Nganga AJ, Moran-Giuati J, Szafranek A, Johnson TR, Bigelow A],
et al. Loss of the SMRT/NCoR2 corepressor correlates with JAG2
overexpression in multiple myeloma. Cancer Res. 2009; 69: 4380-7.

Sinha KK, Bilokapic S, Du Y, Malik D, Halic M. Histone modifications regulate
pioneer transcription factor cooperativity. Nature. 2023; 619: 378-84.

Jin ML, Yang L, Jeong KW. SETD1A-SOX2 axis is involved in tamoxifen
resistance in estrogen receptor a-positive breast cancer cells. Theranostics.
2022; 12: 5761-75.

Yang L, Jin M, Park SJ, Seo S-Y, Jeong KW. SETD1A Promotes Proliferation of
Castration-Resistant Prostate Cancer Cells via FOXM1 Transcription. Cancers
(Basel). 2020; 12.

Ding S, Chen ], Zeng Q, Lu J, Tan L, Guo A, et al. Chronic sun exposure is
associated with distinct histone acetylation changes in human skin. Br J
Dermatol. 2018; 179: 110-7.

Joshi AD, Hossain E, Elferink CJ. Epigenetic Regulation by Agonist-Specific
Aryl Hydrocarbon Receptor Recruitment of Metastasis-Associated Protein 2
Selectively Induces Stanniocalcin 2 Expression. Mol Pharmacol. 2017; 92:
366-74.

Tsai C-H, Li C-H, Liao P-L, Chang Y-W, Cheng Y-W, Kang J-]. Aza-PBHA, a
potent histone deacetylase inhibitor, inhibits human gastric-cancer cell
migration via PKCa-mediated AHR-HDAC interactions. Biochim Biophys
Acta Mol Cell Res. 2020; 1867: 118564.

Liu K-Y, Wang L-T, Hsu S-H. Modification of Epigenetic Histone Acetylation
in Hepatocellular Carcinoma. Cancers (Basel). 2018; 10.

Stockinger B, Di Meglio P, Gialitakis M, Duarte JH. The aryl hydrocarbon
receptor: multitasking in the immune system. Annu Rev Immunol. 2014; 32:
403-32.

Khanal T, Choi K, Leung Y-K, Wang J, Kim D, Janakiram V, et al. Loss of
NR2E3 represses AHR by LSD1 reprogramming, is associated with poor
prognosis in liver cancer. Scientific Reports. 2017; 7: 10662.

Schonfeld M, Averilla J, Gunewardena S, Weinman SA, Tikhanovich 1.
Alcohol-associated fibrosis in females is mediated by female-specific
activation of lysine demethylases KDM5B and KDM5C. Hepatol Commun.
2022; 6: 2042-57.

Lv Q Wang K, Qiao S, Yang L, Xin Y, Dai Y, et al. Norisoboldine, a natural
AhR agonist, promotes Treg differentiation and attenuates colitis via targeting
glycolysis and subsequent NAD+/SIRT1/SUV39H1/H3K9me3 signaling
pathway. Cell Death Dis. 2018; 9: 258.

Alluli A, Fonseca G, Matthews J, Eidelman DH, Baglole CJ. Regulation of long
non-coding RNA expression by aryl hydrocarbon receptor activation. Toxicol
Lett. 2023; 391: 13-25.

Lee J-E, Cho S-G, Ko S-G, Ahrmad SA, Puga A, Kim K. Regulation of a long
noncoding RNA MALAT1 by aryl hydrocarbon receptor in pancreatic cancer
cells and tissues. Biochem Biophys Res Commun. 2020; 532: 563-9.

Chen W, Mi C, Zhang Y, Yang Y, Huang W, Xu Z, et al. Defective Homologous
Recombination Repair By Up-Regulating Lnc-HZ10/Ahr Loop in Human
Trophoblast Cells Induced Miscarriage. Adv Sci (Weinh). 2024; 11: e2207435.
Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role
in disease. Nat Rev Mol Cell Biol. 2021; 22: 266-82.

Wang H, Guo M, Wei H, Chen Y. Targeting p53 pathways: mechanisms,
structures, and advances in therapy. Signal Transduct Target Ther. 2023; 8: 92.
Xie Y, Zhu S, Song X, Sun X, Fan Y, Liu J, et al. The Tumor Suppressor p53
Limits Ferroptosis by Blocking DPP4 Activity. Cell Rep. 2017; 20: 1692-704.
Koppula P, Lei G, Zhang Y, Yan Y, Mao C, Kondiparthi L, et al. A targetable
CoQ-FSP1 axis drives ferroptosis- and radiation-resistance in KEAP1 inactive
lung cancers. Nat Commun. 2022; 13: 2206.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

5849

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243.

Wang Z, Li R, Hou N, Zhang ], Wang T, Fan P, et al. PRMT5 reduces
immunotherapy efficacy in triple-negative breast cancer by methylating
KEAP1 and inhibiting ferroptosis. ] Immunother Cancer. 2023; 11.

Li H, Yang P, Wang ], Zhang ], Ma Q, Jiang Y, et al. HLF regulates ferroptosis,
development and chemoresistance of triple-negative breast cancer by
activating tumor cell-macrophage crosstalk. ] Hematol Oncol. 2022; 15: 2.
Yang F, Xiao Y, Ding J-H, Jin X, Ma D, Li D-Q, et al. Ferroptosis heterogeneity
in triple-negative breast cancer reveals an innovative immunotherapy
combination strategy. Cell Metab. 2023; 35.

Ma L, Chen C, Zhao C, Li T, Ma L, Jiang J, et al. Targeting carnitine palmitoyl
transferase 1A (CPT1A) induces ferroptosis and synergizes with
immunotherapy in lung cancer. Signal Transduct Target Ther. 2024; 9: 64.
Hsieh C-H, Hsieh H-C, Shih F-S, Wang P-W, Yang L-X, Shieh D-B, et al. An
innovative NRF2 nano-modulator induces lung cancer ferroptosis and elicits
an immunostimulatory tumor microenvironment. Theranostics. 2021; 11:
7072-91.

Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of
ferroptosis in cancer. Nat Rev Clin Oncol. 2021; 18: 280-96.

Mou Y, Wang J, Wu J, He D, Zhang C, Duan C, et al. Ferroptosis, a new form of
cell death: opportunities and challenges in cancer. ] Hematol Oncol. 2019; 12:
34.

Zhang R, Kang R, Tang D. Gut Microbiome Mediates Ferroptosis Resistance
for Colorectal Cancer Development. Cancer Res. 2024; 84: 796-7.

Peng Y, Ouyang L, Zhou Y, Lai W, Chen Y, Wang Z, et al. AhR Promotes the
Development of Non-small cell lung cancer by Inducing SLC7A11-dependent
Antioxidant Function. ] Cancer. 2023; 14: 821-34.

Panda SK, Peng V, Sudan R, Ulezko Antonova A, Di Luccia B, Ohara TE, et al.
Repression of the aryl-hydrocarbon receptor prevents oxidative stress and
ferroptosis of intestinal intraepithelial lymphocytes. Immunity. 2023; 56.
Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an
intricate game of cell death. Cellular & Molecular Immunology. 2021; 18:
1106-21.

Newton K, Strasser A, Kayagaki N, Dixit VM. Cell death. Cell. 2024; 187:
235-56.

Moyer A, Tanaka K, Cheng EH. Apoptosis in Cancer Biology and Therapy.
Annu Rev Pathol. 2025; 20: 303-28.

Nebert DW, Roe AL, Dieter MZ, Solis WA, Yang Y, Dalton TP. Role of the
aromatic hydrocarbon receptor and [Ah] gene battery in the oxidative stress
response, cell cycle control, and apoptosis. Biochem Pharmacol. 2000; 59:
65-85.

Zhan Y, Zhang Z, Liu Y, Fang Y, Xie Y, Zheng Y, et al. NUPR1 contributes to
radiation resistance by maintaining ROS homeostasis via AhR/CYP signal
axis in hepatocellular carcinoma. BMC Med. 2022; 20: 365.

lizuka T, Yin P, Zuberi A, Kujawa S, Coon ]S, Bjorvang RD, et al.
Mono-(2-ethyl-5-hydroxyhexyl) phthalate promotes uterine leiomyoma cell
survival through tryptophan-kynurenine-AHR pathway activation. Proc Natl
Acad Sci US A. 2022; 119: e2208886119.

LiY, Su X, Feng C, Liu S, Guan H, Sun Y, et al. CYP2S1 is a synthetic lethal
target in BRAFV600E-driven thyroid cancers. Signal Transduct Target Ther.
2020; 5: 191.

Elias EE, Lyons B, Muruve DA. Gasdermins and pyroptosis in the kidney. Nat
Rev Nephrol. 2023; 19: 337-50.

Zhang Z, Zhang Y, Xia S, Kong Q, Li S, Liu X, et al. Gasdermin E suppresses
tumour growth by activating anti-tumour immunity. Nature. 2020; 579:
415-20.

Sheng Y, Zhang C, Cai D, Xu G, Chen S, Li W, et al
2,2',4,4'-Tetrabromodiphenyl ether and cadmium co-exposure activates aryl
hydrocarbon receptor pathway to induce ROS and GSDME-dependent
pyroptosis in renal tubular epithelial cells. Environ Toxicol. 2024; 39: 289-98.
Wu B-S, Xiang H-Q, Yu Y-W, Liu S, Song D-Y, Wu C, et al. 3,4-benzo[a]pyrene
aggravates myocardial infarction injury by activating NLRP3-related
pyroptosis through PINK1/Parkin-mitophagy-mPTP opening axis. Int
Immunopharmacol. 2023; 122: 110481.

Huai W, Zhao R, Song H, Zhao ], Zhang L, Zhang L, et al. Aryl hydrocarbon
receptor negatively regulates NLRP3 inflammasome activity by inhibiting
NLRP3 transcription. Nat Commun. 2014; 5: 4738.

Gao Y, Liu K-Y, Xiao W, Xie X, Liang Q, Tu Z, et al. Aryl hydrocarbon receptor
confers protection against macrophage pyroptosis and intestinal inflammation
through regulating polyamine biosynthesis. Theranostics. 2024; 14: 4218-39.

St Paul M, Ohashi PS. The Roles of CD8+ T Cell Subsets in Antitumor
Immunity. Trends Cell Biol. 2020; 30: 695-704.

Reina-Campos M, Scharping NE, Goldrath AW. CD8+ T cell metabolism in
infection and cancer. Nat Rev Immunol. 2021; 21: 718-38.

Giles JR, Globig A-M, Kaech SM, Wherry EJ. CD8+ T cells in the
cancer-immunity cycle. Immunity. 2023; 56: 2231-53.

Henning AN, Roychoudhuri R, Restifo NP. Epigenetic control of CD8+ T cell
differentiation. Nat Rev Immunol. 2018; 18: 340-56.

Philip M, Schietinger A. CD8+ T cell differentiation and dysfunction in cancer.
Nat Rev Immunol. 2022; 22: 209-23.

Hellstrom I, Hellstrom KE, Pierce GE, Yang JP. Cellular and humoral
immunity to different types of human neoplasms. Nature. 1968; 220: 1352-4.
Takenaka MC, Gabriely G, Rothhammer V, Mascanfroni ID, Wheeler MA,
Chao C-C, et al. Control of tumor-associated macrophages and T cells in
glioblastoma via AHR and CD39. Nat Neurosci. 2019; 22: 729-40.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Liu Y, Zhou N, Zhou L, Wang J, Zhou Y, Zhang T, et al. IL-2 regulates
tumor-reactive CD8+ T cell exhaustion by activating the aryl hydrocarbon
receptor. Nat Immunol. 2021; 22: 358-69.

Dean JW, Helm EY, Fu Z, Xiong L, Sun N, Oliff KN, et al. The aryl
hydrocarbon receptor cell intrinsically promotes resident memory CD8+ T cell
differentiation and function. Cell Rep. 2023; 42: 111963.

Bender MJ, McPherson AC, Phelps CM, Pandey SP, Laughlin CR, Shapira JH,
et al. Dietary tryptophan metabolite released by intratumoral Lactobacillus
reuteri facilitates immune checkpoint inhibitor treatment. Cell. 2023; 186.
Knochelmann HM, Dwyer CJ, Bailey SR, Amaya SM, Elston DM,
Mazza-McCrann JM, et al. When worlds collide: Th17 and Treg cells in cancer
and autoimmunity. Cellular & Molecular Immunology. 2018; 15: 458-69.
Rezalotfi A, Ahmadian E, Aazami H, Solgi G, Ebrahimi M. Gastric Cancer
Stem Cells Effect on Th17/Treg Balance; A Bench to Beside Perspective. Front
Oncol. 2019; 9: 226.

Cole AC, Knochelmann HM, Wyatt MM, Wittling MC, Horvat NK, Smith AS,
et al. Adoptively transferred Th17 cells cooperate with host B cells to achieve
durable tumor immunity. Cancer Cell. 2025; 43.

Kim M-C, Borcherding N, Ahmed KK, Voigt AP, Vishwakarma A, Kolb R, et
al. CD177 modulates the function and homeostasis of tumor-infiltrating
regulatory T cells. Nat Commun. 2021; 12: 5764.

Syding LA, Plackové K, Pavelkova L, Aquino-Perez C, Santegoets SJ, Laco J, et
al. High Treg and PMN-MDSC densities are a hallmark of tertiary lymphoid
structures in fatal cases of cervical cancer. ] Inmunother Cancer. 2025; 13.
Kumagai S, Itahashi K, Nishikawa H. Regulatory T cell-mediated
immunosuppression orchestrated by cancer: towards an immuno-genomic
paradigm for precision medicine. Nat Rev Clin Oncol. 2024; 21: 337-53.
Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Cell Res.
2016; 27: 109-18.

Liu X, Wang X, Yang Q, Luo L, Liu Z, Ren X, et al. Th17 Cells Secrete TWEAK
to Trigger Epithelial-Mesenchymal Transition and Promote Colorectal Cancer
Liver Metastasis. Cancer Res. 2024; 84: 1352-71.

Kenison JE, Jhaveri A, Li Z, Khadse N, Tjon E, Tezza S, et al. Tolerogenic
nanoparticles suppress central nervous system inflammation. Proc Natl Acad
Sci U S A. 2020; 117: 32017-28.

Wang S, Xu Y, Wang L, Lin ], Xu C, Zhao X, et al. TolDC Restores the Balance
of Th17/Treg via Aryl Hydrocarbon Receptor to Attenuate Colitis. Inflamm
Bowel Dis. 2024.

Su X, Wang X, Zhang X, Sun Y, Jia Y. B-Indole-3-acetic acid attenuated
collagen-induced arthritis through reducing the ubiquitination of Foxp3 via
the AhR-TAZ-Tip60 pathway. Immunol Res. 2024.

Elizondo G, Rodriguez-Sosa M, Estrada-Muniz E, Gonzalez FJ, Vega L.
Deletion of the aryl hydrocarbon receptor enhances the inflammatory
response to Leishmania major infection. Int J Biol Sci. 2011; 7: 1220-9.

Griffith BD, Kadiyala P, McGue J, Sun L, Kumar A, Espinoza CE, et al. Aryl
hydrocarbon receptor ligands drive pancreatic cancer initiation and
progression through pro-tumorigenic T cell polarization. Cancer Discov. 2025.
Ye ], QiuJ, Bostick JW, Ueda A, Schjerven H, Li S, et al. The Aryl Hydrocarbon
Receptor Preferentially Marks and Promotes Gut Regulatory T Cells. Cell Rep.
2017; 21: 2277-90.

Gandhi R, Kumar D, Burns EJ, Nadeau M, Dake B, Laroni A, et al. Activation
of the aryl hydrocarbon receptor induces human type 1 regulatory T cell-like
and Foxp3(+) regulatory T cells. Nat Immunol. 2010; 11: 846-53.

Yasuda K, Takeuchi Y, Hirota K. The pathogenicity of Thl7 cells in
autoimmune diseases. Semin Immunopathol. 2019; 41: 283-97.

Lee GR. The Balance of Th17 versus Treg Cells in Autoimmunity. Int ] Mol Sci.
2018; 19.

Zhou L. AHR Function in Lymphocytes: Emerging Concepts. Trends
Immunol. 2016; 37: 17-31.

Chuang H-C, Chen Y-M, Chen M-H, Hung W-T, Yang H-Y, Tseng Y-H, et al.
AhR-ROR-yt complex is a therapeutic target for
MAP4K3/GLKhighIL-17Ahigh ~ subpopulation  of  systemic  lupus
erythematosus. FASEB J. 2019; 33: 11469-80.

Jia L, Jiang Y, Wu L, Fu J, Du J, Luo Z, et al. Porphyromonas gingivalis
aggravates colitis via a gut microbiota-linoleic acid metabolism-Th17/Treg
cell balance axis. Nat Commun. 2024; 15: 1617.

NiQ, Zhen L, Zeng Z, Yang J, Wang Y, Xu H, et al. Mesenchymal stromal cells
restrain the Th17 cell response via L-amino-acid oxidase within lymph nodes.
Cell Death Dis. 2024; 15: 640.

Gagliani N, Amezcua Vesely MC, Iseppon A, Brockmann L, Xu H, Palm NW,
et al. Th17 cells transdifferentiate into regulatory T cells during resolution of
inflammation. Nature. 2015; 523: 221-5.

Damasceno LEA, Cebinelli GCM, Fernandes MF, Nascimento DC, Pablio GA,
Vinolo MAR, et al. STING is an intrinsic checkpoint inhibitor that restrains the
TH17 cell pathogenic program. Cell Rep. 2022; 39: 110838.

Locati M, Curtale G, Mantovani A. Diversity, Mechanisms, and Significance of
Macrophage Plasticity. Annu Rev Pathol. 2020; 15: 123-47.

Shao N, Qiu H, Liu J, Xiao D, Zhao J, Chen C, et al. Targeting lipid metabolism
of macrophages: A new strategy for tumor therapy. ] Adv Res. 2024; 68.
Toledo B, Zhu Chen L, Paniagua-Sancho M, Marchal JA, Peran M, Giovannetti
E. Deciphering the performance of macrophages in tumour
microenvironment: a call for precision immunotherapy. ] Hematol Oncol.
2024; 17: 44.

Wang C, Lin Y, Zhu H, Zhou Y, Mao F, Huang X, et al. The Prognostic and
Clinical Value of Tumor-Associated Macrophages in Patients With Breast

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

5850

274.

275.

276.

277.

278.

279.

280.

281.
282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294

295.

296.

297.

298.

299.

300.

Cancer: A Systematic Review and Meta-Analysis. Front Oncol. 2022; 12:
905846.

Lépez-Janeiro A, Padilla-Ansala C, de Andrea CE, Hardisson D, Melero L.
Prognostic value of macrophage polarization markers in epithelial neoplasms
and melanoma. A systematic review and meta-analysis. Mod Pathol. 2020; 33:
1458-65.

Xie M, Jiang Q, Zhao S, Zhao J, Ye X, Qian W. Prognostic value of
tissue-infiltrating immune cells in tumor microenvironment of follicular
lymphoma: A meta-analysis. Int Imnmunopharmacol. 2020; 85: 106684.

Kubli SP, Bassi C, Roux C, Wakeham A, Gobl C, Zhou W, et al. AhR controls
redox homeostasis and shapes the tumor microenvironment in
BRCA1-associated breast cancer. Proc Natl Acad Sci U S A. 2019; 116: 3604-13.
Panitz V, Koncarevi¢ S, Sadik A, Friedel D, Bausbacher T, Trump S, et al.
Tryptophan metabolism is inversely regulated in the tumor and blood of
patients with glioblastoma. Theranostics. 2021; 11: 9217-33.

Campesato LF, Budhu S, Tchaicha J, Weng C-H, Gigoux M, Cohen IJ, et al.
Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by
L-Kynurenine. Nat Commun. 2020; 11: 4011.

McKay ZP, Brown MC, Gromeier M. Aryl Hydrocarbon Receptor Signaling
Controls CD155 Expression on Macrophages and Mediates Tumor
Immunosuppression. ] Immunol. 2021; 206: 1385-94.

Morante-Palacios O, Fondelli F, Ballestar E, Martinez-Caceres EM. Tolerogenic
Dendritic Cells in Autoimmunity and Inflammatory Diseases. Trends
Immunol. 2021; 42: 59-75.

Chieppa M. Role of Dendritic Cells in Inflammation. Int ] Mol Sci. 2020; 21.
Goudot C, Coillard A, Villani A-C, Gueguen P, Cros A, Sarkizova S, et al. Aryl
Hydrocarbon Receptor Controls Monocyte Differentiation into Dendritic Cells
versus Macrophages. Immunity. 2017; 47.

Nguyen NT, Kimura A, Nakahama T, Chinen I, Masuda K, Nohara K, et al.
Aryl hydrocarbon receptor negatively regulates dendritic cell immunogenicity
via a kynurenine-dependent mechanism. Proc Natl Acad Sci U S A. 2010; 107:
19961-6.

Platzer B, Richter S, Kneidinger D, Waltenberger D, Woisetschliger M, Strobl
H. Aryl hydrocarbon receptor activation inhibits in vitro differentiation of
human monocytes and Langerhans dendritic cells. J Immunol. 2009; 183:
66-74.

Vogel CFA, Goth SR, Dong B, Pessah IN, Matsumura F. Aryl hydrocarbon
receptor signaling mediates expression of indoleamine 2,3-dioxygenase.
Biochem Biophys Res Commun. 2008; 375: 331-5.

Gargaro M, Scalisi G, Manni G, Briseio CG, Bagadia P, Durai V, et al.
Indoleamine 2,3-dioxygenase 1 activation in mature c¢DC1 promotes
tolerogenic education of inflammatory cDC2 via metabolic communication.
Immunity. 2022; 55.

Jiang X, Wang J, Lin L, Du L, Ding Y, Zheng F, et al. Macrophages promote
pre-metastatic niche formation of breast cancer through aryl hydrocarbon
receptor activity. Signal Transduct Target Ther. 2024; 9: 352.

Kenison JE, Wang Z, Yang K, Snyder M, Quintana FJ, Sherr DH. The aryl
hydrocarbon receptor suppresses immunity to oral squamous cell carcinoma
through immune checkpoint regulation. Proc Natl Acad Sci U S A. 2021; 118.
Han S-C, Wang G-Z, Yang Y-N, Fang W-F, Sun B-B, Zhang J-D, et al. Nuclear
AhR and membranous PD-L1 in predicting response of non-small cell lung
cancer to PD-1 blockade. Signal Transduct Target Ther. 2023; 8: 191.
Krdhenbiihl L, Goldinger SM, Mangana J, Kerl K, Chevolet I, Brochez L, et al.
A Longitudinal Analysis of IDO and PDL1 Expression during Immune- or
Targeted Therapy in Advanced Melanoma. Neoplasia. 2018; 20: 218-25.

Wen X, Fu J, Zhang X, Meng X, Tian Y, Li J, et al. Achieving Immune
Activation by Suppressing the IDO1 Checkpoint with Sono-Targeted
Biobromination for Antitumor Combination Immunotherapy. ] Am Chem Soc.
2024; 146: 24580-90.

Fujiwara Y, Kato S, Nesline MK, Conroy JM, DePietro P, Pabla S, et al.
Indoleamine 2,3-dioxygenase (IDO) inhibitors and cancer immunotherapy.
Cancer Treat Rev. 2022; 110: 102461.

Guo Y, Liu Y, Wu W, Ling D, Zhang Q, Zhao P, et al. Indoleamine
2,3-dioxygenase (Ido) inhibitors and their nanomedicines for cancer
immunotherapy. Biomaterials. 2021; 276: 121018.

Abd El-Fattah EE. IDO/kynurenine pathway in cancer: possible therapeutic
approaches. ] Transl Med. 2022; 20: 347.

Yan J, Chen D, Ye Z, Zhu X, Li X, Jiao H, et al. Molecular mechanisms and
therapeutic significance of Tryptophan Metabolism and signaling in cancer.
Mol Cancer. 2024; 23: 241.

Marszalek-Grabska M, Walczak K, Gawel K, Wicha-Komsta K, Wnorowska S,
Wnorowski A, et al. Kynurenine emerges from the shadows - Current
knowledge on its fate and function. Pharmacol Ther. 2021; 225: 107845.

Zhang X, Liu X, Zhou W, Du Q, Yang M, Ding Y, et al. Blockade of
IDO-Kynurenine-AhR Axis Ameliorated Colitis-Associated Colon Cancer via
Inhibiting Immune Tolerance. Cell Mol Gastroenterol Hepatol. 2021; 12:
1179-99.

Wang F, Liu M, Ma D, Cai Z, Liu L, Wang J, et al. Dendritic cell-expressed IDO
alleviates atherosclerosis by expanding CD4+CD25+Foxp3+Tregs through
IDO-Kyn-AHR axis. Int Inmunopharmacol. 2023; 116: 109758.

Liang H, Li T, Fang X, Xing Z, Zhang S, Shi L, et al. IDO1/TDO dual inhibitor
RY103 targets Kyn-AhR pathway and exhibits preclinical efficacy on
pancreatic cancer. Cancer Lett. 2021; 522: 32-43.

Liu Y, Liang X, Yin X, Lv J, Tang K, Ma ], et al. Blockade of
IDO-kynurenine-AhR  metabolic  circuitry  abrogates  IFN-y-induced

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

322

323.

324.

325.

326.

immunologic dormancy of tumor-repopulating cells. Nat Commun. 2017; 8:
15207.

Kado SY, Bein K, Castaneda AR, Pouraryan AA, Garrity N, Ishihara Y, et al.
Regulation of IDO2 by the Aryl Hydrocarbon Receptor (AhR) in Breast
Cancer. Cells. 2023; 12.

Li Q Harden JL, Anderson CD, Egilmez NK. Tolerogenic Phenotype of
IFN-y-Induced IDO+ Dendritic Cells Is Maintained via an Autocrine
IDO-Kynurenine/ AhR-IDO Loop. ] Immunol. 2016; 197: 962-70.

Zhang M, Dai X-J, Huang B, Zheng S, Liu H-M, Zhao L, et al. Decoding IL4I1:
The Core role of metabolism-driven immune regulation and new perspectives
on disease targeting. Bioorg Chem. 2026; 171: 109544.

Sadik A, Somarribas Patterson LF, Oztiirk S, Mohapatra SR, Panitz V, Secker
PF, et al. IL4I1 Is a Metabolic Immune Checkpoint that Activates the AHR and
Promotes Tumor Progression. Cell. 2020; 182.

Wang Z, Xu W, Zhao L, Zhong L, Yu W, Wang S, et al. IL4I1* Macrophages
and TDO2" Myofibroblasts Drive AhR-Mediated Immunosuppression and
Ferroptosis Resistance in Solid Predominant Lung Adenocarcinoma. Adv Sci
(Weinh). 2025; 13: e13606.

Castellano F, Prevost-Blondel A, Cohen JL, Molinier-Frenkel V. What role for
AHR activation in IL4I1-mediated immunosuppression ? Oncoimmunology.
2021; 10: 1924500.

Liu ZQ, Ciudad MT, McGaha TL. New insights into tryptophan metabolism in
cancer. Trends Cancer. 2025; 11: 629-41.

Castelo ], Araujo-Aris S, Barriales D, Tanner Pasco S, Seoane I, Pefia-Cearra A,
et al. The microbiota metabolite, phloroglucinol, confers long-term protection
against inflammation. Gut Microbes. 2024; 16: 2438829.

Gao J, Xu K, Liu H, Liu G, Bai M, Peng C, et al. Impact of the Gut Microbiota
on Intestinal Immunity Mediated by Tryptophan Metabolism. Front Cell Infect
Microbiol. 2018; 8: 13.

Seo S-K, Kwon B. Immune regulation through tryptophan metabolism. Exp
Mol Med. 2023; 55: 1371-9.

Vaaben TH, Liitzheft DO, Koulouktsis A, Dawoodi IM, Stavnsbjerg C, Kvich
L, et al. Modulating tumor immunity using advanced microbiome
therapeutics producing an indole metabolite. EMBO Rep. 2025; 26: 1688-708.
Fong W, Li Q, Ji F, Liang W, Lau HCH, Kang X, et al. Lactobacillus
gallinarum-derived metabolites boost anti-PD1 efficacy in colorectal cancer by
inhibiting regulatory T cells through modulating IDO1/Kyn/AHR axis. Gut.
2023; 72: 2272-85.

Lou F, Yan L, Luo S, Dong Y, Xu J, Kang N, et al. Dysbiotic oral
microbiota-derived kynurenine, induced by chronic restraint stress, promotes
head and neck squamous cell carcinoma by enhancing CD8+ T cell exhaustion.
Gut. 2025.

Li W, Zhang Z, Wu R, Mao M, Ji Y, Wang X, et al. Fusobacterium
nucleatum-Derived Outer Membrane Vesicles Promote Immunotherapy
Resistance via Changes in Tryptophan Metabolism in Tumour-Associated
Macrophages. ] Extracell Vesicles. 2025; 14: €70070.

Bissonnette R, Stein Gold L, Rubenstein DS, Tallman AM, Armstrong A.
Tapinarof in the treatment of psoriasis: A review of the unique mechanism of
action of a novel therapeutic aryl hydrocarbon receptor-modulating agent. J
Am Acad Dermatol. 2021; 84: 1059-67.

Strober B, Stein Gold L, Bissonnette R, Armstrong AW, Kircik L, Tyring SK, et
al. One-year safety and efficacy of tapinarof cream for the treatment of plaque
psoriasis: Results from the PSOARING 3 trial. ] Am Acad Dermatol. 2022; 87:
800-6.

Bissonnette R, Stein Gold L, Kircik L, Simpson EL, Eichenfield LF, Browning J,
et al. Skin clearance, duration of treatment-free interval, and safety of
tapinarof cream 1% once daily: Results from ADORING 3, a 48-week phase 3
open-label extension trial in adults and children down to 2 years of age with
atopic dermatitis. ] Am Acad Dermatol. 2025.

Peng L, Song H, Shi H, Wu L, Ma Y, Fan X, et al. Oral Multi-Enzymatic
Manganese-Carbon Dots Alleviate Sepsis-Associated Lung Injury via the
Gut-Lung Axis. ACS Nano. 2025; 19: 37758-82.

Alphandéry E. Natural Metallic Nanoparticles for
Nano-Oncology. Int ] Mol Sci. 2020; 21.

Shasha C, Krishnan KM. Nonequilibrium Dynamics of Magnetic
Nanoparticles with Applications in Biomedicine. Adv Mater. 2020; 33:
€1904131.

Application in

. Couvreur P. Nanoparticles in drug delivery: past, present and future. Adv

Drug Deliv Rev. 2012; 65: 21-3.

Wu JLY, Ji Q, Blackadar C, Nguyen LNM, Lin ZP, Sepahi Z, et al. The
pathways for nanoparticle transport across tumour endothelium. Nat
Nanotechnol. 2025; 20: 672-82.

Murray AM, Swingle KL, Mitchell M]. Engineering Nanoparticles for
Gynecologic Cancer Therapy. ACS Nano. 2025; 19: 30758-85.

Zhu M-Z, Xu H-M, Liang Y-J, Xu J, Yue N-N, Zhang Y, et al. Edible
exosome-like nanoparticles from portulaca oleracea L mitigate DSS-induced
colitis via facilitating double-positive CD4+CD8+T cells expansion. J
Nanobiotechnology. 2023; 21: 309.

Han Z, Gong C, Li J, Guo H, Chen X, Jin Y, et al. Inmunologically modified
enzyme-responsive micelles regulate the tumor microenvironment for cancer
immunotherapy. Mater Today Bio. 2021; 13: 100170.

Huai M, Wang Y, Li ], Pan ], Sun F, Zhang F, et al. Intelligent nanovesicle for
remodeling ~ tumor  microenvironment and  circulating  tumor
chemoimmunotherapy amplification. ] Nanobiotechnology. 2024; 22: 257.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22 5851

327. Wang M, Liu Y, Li Y, Lu T, Wang M, Cheng Z, et al. Tumor
Microenvironment-Responsive Nanoparticles Enhance IDO1 Blockade

Immunotherapy by Remodeling Metabolic Immunosuppression. Adv Sci
(Weinh). 2024; 12: €2405845.

https://www.ijbs.com



