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The Aryl Hydrocarbon Receptor (AhR):

An Introduction to Xenobiotic Detection
and Metabolism

Xenobiotic metabolism

Xenobiotics are foreign molecules that can exert biological
activities on organisms and subsequently that can lead to
adverse outcomes. Invertebrates and vertebrates have devel-
oped strategies along evolution that allow them to detect and
eliminate these molecules, mostly through metabolization.
Before the Anthropocene reign, the xenobiotics were for exam-
ple bacterial toxins, which could be considered as environmen-
tal contaminants for higher organisms, likely to impact some of
their physiological functions.! Since the industrial revolution,
the formation and production of chemicals by human activities,
lead to a diversification of xenobiotics (number, chemical
families). More than 100000 chemical substances are now con-
sidered to belong to this category.? Compared to the number
of genes in humans (~22000), it might be difficult to imagine
how organisms specifically detect all these molecules. Never-
theless, the evolution led to the development of a few detection
systems with low specificity which handle the processes of
detoxification of many contaminants.

Three receptors (AhR, PXR, and CAR) were historically

considered as xenobiotic receptors as they were characterized

“$Both authors contributed equally to this work.

in a research context that involved the use of a variety of pollut-
ants binding them.>* One key element was to provide a link
between the detection of these xenobiotics and their metaboli-
zation. Indeed, the very first enzymes involved in the xenobi-
otic metabolism were characterized and named cytochromes
P450 (CYP450), in the early 1960s; the abbreviation, CYP450,
comes from spectrophotometry experiments: when these
enzymes are in the reduced state and complexed with carbon
monoxide (CO), the absorbance peak is at a wavelength of
450nm.> They were first characterized as enzymes involved in
the oxidation of exogenous compounds.

A general presentation of xenobiotic metabolism® is pro-

posed in Figure 1.

The AbR signaling pathway

Among xenobiotic receptors, the existence of the aryl hydro-
carbon receptor (AhR) was characterized in 1976 by Poland
and authors, who described an adaptative response linking the
detection of pollutants to their detoxication. Later in the 19s
and early 20s, both PXR (Pregnane X Receptor) and CAR
(Constitutive Androstrane Receptor), 2 nuclear receptors (not
belonging to the same protein family), were identified.>*

Each of these receptors, functions in a similar manner: in
an inactive state, they are localized in the cytoplasm, complexed
to heat shock proteins (chaperones) that protect them from
degradation, also prevent them from entering the nucleus and
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Figure 1. A general presentation of xenobiotic metabolism. Three phases are considered as essential, the first 2 steps corresponding to the activation
and conjugation of xenobiotics leading to the production of metabolites, which are generally more hydrophilic. Therefore, a necessary third step involving
membrane transporters leads to the elimination of the metabolites from the cell and subsequently, from the body (urines, sweat. . .).

configure them in a state that allows their binding to ligands,
including pollutants. After ligand binding, a conformational
change of the receptor (AhR, PXR, CAR) leads to the detach-
ment of certain heat shock proteins. As a result, the receptor
enters the nucleus and complexes with a protein partner to form
a transcription factor. PXR and CAR complex with another
nuclear receptor called RXR (Retinoid X Receptor) while AhR,
which belongs to the BHLH/PAS (Basic Helix Loop Helix/
Period ARNT Single-minded) family, binds to a protein of the
same family named ARNT (for AhR Nuclear Translocator).

The cytoplasmic AhR complex contains c-Src (a tyrosine
kinase which could also trigger, upon release, phosphorylations
of multiple targets), 2 heat-shock proteins (Hsp90), the XAP2/
AIP/ARAY, and finally, p23, a co-chaperon (which means that
it only interacts with one Hsp90 and not with the AhR). Upon
binding of a ligand, the AhR translocates into the nucleus, and
dimerizes with AhR Nuclear Translocator (ARNT), another
member of the bHLH/PAS family. Therefore, the heterodimer
binds to Xenobiotic Responsive Elements (XRE, consensus
sequence 5-TNGCGTG-3’), which are in the promoters of
targets genes (including xenobiotic metabolizing enzymes and
transporters). Consequently, AhR ligands are metabolized and
eliminated from the body (Figure 2).47

A diversity of AhR target genes

Among the first genes discovered as AhR targets, several xeno-
biotic enzymes/transporters metabolize and participate to the

elimination of AhR ligands. Thus, the receptor regulates the
expression of several family 1 cytochromes P450 (CYP1A1,
1A2, and 1B1) and increases their levels following exposure to
PAHs and dioxins.® Several phase II enzymes are also over-
expressed and the balance between the 2 phases ensures the
production of metabolites that are not reactive (due to their
conjugation).” Conversely, an over-representation of phase 1
(CYP1) can lead to the production of DNA-reactive mole-
cules.’® This is classically described for benzo(a)pyrene, a
polycyclic aromatic hydrocarbon (PAH).

This signaling pathway is also subject to regulatory feed-
backs through the increased expression of a particular target
gene, the AhR Repressor (AhRR), which compete with ARNT.
Its increased expression following AhR activation thus
decreases the activity of the pathway and constitutes a negative
feedback.!!

Since the discovery of the first genes directly targeted by the
AhR, omics techniques have allowed the identification of new
target genes (inflammation molecules, cytokines, enzymes of
the tryptophan pathway, poly-ADP ribosyl transferases. . .)
which bring a new dimension to the receptor through the regu-
lation of multiple cellular functions (immunity, inter-organ
communications. . .).1112

The AbR ligands

Historically, the first suspected ligands of the AhR were xeno-
biotics such as Polycyclic Aromatic Hydrocarbons (PAH for
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Figure 2. A general presentation of the AhR signaling pathway. The AhR belongs to a cytoplasmic complex which detects pollutants and therefore
translocates into the nucleus forming a transcription factor with ARNT. The heterodimer binds to xenobiotic responsive elements (XRE) in the promoters
of target genes including xenobiotic-metabolizing enzymes which detoxifies the AhR ligands.

example benzo(a)pyrene), or furans and dioxins which are
Halogenated Aromatic Hydrocarbons (HAH).*3 These mol-
ecules have given their name to the receptor. Some of these
ligands are metabolized like the PAHs; their metabolism can
lead to the production of toxic intermediary metabolites, nota-
bly mutagenic and associated with certain cancers (like benzo(a)
pyrene and lung cancer).!’ A balance between phase I and
phase 1I enzymes is thus necessary to produce safe conjugated
metabolites which can be easily eliminated. Some of these
ligands are detected by the AhR but unfortunately, they are not
metabolized by cytochromes P450 which results in the mainte-
nance of their lipophilic property and potentially chronical
activation of the AhR pathway.’® For example, dioxins and
furans are difficult to eliminate from the body: they are there-
fore persistent organic pollutants (POPs) which accumulate in
the adipose tissue, the liver, or the brain (all considered as fatty
organs). The Seveso dioxin, or 2,3,7,8-TetraChloroDibenzo-p-
Dioxin (TCDD), causes numerous alterations in organisms
such as thyroid disruption, immunosuppressive effects, and
developmental abnormalities.16-18

The AhR has long been considered a xenobiotic receptor,
but AhR knockouts in mice, demonstrated that the receptor
also displays physiological regulatory functions.!®2! In addi-
tion, components of our diet have gradually been included in
the growing list of AhR ligands.

For example, polyphenols such as quercetin (present in
onions) or resveratrol (present in large quantities in the skin of
red grapes) activate the AhR pathway in a manner equivalent
to that of PAH or dioxins.?> However, one of the consequences
of this activation is their rapid metabolism by xenobiotic
metabolism enzymes. More recently, components present in
large quantities in crucifers, indoles such as indole-3-carbinol
or 3,3’-diindoylmethane have also been identified and charac-
terized as AhR ligands.?® Finally, among the new identified
endogenous ligands, molecules derived from the tryptophan
metabolism including kynurenine, have clearly been identified
as key regulators of the AhR functions.

The Multiples Functions of the Tryptophan

Catabolic Pathways

Tryptophan (Trp) is an essential amino acid (not produced by
our body and whose unique source is our food) which is used
for protein synthesis but also constitutes a biosynthetic precur-
sor to numerous active metabolites, including serotonin and
melatonin.?* The main catabolic pathway of Trp, called the
kynurenine pathway, is important for cell energy production
and limiting cellular aging as it degrades about 95% of trypto-
phan from the diet into the essential co-factor, nicotinamide
adenine dinucleotide or NAD™.2° Prior to the production of
NAD*, various intermediate compounds are synthesized and
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Figure 3. A general and simplified overview of tryptophan metabolism.

Quinolinic acid

exhibit remarkable activities toward various receptors involved
in the regulatory functions of the CNS and the immune
system.26-29

The kynurenine (Kyn) metabolites can also participate in
the incidence of numerous neurodegenerative disorders
(Alzheimer disease, amyotrophic lateral sclerosis, Huntington
disease, and Parkinson disease) or other inflammatory diseases
such as cancer or cardiovascular pathologies.?6:30-33

Owerall presentation of the Trp catabolic pathways
including IDO/TDO

The first step of kynurenine pathway is the conversion of Trp
to N-formyl-L-kynurenine (Figure 3). This conversion process

is enabled by 2 rate-limiting enzymes: tryptophan 2,3-dioxy-
genases (TDO) and indoleamine 2,3-dioxygenases (IDO).
Interestingly, both IDO and TDO are positively regulated
by cortisol and proinflammatory cytokines (IL-1, IL-6, and
TNF).3#3> N-formyl-L-kynurenine is then converted into Kyn
by formidase. However, IDO and TDO are considered as the
rate-limiting enzymes for Kyn production; indeed, the conver-
sion of Trp to Kyn through IDO and formidase represents the
first steps of the major pathway of Trp degradation (95%),
underscoring the importance of IDO, besides Kyn production,
in regulating the other pathways of Trp metabolism (indole
and/or serotonin pathways). Therefore, the Kyn pathway and
IDO have been implicated in issues with serotonergic homeo-
stasis and subsequently, with psychiatric health issues.3¢
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Kyn is a molecule at the crossroads of several reactions. The
next steps could be (1) the metabolization of Kyn by the Kyn
aminotransferases producing Kynurenic acid (KA) or (2) the
formation of anthranilic acid by kynureninase or, (3) the con-
version of Kyn into 3-hydroxy-kynurenine (3-OH-Kyn) by
Kyn monooxygenases (also named hydroxylases, as they attach
a hydroxyl group to the C3 of Kyn).%”

3-OH-Kyn can be metabolized by kynureninase and
transformed into 3-OH anthranilic acid (OH-AA).38 OH-AA
is metabolized by the enzyme 3-hydroxyanthranilic acid
3,4-dioxygenase to form 2-Amino-3-carboxymuconate semi-
aldehyde, a metabolite which can be further broken down into
the picolinic acid (PA) and quinolinic acid (QA). QA may
serve as a precursor for the synthesis of NAD*.2>

The gut microbiota participates in the direct transformation
of Trp (5%) into indole metabolites (Figure 3), such as indole,
indole-3-aldehyde, indole-3-acetic acid (IAA), and indole
3-propionate (IPA), which maintain intestinal barrier integrity
and immune cell homeostasis through, at least partly, activation
of the AhR, Treg formation, subsequent interleukin IL.-22
production and immunotolerance.3-#!

Finally, the production of serotonin represents only 1% to
2% of the Trp metabolism.

Functions of the Trp catabolites including KYN and
other AhR ligands

The cellular levels of Kyn and its downstream metabolites play
crucial roles in regulating the immune system, vascular biology,
and neurological functions.?*?° The first function of this meta-
bolic pathway is the control of Trp availability, regulated mainly
by TDO and IDO. Controlling the expression of these
enzymes, especially in the brain, can strongly while indirectly,
influence serotonin synthesis.

At the end of the 1970s, the discovery of the neuroactive
properties of certain metabolites produced by the Kyn pathway
has led to considerable renewed interest for its study. Among
the metabolites derived from this pathway, 3 of them are
particularly neuroactive, via their action on the glutamatergic
system or their involvement in oxidative processes: KA,
3-OH-Kyn, and QA.

One of the main characteristics of KA is that it is a com-
petitive antagonist of glutamate receptors, inhibiting the 3
ionotropic receptors of this excitatory amino acid: N-methyl-
D-aspartate (NMDA) receptors, kainic acid receptors, and
AMPA receptors.?64243 By its antagonistic properties, KA is
considered as a neuroprotective metabolite capable to counter-
act the excitotoxicity induced by glutamate (and QA, see
below).# Even modest increases in KA levels lead to rapid
reduction in glutamate levels especially in anterior brain regions
of rodents.*4 KA also acts on the a7 nicotinic acetylcholine
receptor (a7nACh) as an antagonist.## These nicotinic

receptors (activated by acetylcholine and nicotine, which are
the best-known agonists) play a key role in the central cholin-
ergic anti-inflammatory response.’® More recently, KA has also
been identified as an agonist of the G protein-coupled receptor
35 (GPR35), hitherto considered as an “orphan” receptor,’! as
well as the AhR.5? However, the expression of these receptors
in the brain is relatively low,> as they exert their main effects in
the periphery. In humans, GPR35 is mainly expressed in the
intestinal tract (stomach, intestine), in the spleen and in lym-
phocytes. The functions of this receptor are to date little known,
however considering its expression, it is likely that it has a regu-
latory role in the digestive system and a pathophysiological
implication in chronic inflammatory bowel diseases. Regardless
of its actions on these receptors, KA also exhibits antioxidant
properties linked to its ability to scavenge hydroxyl radicals,
superoxide anion, and other free radicals.”*>

QA is long known to produce an increase in neuronal firing
rate in the cerebral cortex.5%7 Neuronal excitation due to QA,
is blocked by 2-amino-5-phosphonopentanoic acid (AP5), a
compound reported earlier to block NMDA receptors.*8
Thus, QA was identified as an endogenous, selective agonist
of NMDA receptors.”” As mentioned before, KA blocks
NMDA receptors and therefore could compete with QA.>
Furthermore, beside its action on neurons, QA is also capable
of causing gliotoxicity of human astrocytes which also express
NMDA receptors.?0-62

Finally, 3-OH-Kyn also display neurotoxic properties, as it
can induce oxidative stress and consequently neuron death by
apoptosis. A part of this neurotoxicity also comes from one of
its metabolites, OH-AA. Both are capable of auto-oxidizing
and producing following significant amounts of reactive
oxygen species (ROS), the accumulation of which within the
CNS being highly toxic and associated with neurodegenerative
diseases.®3%5 In the context of Huntington’s disease, increased
levels of QA in the brain are accompanied by quantitatively
similar increases in brain levels of 3-OH-Kyn.t%67 The synthe-
sis of 3-OH-Kyn is particularly sensitive to inflammatory
mediators, in particular IFN-y. Under physiological conditions,
the concentrations of 3-OH-Kyn are relatively low. In contrast,
concentrations of 3-OH-Kyn and QA increase markedly in
response to activation of the immune system or administration
of IFN-y.68:69

Several studies have suggested a link between the physio-
logical effects of Kyn and its metabolites, and the AhR.70-72
Indeed, Kyn, KA and 6-formylindolo[3,2-b]carbazole (FICZ, a
product of Trp after exposure to UV radiation in the skin) are
considered AhR ligands.”>7> In support of this relationship are
the numerous observations that Kyn levels influence a variety
of immune responses in an AhR-dependent manner.”27678
Therefore, disorders of the Kyn metabolism are associated with
a variety of human health issues including cancer, hypertension,
chronic inflammation, and neurodegenerative disorders.?6-3%,33
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Trace-extended aromatic condensation products of
tryptophan metabolites

The Kyn-related underlying mechanistic roles of the AhR are
currently uncertain. Knowledge of the AhR pharmacology has
arisen from studying xenobiotic agonists like the halogenated
dibenzo-p-dioxins and polycyclic aromatic hydrocarbons.”-52
Thousands of xenobiotic compounds and endogenous metabo-
lites with diverse shape and chemical properties have been
reported to bind to the AhR.838* These studies demonstrate
that the AhR prefers compounds with elongated planar confor-
mations with large lateral extensions while Kyn is a much
smaller, polar, and irregularly shaped ligand. Thus, although it
has been shown that Kyn is a receptor activator, the structure of
this ligand does not conform to many of the rules that correlate
with high affinity binding to the AhR.7-82 Seok et al showed
that the activity of kynurenine toward the AhR is increased
by 100 to 1000-fold after incubation or long-term storage of
Kyn’s solution: in fact, this is linked to the formation of Kyn
condensates that interact with the hydrophobic ligand-binding
pocket of AhR. These authors have purified products of the
trace-active derivatives of Kyn and identified 2 new compounds
named trace-extended aromatic condensation products
(TEACOPs), that are active at very low concentrations (pico-
molar levels). The synthesized compound for one of the pre-
dicted structures, matched the purified compound in both
chemical structure and AhR pharmacology. This study provides
evidence that Kyn acts as an AhR pro-ligand, which requires
chemical conversions to produce efficient receptor agonists.®
These results suggest that Kyn undergoes chemical modifi-
cations into derivatives, which activates the AhR. This hypoth-
esis is quite plausible as this phenomenon has already been
observed for indole-3-carbinole,?3 a compound which, like
Kyn, does not have the characteristics expected for a good
interaction with residues of the ligand-binding cavity of AhR:
indeed, in acidic conditions, it can form various condensation
products including indolocarbazole (ICZ), which has a much
better affinity for AhR (Kp of 1.9 X 10-1© M for ICZ against
2.7 X105 M for I3C). This is also the case for another metab-
olite of tryptophan, tryptamine, which, under the action of a
monoamine oxidase, can form indole-3-acetaldehyde, a precur-

sor of FICZ, a high-affinity AhR ligand.®

The Interplay Between the AhR Pathway and

Trp Metabolism in the Occurrence of
Pathophysiological Processes and Diseases

Related to Metabolism and Cancer

The Kyn-AhR pathway has been implicated in pathophysio-
logical processes such as tumor immunotolerance. Metabolic
deregulations play a key role in cancer processes (eg, Warburg
effect). In this section, we have identified processes that may be
common to both the Kyn and AhR pathways and potentially
involved in inflammation and metabolic processes (potentially
related to cancer evolution) and we will discuss them in an
integrated way:

Inflammation can be triggered by cytokines such as IL-6,
TNF-a, and IFN-vy, which activate transcriptional factors (eg,
NF-kB and STATS3). These cytokines also activate IDO for
example during infection, restricting their access to Trp of
pathogens and therefore their growth. However, IDO activa-
tion in chronic inflammation can also induce immunotolerance
and potentially immune suppression.8-2 The role of Kyn
which is produced by the IDO pathway in cancer has been sug-
gested by several studies; for example, Kyn levels in normal
serum is comprised between 1 and 3 pM, while it is much
higher in the tumor microenvironment (up to 37 pM).88 As
mentioned previously, the presence of Kyn in the micro-
environment, can lead to the activation of the AhR and there-
fore to tumor proliferation and escape from the immune
system. A recent study showed that IL4I1 activates the AHR
pathway through the production of kynurenic acid and indole
metabolites also leading to immunosuppression.”® Considering
such results, IDO1 inhibition has been suggested as a potential
cancer therapy; however, this approach is not completely suc-
cessful in clinical trials and this might be partly related to its
impact on NAD™" metabolism.** Indeed, IDO1 inhibition leads
surprisingly to the overproduction of NADT; the inhibition of
IDO1 is not sufficient to leads to compensatory production
of NAD™ and its metabolites which favor tumor promotion
through multiple mechanisms. NAD™* deprivation, as a treat-
ment approach in cancer is considered; the blockage of NAD*
de novo synthesis by FK866 (a nicotinamide phosphoribosyl
transferase) sensitizes cancer cells for apoptosis.” We can
hypothesize that due to the high similarity between the cancer
phenotype that occur with high levels of NAD* and Kyn
(immunosuppression and tumor aggressiveness), that the AhR
pathway might also be involved in those process. Targeting
simultaneously NAD™ metabolism, IDO1 activity and the
AhR pathway might be an interesting approach for cancer
therapy.

Another cause of inflaimmation is the occurrence of an
oxidative stress: Sahm et al showed that QPRT expression in
glioma cells is increased by oxidative stress, a process that can
decrease the availability of QA (an AhR ligand and substrate of
QPRT) while increasing NAD™ levels. The elevation in QPRT
levels decreased the susceptibility of cancer cells to radio-
chemotherapy leading to poor prognosis.” The involvement of
the QA-AhR pathway is unknown in this process but several
studies raised the hypothesis that the AhR plays a key role in
chemoresistance for example through the up-regulation of
ABCG2, a drug transporter.”®

Several metabolic disorders are related to Trp metabolism
and/or the activity of the AhR pathway: insulin resistance (IR)
induces hyperglycemia due to the inability by various cells such
as adipocytes and cardiomyocytes, to import glucose.?”?8 This
condition is observed in type 2 diabetes (T2D), obesity, and
hypertension. Trp metabolism appears to be dysregulated in
obese and insulin-resistant (IR) patients. Kyn serum levels sig-
nificantly increased in obese adults, probably due to an increased
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IDO activity (this activity being already upregulated in pre-
diabetic subjects while normoglycemic). Interestingly, met-
formin which is used to treat T2D, also normalizes the Kyn
levels in these patients.”” Other IR or T2D cases displays
increased Trp and Kyn serum levels.’%100.101 These observa-
tional results do not allow to draw a causal link between Kyn
and dysregulated metabolism, but on the contrary, KA displays
a rather beneficial impact in terms of IR due to its antagonism
toward the NMDA receptor, triggering of the Gpr35/AMPK
axis and SIRT6, and regulation of long-term thermogene-
515102103 The AhR might also be implicated: Rojas et al'%
demonstrated that Kyn activates the AhR, a process linked
with weight gain (only when associated with an high-fat diet)
and hyperglycemia due to decreased plasma insulin levels. Such
results linking the AhR to the modulation of insulin responses
are not surprising: indeed; the AhR modulates this response
according to the nature of its ligands'031%: active ingredients of
Indigo naturalis (AhR agonists) alleviate high fat diet-induced
IR via an increased secretion of IL-10 and 11.-22.192 On the
contrary, a xenobiotic AhR ligand, benzo(a)pyrene increases
the levels of inflammatory markers such as TNF-o, NF-«kB,
and MCP-1 increased due to AhR activation in C57BL/
6 mice.1% Altered production and secretion of adipokines are also
associated with the Kyn pathway through the modulation of
NMDA receptors.!%” While none of the Trp metabolites has
been described to modulate adipokines secretion through AhR
modulation, we hypothesize that the Kyn pathway may influ-
ence adipokines secretion by the AT through modulation of
the AhR and that this process might contribute to the occur-
rence of metabolic diseases. Moreover, the metabolism of fatty
acids (FA4) is modulated by the IDO-Kyn-AhR pathway as it
has been shown in human coronary artery endothelial cells
(HCAEC:): IFN-y activates IDO1 therefore the production
of Kyn and then the activation of the AhR leading to reduced
intracellular levels of NAD* and increased FA oxidation.108
The nature of FA (@3 vs ®6) may determine if the AhR ligands
and the AhR pathway favors or suppress cancer progression:
indeed, in mice fed with a ®3-rich diet, TCDD decreased the
growth rates of transplanted tumors and their metastasis to the
liver and/or lung, while in 0w6-fed mice, TCDD enhanced can-
cer metastasis.0?

Another type of metabolic disorders related to Trp metabo-
lism, the AhR pathway and potentially cancer, is a gut micro-
biota imbalance, or ‘@ysbiosis.” %111 Decreases in Trp serum
concentrations are correlated with several diseases including
inflammatory bowel disease.!? Alteration in microbiota com-
position changes Trp availability with subsequent consequences
on the Kyn pathway therefore on the AhR activity. The activity
of colon cancer cells also modulates this availability: c-MYC
upregulates Trp transporters (SLC7A5 and SLC1AS5) and
arylformamidase, and increases the Trp uptake in the tumor
cells and its conversion in Kyn. When the enzymes of the Kyn
pathway are blocked, this leads to preferential death of colon

cancer cells compared to normal colon cells. Similarly, an AhR
antagonist reduces the proliferation of these cells by blocking
the AhR-Kyn interaction.!3 Similarly, an increase in cytoplas-
mic levels of IDO1, arylformamidase, and Kyn, leads to AhR-
mediated T cell inactivation and colon cancer progression. Trp
availability and metabolism is also altered in the microbiome of
colon cancer patients compared to healthy volunteers.13114
Interestingly, 2 ligands of the AhR, indole propionic acid (IPA)
and indoxyl-sulfate (IS) which are bacterial metabolites of Trp,
hampered cancer cells migration, proliferation, and metastasis,
blocking epithelial-mesenchymal transition (EMT) or ROS/
RNS generation, and competing with metabolites of the Kyn
pathway.!1>116 In summary, the gut, and the microbiota influ-
ence significantly the availability of Trp, producing AhR
ligands which compete with metabolites of the Kyn pathway.

Finally, alteration of amino acid levels including Trp has
been associated with disruptions in the circadian rhythm and
sleep alterations making subjects more susceptible to the devel-
opment of various diseases, including cancer and metabolic
disorders.117-119 TFirst, Vallianatou et al'? demonstrated that
Trp-containing dipeptides were upregulated in the brain dur-
ing sleep. Huang et al'?! conducted a study with females shift
workers (who are more susceptible to weight gain and obesity
than day workers) and characterized an increase in Trp levels.
No connection so far has been identified between the AhR and
the Kyn pathway in this context, but it would be relevant to
study if the disruption of circadian rhythms (associated with
obesity or cancer) might influence this connection and the role
of both pathways in the appearance of the disease.

The induction of the Kyn pathway prevents Trp from being
metabolized not only to serotonin, but also suppresses the
availability of serotonin as a necessary precursor for the mela-
tonergic pathway. Serotonin, in the presence of 14-3-3 stabi-
lized AANAT with acetyl-CoA as a cosubstrate, leads to the
production of N-acetylserotonin (NAS), with NAS being
converted by acetylserotonin methyltransferase (ASMT) to
melatonin. The activation of the AhR induces CYP1A2 and
CYP1B1, which can O-demethylate melatonin to NAS,
thereby increasing the NAS/melatonin ratio.’? This is likely to
be of some importance in cancer, given that NAS is a brain-
derived neurotrophic factor (BDNF) mimic via its activation of
the BDNF receptor, tyrosine receptor kinase B (TrkB).123 TrkB
activation significantly increases the survival and proliferation
of cancer stem-like cells, indicating that AhR/CYP1A2/
CYP1B1 can increase NAS,12# which if released by cells in the
tumor microenvironment will increase the proliferation and
survival of metastasis-inducing cancer stem-like cells.'?> Data
indicates that tumor IDO leads to the release of Kyn that
activates the AhR in other tumor microenvironment cells,
including CD8® T cells'?® where AhR contributes to CD8*
T cell “exhaustion.”?” Consequently, the AhR is a significant
contributor to alterations in intercellular signaling among the
cells of the tumor microenvironment.
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It may also be important to note that the AhR is present on
the mitochondria membrane, where it can act to regulate Ca?,
voltage dependent anion channel (VDAC)1 activity and mito-
chondrial metabolism.?8 The role of the AhR at mitochondria,
including factors that act to chaperone the AhR to mitochon-
dria will be important to determine, given the crucial role of
mitochondria in the pathophysiology of cancer and metabolic
conditions, such as obesity.

Conclusions and Implications

The AhR was historically identified as a xenobiotic receptor
but since the beginning of the 20th century, many new ligands
have been identified including components produced by the
microbiota, compounds from the diet and endogenous ligands
including tryptophan derivatives. Among these, the kynure-
nine pathway leads to the production of a variety of tryptophan
metabolites, some of which have rather deleterious properties,
others being more protective. In this respect, TEACOPS
occupy a place that should be clarified. Consequently, many
pathophysiological processes associate the AhR pathway and
kynurenine metabolism, including inflaimmation and insulin
resistance. Other processes remain more hypothetical. The
persistence of AhR signaling maintained by persistent ligands
(such as dioxin or kynurenine, possibly lipophilic TEACOPs)
could explain some deleterious effects. The complexity of the
signaling is explained by this diversity of ligands that each
individually could lead to different transcriptional responses.
Within the same cell, it is conceivable that different AhRs are
activated by different molecules. This characterization will
be a challenge in the coming years to link AhR signaling to

complex public health events.

Abbreviations

Aryl hydrocarbon receptor (AhR), Tryptophan (Trp), Cyto-
chromes P450 (CYP450), Pregnane X Receptor (PXR),
Constitutive Androstane Receptor (CAR), Retinoid X Receptor
(RXR), Basic Helix Loop Helix/Period ARNT Single-minded
(bHLH/PAS), AhR Nuclear Translocator (ARNT), Heat-
shock proteins (Hsp90), AhR Repressor (AhRR), Polycyclic
aromatic  hydrocarbon (PAH), Halogenated Aromatic
Hydrocarbons (HAH), 2,3,7,8-TetraChloroDibenzo-p-Dioxin
(TCDD), Tryptophan (Trp), Kynurenine (Kyn), Tryptophan
2,3-dioxygenase (TDO), Indoleamine 2,3-dioxygenase (IDO),
Kynurenic acid (KA), 3-hydroxy-kynurenine (3-OH-Kyn),
3-OH anthranilic acid (OH-AA), Picolinic acid (PA),
Quinolinic acid (QA), Indole-3-acetic acid (IAA), N-methyl-
D-aspartate  (NMDA),  6-formylindolo[3,2-b]carbazole
(FICZ), Indolocarbazole (ICZ), Pathogen-associated molecu-
lar patterns (PAMPs), Bridging integrator-1 (Bin1), Kynurenine
aminotransferases (KAT), Insulin resistance (IR), Unfolded
protein response (UPR), Kyn/Trp ratio (KTR), Homeostatic
Model Assessment for Insulin Resistance (HOMA2-IR),
Hemoglobin Alc (HbA1lc), Total antioxidant capacity (TAC),
Adipose tissue (AT), Insulin-like growth factor 2 (IGF-2),

Nicotinamide adenine dinucleotide (NAD+), Poly (ADP-
ribose) polymerases (PARPs), Quinolinate phosphoribosyl
transferase (QPRT), Fatty acids (FA), NADPH oxidases
(NOX), Reactive oxygen species (ROS), Reactive nitrogen spe-
cies (RNS), 3-Indole-propionic acid (IPA), Indoxyl-sulfate (IS),
Epithelial-mesenchymal transition (EMT), 6-sulfatoxymela-
tonin (6-OH-MLT), Suprachiasmatic nuclei (SCN).

Author Contributions
AS, MK, JD, and XC wrote the first draft. XC revised it and

all authors have approved the manuscript for publication.

REFERENCES

1. Ghazaei C. Advances in the study of bacterial toxins, their roles and mechanisms
in pathogenesis. Malays ] Med Sci. 2022;29:4-17.

2. Honma M. An assessment of mutagenicity of chemical substances by (quantita-
tive) structure—activity relationship. Genes Environ. 2020;42:23.

3. Gerbal-Chaloin S, Briolotti P, Daujat-Chavanieu M, Rasmussen MK. Primary
hepatocytes isolated from human and porcine donors display similar patterns of
cytochrome p450 expression following exposure to prototypical activators of
AhR, CAR and PXR. Curr Res Toxicol. 2021;2:149-158.

4. Larigot L, Juricek L, Dairou J, Coumoul X. AhR signaling pathways and regu-
latory functions. Biochim Open. 2018;7:1-9.

5. Manikandan P, Nagini S. Cytochrome P450 structure, function and clinical
significance: a review. Curr Drug Targets. 2018;19:38-54.

6. Zhao M, Ma], Li M, et al. Cytochrome P450 enzymes and drug metabolism in
humans. Int J Mol Sci. 2021;22:22.

7. Larigot L, Benoit L, Koual M, Tomkiewicz C, Barouki R, Coumoul X. Aryl
hydrocarbon receptor and its diverse ligands and functions: an exposome recep-
tor. Annu Rev Pharmacol Toxicol. 2022;62:383-404.

8. Vogel CFA, Van Winkle LS, Esser C, Haarmann-Stemmann T. The aryl
hydrocarbon receptor as a target of environmental stressors — implications for
pollution mediated stress and inflammatory responses. Redox Biol. 2020;34:
101530.

9. Moorthy B, Chu C, Carlin DJ. Polycyclic aromatic hydrocarbons: from metabo-
lism to lung cancer. Toxicol Sci. 2015;145:5-15.

10. Elfaki I, Mir R, Almutairi FM, Duhier FMA. Cytochrome P450: polymor-
phisms and roles in cancer, diabetes and atherosclerosis. Asian Pac ] Cancer Prev.
2018;19:2057-2070.

11. Bock KW. Aryl hydrocarbon receptor (AHR): from selected human target genes
and crosstalk with transcription factors to multiple AHR functions. Biochem
Pharmacol. 2019;168:65-70.

12. Matthews J. AHR toxicity and signaling: role of TIPARP and ADP-ribosyl-
ation. Curr Opin Toxicol. 2017;2:50-57.

13. Kim KH, Jahan SA, Kabir E, Brown R]. A review of airborne polycyclic aro-
matic hydrocarbons (PAHs) and their human health effects. Environ Int. 2013;
60:71-80.

14. Rathna R, Varjani S, Nakkeeran E. Recent developments and prospects of diox-
ins and furans remediation. J Environ Manag. 2018;223:797-806.

15. Sharin T, Gyasi H, Jones SP, Crump D, O’Brien JM. Concentration- and time-
dependent induction of Cypla and DNA damage response by benzo(a)pyrene in
LMH three-dimensional spheroids. Environ Mol Mutagen. 2021;62:319-327.

16. Joffin N, Noirez P, Antignac JP, etal. Release and toxicity of adipose tissue-
stored TCDD: direct evidence from a xenografted fat model. Environ Int. 2018;
121:1113-1120.

17. Ames J, Warner M, Brambilla P, Mocarelli P, Satariano WA, Eskenazi B.
Neurocognitive and physical functioning in the Seveso Women’s Health Study.
Environ Res. 2018;162:55-62.

18. Mukerjee D. Health impact of polychlorinated dibenzo-p-dioxins: a critical
review. J Air Waste Manag Assoc. 1998;48:157-165.

19. Gonzalez FJ, Fernandez-Salguero P, Lee SS, Pineau T, Ward JM. Xenobiotic
receptor knockout mice. Zowxico/ Lett. 1995;82-83:117-121.

20. Juricek L, Coumoul X. The aryl hydrocarbon receptor and the nervous system.
Int J Mol Sci. 2018;19:2504.

21. Lahvis GP, Bradfield CA. Ahr null alleles: distinctive or different? Biochem
Pharmacol. 1998;56:781-787.

22. XueZ,LiD, YuW, et al. Mechanisms and therapeutic prospects of polyphenols
as modulators of the aryl hydrocarbon receptor. Food Funct. 2017;8:1414-1437.

23. Dong F, Hao F, Murray IA, etal. Intestinal microbiota-derived tryptophan
metabolites are predictive of Ah receptor activity. Gus Microbes. 2020;12:1-24.



Shadboorestan et al

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.

49.

50.

51.

Schwarcz R, Bruno JP, Muchowski PJ, Wu HQ. Kynurenines in the mammalian
brain: when physiology meets pathology. Nat Rev Neurosci. 2012;13:465-477.
Covarrubias AJ, Perrone R, Grozio A, Verdin E. NAD* metabolism and
its roles in cellular processes during ageing. Nat Rev Mol Cell Biol. 2021;22:
119-141.

Stone TW, Darlington LG. Endogenous kynurenines as targets for drug discovery
and development. Na# Rev Drug Discov. 2002;1:609-620.

Rudzite V, Sileniece G, Liepina D, Dalmane A, Zirne R. Impairment of
kynurenine metabolism in cardiovascular disease. Adv Exp Med Biol. 1991;294:
663-667.

Polyzos KA, Ketelhuth DF. The role of the kynurenine pathway of tryptophan
metabolism in cardiovascular disease. An emerging field. Hamostaseologie. 2015;
35:128-136.

Jasiewicz M, Moniuszko M, Pawlak D, et al. Activity of the kynurenine pathway
and its interplay with immunity in patients with pulmonary arterial hypertension.
Heart. 2016;102:230-237.

Oxenkrug GF. Tryptophan kynurenine metabolism as a common mediator of
genetic and environmental impacts in major depressive disorder: the serotonin
hypothesis revisited 40 years later. Isr J Psychiatry Relat Sci. 2010;47:56-63.
Erhardt S, Schwieler L, Imbeault S, Engberg G. The kynurenine pathway in
schizophrenia and bipolar disorder. Neuropharmacology. 2017;112:297-306.
Chen Y, Guillemin GJ. Kynurenine pathway metabolites in humans: disease and
healthy states. Inz J Tryptophan Res. 2009;2:1-19.

Changsirivathanathamrong D, Wang Y, Rajbhandari D, etal. Tryptophan
metabolism to kynurenine is a potential novel contributor to hypotension in
human sepsis. Criz Care Med. 2011;39:2678-2683.

Fatokun AA, Hunt NH, Ball H]. Indoleamine 2,3-dioxygenase 2 (IDO2) and
the kynurenine pathway: characteristics and potential roles in health and disease.
Amino Acids. 2013;45:1319-1329.

Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: tryptophan’s metabolites in
exercise, inflammation, and mental health. Science. 2017;357:eaaf9794.

Réus GZ, Jansen K, Titus S, Carvalho AF, Gabbay V, Quevedo J. Kynurenine
pathway dysfunction in the pathophysiology and treatment of depression: evi-
dences from animal and human studies. J Psychiatr Res. 2015;68:316-328.
Tobes MC, Mason M. Alpha-aminoadipate aminotransferase and kynurenine
aminotransferase. Purification, characterization, and further evidence for identity.
J Biol Chem. 1977;252:4591-4599.

Phillips RS. Structure and mechanism of kynureninase. Arch Biochem Biophys.
2014;544:69-74.

Zelante T, Iannitti RG, Cunha C, et al. Tryptophan catabolites from microbiota
engage aryl hydrocarbon receptor and balance mucosal reactivity via interleu-
kin-22. Immunity. 2013;39:372-385.

Lamas B, Richard ML, Sokol H. [CARD? is involved in the recovery of colitis
by promoting the production of AhR ligands by the intestinal microbiota]. Med
Sci (Paris). 2016;32:933-936.

Lamas B, Richard ML, Leducq V, et al. CARD9 impacts colitis by altering gut
microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands.
Nat Med. 2016;22:598-605.

Kessler M, Baudry M, Lynch G. Quinoxaline derivatives are high-affinity
antagonists of the NMDA receptor-associated glycine sites. Brain Res. 1989;489:
377-382.

Perkins MN, Stone TW. An iontophoretic investigation of the actions of convul-
sant kynurenines and their interaction with the endogenous excitant quinolinic
acid. Brain Res. 1982;247:184-187.

Miranda AF, Boegman R]J, Beninger RJ, Jhamandas K. Protection against
quinolinic acid-mediated excitotoxicity in nigrostriatal dopaminergic neurons by
endogenous kynurenic acid. Neuroscience. 1997,78:967-975.

Carpenedo R, Pittaluga A, Cozzi A, etal. Presynaptic kynurenate-sensitive
receptors inhibit glutamate release. Eur | Neurosci. 2001;13:2141-2147.
WuHQ, Pereira EF, Bruno JP, Pellicciari R, Albuquerque EX, Schwarcz R. The
astrocyte-derived alpha7 nicotinic receptor antagonist kynurenic acid controls
extracellular glutamate levels in the prefrontal cortex. J Mo/ Neurosci. 2010;40:
204-210.

Albuquerque EX, Schwarcz R. Kynurenic acid as an antagonist of a7 nicotinic
acetylcholine receptors in the brain: facts and challenges. Biochem Pharmacol.
2013;85:1027-1032.

Grilli M, Raiteri L, Patti L, et al. Modulation of the function of presynaptic alpha7
and non-alpha7 nicotinic receptors by the tryptophan metabolites, 5-hydroxyindole
and kynurenate in mouse brain. Br.J Pharmacol. 2006;149:724-732.

Hilmas C, Pereira EF, Alkondon M, Rassoulpour A, Schwarcz R, Albuquerque
EX. The brain metabolite kynurenic acid inhibits alpha7 nicotinic receptor activ-
ity and increases non-alpha7 nicotinic receptor expression: physiopathological
implications. J Neurosci. 2001;21:7463-7473.

Albuquerque EX, Pereira EF, Alkondon M, Rogers SW. Mammalian nicotinic
acetylcholine receptors: from structure to function. Physio/ Rev. 2009;89:73-120.
Wang ], Simonavicius N, Wu X, et al. Kynurenic acid as a ligand for orphan G
protein-coupled receptor GPR35. J Bio/ Chem. 2006;281:22021-22028.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

DiNatale BC, Murray IA, Schroeder JC, et al. Kynurenic acid is a potent endog-
enous aryl hydrocarbon receptor ligand that synergistically induces interleukin-6
in the presence of inflammatory signaling. Zowico/ Sci. 2010;115:89-97.

Juricek L, Carcaud J, Pelhaitre A, et al. AhR-deficiency as a cause of demyelinating
disease and inflammation. Sci Rep. 2017;7:9794.

Hardeland R, Zsizsik BK, Poeggeler B, Fuhrberg B, Holst S, Coto-Montes A.
Indole-3-pyruvic and -propionic acids, kynurenic acid, and related metabolites as
luminophores and free-radical scavengers. Adv Exp Med Biol. 1999;467:389-395.
Lugo-Huitrén R, Blanco-Ayala T, Ugalde-Muiiz P, et al. On the antioxidant
properties of kynurenic acid: free radical scavenging activity and inhibition of
oxidative stress. Neurotoxicol Teratol. 2011;33:538-547.

Perkins MN, Stone TW. Quinolinic acid: regional variations in neuronal sensi-
tivity. Brain Res. 1983;259:172-176.

Stone TW, Perkins MN. Quinolinic acid: a potent endogenous excitant at amino
acid receptors in CNS. Eur J Pharmacol. 1981;72:411-412.

Davies J, Francis AA, Jones AW, Watkins JC. 2-Amino-5-phosphonovalerate
(2APV), a potent and selective antagonist of amino acid-induced and synaptic
excitation. Neurosci Lett. 1981;21:77-81.

Ganong AH, Cotman CW. Kynurenic acid and quinolinic acid act at N-methyl-
D-aspartate receptors in the rat hippocampus. J Pharmacol Exp Ther. 1986;236:
293-299.

Guillemin GJ. Quinolinic acid: neurotoxicity. FEBS J. 2012;279:1355.
Guillemin GJ, Smythe G, Takikawa O, Brew BJ. Expression of indoleamine
2,3-dioxygenase and production of quinolinic acid by human microglia, astro-
cytes, and neurons. G/ia. 2005;49:15-23.

Guillemin GJ, Wang L, Brew B]. Quinolinic acid selectively induces apoptosis of
human astrocytes: potential role in AIDS dementia complex. ] Neuroinflammation.
2005;2:16.

Goldstein LE, Leopold MC, Huang X, etal. 3-Hydroxykynurenine and
3-hydroxyanthranilic acid generate hydrogen peroxide and promote alpha-crys-
tallin cross-linking by metal ion reduction. Biochemistry. 2000;39:7266-7275.
Nakagami Y, Saito H, Katsuki H. 3-Hydroxykynurenine toxicity on the rat stri-
atum in vivo. Jpn J Pharmacol. 1996;71:183-186.

Okuda S, Nishiyama N, Saito H, Katsuki H. Hydrogen peroxide-mediated neu-
ronal cell death induced by an endogenous neurotoxin, 3-hydroxykynurenine.
Proc Natl Acad Sci USA. 1996;93:12553-12558.

Guidetti P, Luthi-Carter RE, Augood SJ, Schwarcz R. Neostriatal and cortical
quinolinate levels are increased in early grade Huntington’s disease. Neurobiol
Dis. 2004;17:455-461.

Pearson SJ, Reynolds GP. Increased brain concentrations of a neurotoxin,
3-hydroxykynurenine, in Huntington’s disease. Neurosci Lett. 1992;144:199-201.
Saito K, Crowley JS, Markey SP, Heyes MP. A mechanism for increased quino-
linic acid formation following acute systemic immune stimulation. J Bio/ Chem.
1993;268:15496-15503.

Saito K, Markey SP, Heyes MP. Effects of immune activation on quinolinic acid
and neuroactive kynurenines in the mouse. Neuroscience. 1992;51:25-39.
Bessede A, Gargaro M, Pallotta MT, et al. Aryl hydrocarbon receptor control of
a disease tolerance defence pathway. Our Nat. 2014;511:184-190.

Lanis JM, Alexeev EE, Curtis VF, et al. Tryptophan metabolite activation of
the aryl hydrocarbon receptor regulates IL-10 receptor expression on intestinal
epithelia. Mucosal Immunol. 2017;10:1133-1144.

Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham W], Bradfield CA.
An interaction between kynurenine and the aryl hydrocarbon receptor can gen-
erate regulatory T cells. J Immunol. 2010;185:3190-3198.

Helferich WG, Denison MS. Ultraviolet photoproducts of tryptophan can act as
dioxin agonists. Mo/ Pharmacol. 1991;40:674-678.

Rannug A, Rannug U, Rosenkranz HS, et al. Certain photooxidized derivatives
of tryptophan bind with very high affinity to the Ah receptor and are likely to be
endogenous signal substances. J Bio/ Chem. 1987;262:15422-15427.

Rannug U, Rannug A, Sjoberg U, Li H, Westerholm R, Bergman J. Structure
elucidation of two tryptophan-derived, high affinity Ah receptor ligands. Chem
Biol. 1995;2:841-845.

Nguyen NT, Kimura A, Nakahama T, et al. Aryl hydrocarbon receptor nega-
tively regulates dendritic cell immunogenicity via a kynurenine-dependent
mechanism. Proc Natl Acad Sci USA. 2010;107:19961-19966.

Opitz CA, Litzenburger UM, Opitz U, et al. The indoleamine-2,3-dioxygenase
(IDO) inhibitor 1-methyl-D-tryptophan upregulates IDO1 in human cancer
cells. PLoS One. 2011;6:¢19823.

Opitz CA, Litzenburger UM, Sahm F, et al. An endogenous tumour-promoting
ligand of the human aryl hydrocarbon receptor. Our Nat. 2011;478:197-203.
Bisson WH, Koch DC, O’Donnell EF, et al. Modeling of the aryl hydrocarbon
receptor (AhR) ligand binding domain and its utility in virtual ligand screening
to predict new AhR ligands. J Med Chem. 2009;52:5635-5641.

Pandini A, Soshilov AA, Song Y, Zhao J, Bonati L, Denison MS. Detection of
the TCDD binding-fingerprint within the Ah receptor ligand binding domain
by structurally driven mutagenesis and functional analysis. Biochemistry. 2009;

48:5972-5983.



10

International Journal of Tryptophan Research

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

. Procopio M, Lahm A, Tramontano A, Bonati L, Pitea D. A model for recogni-

tion of polychlorinated dibenzo-p-dioxins by the aryl hydrocarbon receptor.
Eur ] Biochem. 2002;269:13-18.

Xing Y, Nukaya M, Satyshur KA, et al. Identification of the Ah-receptor struc-
tural determinants for ligand preferences. Toxico/ Sci. 2012;129:86-97.

Nguyen LP, Bradfield CA. The search for endogenous activators of the aryl
hydrocarbon receptor. Chem Res Toxicol. 2008;21:102-116.

Schmidt JV, Bradfield CA. Ah receptor signaling pathways. Annu Rev Cell Dev
Biol. 1996;12:55-89.

Seok SH, Ma ZX, Feltenberger JB, et al. Trace derivatives of kynurenine potently
activate the aryl hydrocarbon receptor (AHR). J Bio/ Chem. 2018;293:1994-2005.
Vikstrém Bergander L, Cai W, Klocke B, Seifert M, Pongratz I. Tryptamine
serves as a proligand of the AhR transcriptional pathway whose activation is
dependent of monoamine oxidases. Mo/ Endocrinol. 2012;26:1542-1551.
Debnath S, Velagapudi C, Redus L, et al. Tryptophan metabolism in patients
with chronic kidney disease secondary to type 2 diabetes: relationship to inflam-
matory markers. Int | Tryptophan Res. 2017;10:1178646917694600.

Jennings MR, Munn D, Blazeck J. Immunosuppressive metabolites in tumoral
immune evasion: redundancies, clinical efforts, and pathways forward. J Immu-
nother Cancer. 2021;9:¢003013.

Jia Y, Wang H, Wang Y, et al. Low expression of binl, along with high expres-
sion of IDO in tumor tissue and draining lymph nodes, are predictors of poor
prognosis for esophageal squamous cell cancer patients. Inz J Cancer. 2015;137:
1095-1106.

Kim S, Miller BJ, Stefanek ME, Miller AH. Inflammation-induced activation of
the indoleamine 2,3-dioxygenase pathway: relevance to cancer-related fatigue.
Cancer. 2015;121:2129-2136.

Lanser L, Kink P, Egger EM, et al. Inflammation-induced tryptophan break-
down is related with anemia, fatigue, and depression in cancer. Front Immunol.
2020;11:249.

Muller AJ, DuHadaway JB, Donover PS, Sutanto-Ward E, Prendergast GC.
Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of the
cancer suppression gene binl, potentiates cancer chemotherapy. Naz Med. 2005;
11:312-319.

Sadik A, Somarribas Patterson LF, Oztiirk S, et al. IL411 is a metabolic immune
checkpoint that activates the AHR and promotes tumor progression. Ce/l. 2020
182:1252-1270.e34.

Odunsi K, Qian F, Lugade AA, et al. Metabolic adaptation of ovarian tumors in
patients treated with an IDO1 inhibitor constrains antitumor immune responses.
Sci Transl Med. 2022;14:¢abg8402.

Sahm F, Oezen I, Opitz CA, et al. The endogenous tryptophan metabolite and
NAD* precursor quinolinic acid confers resistance of gliomas to oxidative stress.
Cancer Res. 2013;73:3225-3234.

Tan KP, Wang B, Yang M, et al. Aryl hydrocarbon receptor is a transcriptional
activator of the human breast cancer resistance protein (BCRP/ABCG2).
Mol Pharmacol. 2010;78:175-185.

Czech MP. Mechanisms of insulin resistance related to white, beige, and brown
adipocytes. Mo/ Metab. 2020;34:27-42.

Yaribeygi H, Farrokhi FR, Butler AE, Sahebkar A. Insulin resistance: review of
the underlying molecular mechanisms. J Ce// Physiol. 2019;234:8152-8161.
Muzik O, Burghardt P, Yi Z, Kumar A, Seyoum B. Successful metformin treat-
ment of insulin resistance is associated with down-regulation of the kynurenine
pathway. Biochem Biophys Res Commun. 2017;488:29-32.

Oxenkrug GF, Turski WA, Zgrajka W, Weinstock JV, Summergrad P.
Tryptophan-kynurenine metabolism and insulin resistance in hepatitis C patients.
Hepat Res Treat. 2013;2013:149247.

Abedi S, Vessal M, Asadian F, Takhshid MA. Association of serum kynurenine/
tryptophan ratio with poor glycemic control in patients with type2 diabetes.
J Diabetes Metab Disord. 2021;20:1521-1527.

Lin YH, Luck H, Khan S, et al. Aryl hydrocarbon receptor agonist indigo pro-
tects against obesity-related insulin resistance through modulation of intestinal
and metabolic tissue immunity. Inz J Obes (Lond). 2019;43:2407-2421.

Wang C, Xu CX, Krager SL, Bottum KM, Liao DF, Tischkau SA. Aryl hydro-
carbon receptor deficiency enhances insulin sensitivity and reduces PPAR-a
pathway activity in mice. Environ Health Perspect. 2011;119:1739-1744.

Rojas IY, Moyer BJ, Ringelberg CS, et al. Kynurenine-induced aryl hydrocarbon
receptor signaling in mice causes body mass gain, liver steatosis, and hyperglyce-
mia. Obesity (Silver Spring). 2021;29:337-349.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

LuP, Yan], Liu K, et al. Activation of aryl hydrocarbon receptor dissociates fatty
liver from insulin resistance by inducing fibroblast growth factor 21. Hepatology.
2015;61:1908-1919.

Salisbury TB, Morris GZ, Tomblin JK, Chaudhry AR, Cook CR, Santanam N.
Aryl hydrocarbon receptor ligands inhibit IGF-II and adipokine stimulated
breast cancer cell proliferation. ISRN Endocrinol. 2013;2013:104850.

Stone TW, McPherson M, Gail Darlington L. Obesity and cancer: existing and
new hypotheses for a causal connection. EBioMedicine. 2018;30:14-28.

Lee LY, Oldham WM, He H, et al. Interferon-y impairs human coronary artery
endothelial glucose metabolism by tryptophan catabolism and activates fatty
acid oxidation. Circulation. 2021;144:1612-1628.

Huerta-Yepez S, Tirado-Rodriguez A, Montecillo-Aguado MR, Yang J,
Hammock BD, Hankinson O. Aryl hydrocarbon receptor-dependent inductions
of omega-3 and omega-6 polyunsaturated fatty acid metabolism act inversely on
tumor progression. Sci Rep. 2020;10:7843.

Kho ZY, Lal SK. The human gut microbiome - a potential controller of wellness
and disease. Front Microbiol. 2018;9:1835.

Konopelski P, Mogilnicka I. Biological effects of indole-3-propionic acid, a gut
microbiota-derived metabolite, and its precursor tryptophan in mammals” health
and disease. Int ] Mol Sci. 2022;23:1222.

Grifka-Walk HM, Jenkins BR, Kominsky DJ. Amino acid Trp: the far out
impacts of host and commensal tryptophan metabolism. Front Immunol. 2021;12:
653208.

Venkateswaran N, Lafita-Navarro MC, Hao YH, et al. MYC promotes trypto-
phan uptake and metabolism by the kynurenine pathway in colon cancer. Genes
Dev. 2019;33:1236-1251.

Wyatt M, Greathouse KL. Targeting dietary and microbial tryptophan-indole
metabolism as therapeutic approaches to colon cancer. Nutrients. 2021;13:1189.
Sari Z, Miké E, Koviécs T, et al. Indoxylsulfate, a metabolite of the microbiome,
has cytostatic effects in breast cancer via activation of AHR and PXR receptors
and induction of oxidative stress. Cancers (Basel). 2020;12:2915.

Sari Z, Miké E, Kovics T, et al. Indolepropionic acid, a metabolite of the micro-
biome, has cytostatic properties in breast cancer by activating AHR and PXR
receptors and inducing oxidative stress. Cancers (Basel). 2020;12:2411.

Ruan W, Yuan X, Eltzschig HK. Circadian rhythm as a therapeutic target. Naz
Rev Drug Discov. 2021;20:287-307.

Yang Y, Lindsey-Boltz LA, Vaughn CM, et al. Circadian clock, carcinogenesis,
chronochemotherapy connections. J Bio/ Chem. 2021;297:101068.

Zhou L, Zhang Z, Nice E, Huang C, Zhang W, Tang Y. Circadian rhythms and
cancers: the intrinsic links and therapeutic potentials. J Hematol Oncol. 2022;
15:21.

Vallianatou T, Béchet NB, Correia MSP, Lundgaard I, Globisch D. Regional
brain analysis of modified amino acids and dipeptides during the sleep/wake
cycle. Metabolites. 2021;12:21.

Huang X, Chen X, Zhao S, et al. Metabolomic profiles of shift workers and day
workers: a cross-sectional study. Obesity (Silver Spring). 2021;29:1074-1082.
Anderson G. Tumor microenvironment and metabolism: role of the mito-
chondrial melatonergic pathway in determining intercellular interactions in a
new dynamic homeostasis. Int ] Mol Sci. 2022;24:311.

Jang S-W, Liu X, Pradolde;j S, et al. N-acetylserotonin activates TrkB receptor in
a circadian rhythm. Proc Natl Acad Sci USA. 2010;107:3876-3881.

Mokkawes T, de Visser SP. Melatonin activation by cytochrome P450 isozymes:
how does CYP1A2 compare to CYP1A1? Int J Mol Sci. 2023;24:3651.
Anderson G, Reiter R]. Glioblastoma: role of mitochondria N-acetylserotonin/
melatonin ratio in mediating effects of miR-451 and aryl hydrocarbon receptor
and in coordinating wider biochemical changes. Int | Tryptophan Res. 2019;12:
1178646919855942.

LiuY, Liang X, Dong W, et al. Tumor-repopulating cells induce PD-1 expression
in CD8" T cells by transferring kynurenine and AhR activation. Cancer Cell.
2018;33:480-494.¢7.

Anderson G. Tumour microenvironment: roles of the aryl hydrocarbon receptor,
O-glenacylation, acetyl-coa and melatonergic pathway in regulating dynamic
metabolic interactions across cell types-tumour microenvironment and metabo-
lism. Int ] Mol Sci. 2020;22:141.

Hwang HJ, Dornbos P, Steidemann M, Dunivin TK, Rizzo M, LaPres JJ.
Mitochondrial-targeted aryl hydrocarbon receptor and the impact of 2,3,7,8-tet
rachlorodibenzo-p-dioxin on cellular respiration and the mitochondrial pro-
teome. Toxicol Appl Pharmacol. 2016;304:121-132.



