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ABSTRACT: Recent work indicates an intimate interaction of the tryptophan catabolite (TRYCAT) pathways with the melatonergic pathways,
primarily via TRYCAT pathway induction taking tryptophan away from the production of serotonin, which is a necessary precursor for the
melatonergic pathways. The alpha 7 nicotinic receptor may be significantly modulated by this interaction, given its inactivation by the TRYCAT,
kynurenic acid, and its induction by melatonin. Similarly, the aryl hydrocarbon receptor is activated by both kynurenic acid and kynurenine,
leading to CYP1A2 and melatonin metabolism, whereas melatonin may act to inhibit the aryl hydrocarbon receptor. These 2 receptors and
pathways may therefore be intimately linked, with relevance to a host of intracellular processes of clinical relevance. In this article, these
interactions are reviewed. Interestingly, mitochondria may be a site for direct interactions of these pathways and receptors, suggesting that their
differential induction may not only be modulating neuronal, glia, and immune cell processes and activity but also be directly acting to regulate
mitochondrial functioning. This is likely to have significant consequences as to how an array of diverse central nervous system and psychiatric
conditions are conceptualized and treated.
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Introduction

There is a growing interest in the role of tryptophan catabo-
lites (TRYCATS), such as kynurenic acid (KYNA) and quino-
linic acid (QUIN), in the etiology, course, and treatment of a
wide array of central nervous system (CNS) disorders, includ-
ing Alzheimer disease and Parkinson disease,’? and psychi-
atric disorders, including depression and schizophrenia.*
This work has been complemented by the appreciation of the
influence of TRYCAT induction on the levels of tryptophan
available for serotonin synthesis and therefore for the synthe-
sis and release of N-acetylserotonin (NAS) and melatonin.’
Although primarily known for its release by the pineal gland
in modulating circadian rhythms, accumulating data show
that melatonin is produced by a host of different cells, includ-
ing astrocytes, macrophages, T cells, gut enterochromaffin
cells, and fibroblasts.® It has recently been proposed that mela-
tonin may be produced by all mitochondria-containing cells,’
including within mitochondria.® Such synchronized interac-
tions of the TRYCAT pathway with levels of serotonin and
melatonin synthesis are likely to have significant consequences
for an array of CNS and psychiatric disorders, including via
the regulation of glia and immune cell reactivity levels. Given
that melatonin modulates the levels and activity of the alpha 7
nicotinic acetylcholine receptor (a7nAChR)’ and that the
a7nAChR may mediate some of melatonin’s effects,!® it is

likely that alterations in a7nAChR levels and activity may also
covary with TRYCAT induction.

In this article, the effects of pro-inflammatory cytokine—
induced indoleamine 2,3-dioxygenase (IDO) and stress/corti-
sol-induced tryptophan 2,3-dioxygenease (TDO), which drive
tryptophan to TRYCAT synthesis, are reviewed. This is looked
at in the context of coordinated alterations in levels and activa-
tion of serotonin and the melatonergic pathways. The interac-
tions of these pathways have significant consequences for the
levels and activity of the a7nAChR and aryl hydrocarbon
receptor. The interactions of these pathways and receptors may
not only be by the regulation of intracellular neuronal, glia, and
immune cell pathways and activity but also directly within
mitochondria. Such interactions have implications for a host of
CNS and psychiatric conditions. First, the TRYCAT pathways

are overviewed.

Tryptophan Catabolites

Indoleamine 2,3-dioxygenase is induced by the pro-inflamma-
tory cytokines, interleukin (IL)-1B, IL-6, IL-18, and tumor
necrosis factor oo (TNF-a), but especially interferon-y.!! Stress,
and the stress hormone cortisol, can also lead to TRYCAT
induction via TDO activation.’? By driving tryptophan down
the TRYCAT pathways, IDO and TDO lead to the production
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Figure 1. The major components of the kynurenine and serotonergic/melatonergic pathways and their interactions. The initial conversion of tryptophan by
tryptophan hydroxylase leads to the synthesis of serotonin and melatonin. When stress and pro-inflammatory cytokines are increased, inducing TDO and
IDO, respectively, tryptophan is driven down the kynurenine pathway leading to the increased synthesis of tryptophan catabolites. IDO indicates

indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenease.

of a number of neuroregulatory products, including KYNA,
which has protective effects via its inhibition of glutamatergic
receptor activation, including the N-methyl-p-aspartate recep-
tor. As such, KYNA induction has been proposed as a signifi-
cant treatment target under conditions associated with excessive
excitatory glutamatergic activity, including for epilepsy and
multiple sclerosis (MS). Another commonly researched
TRYCAT is QUIN, which is excitotoxic!® and increased in a
number of CNS and psychiatric conditions, where it contrib-
utes to neuronal and cognitive losses.!* Another frequently
investigated TRYCAT is 3-hydroxykunurenine (3-OHK),
which is increased in Alzheimer disease and major depressive
disorder (MDD), as well as other CNS and psychiatric disor-
ders.!>1¢ As indicated in Figure 1, any inhibition of kynurenine
aminotransferase (KAT) will decrease KYNA synthesis and
drive an increased synthesis of 3-OHK, which may further be
enzymatically converted to QUIN and oxidized nicotinamide
adenine dinucleotide (NAD+). As such, any KAT inhibition, by
decreasing KYNA and increasing 3-OHK and QUIN, will
contribute to cellular damage and/or inflammatory processes.
Recently, we showed that an increase in the kynurenine/
KYNA ratio is evident in MDD and chronic fatigue syndrome/
myalgic encephalomyelitis, but only in association with the som-
atization that is dramatically increased under these conditions.!”

As to whether this is mediated by an increased availability of
kynurenine for conversion to 3-OHK and QUIN requires fur-
ther investigation. However, it does indicate how the classical
association of MDD with an array of different neurodegenera-
tive conditions, such as Alzheimer disease, MS, and Parkinson
disease, may be mediated by particular aspects of MDD, namely,
somatization, that are intimately associated with TRYCAT
pathway alterations. Most CNS and psychiatric conditions show
an increase in the kynurenine/KYNA ratio, with increased levels
in the kynurenine/tryptophan ratio also evident in many neu-
ropsychiatric conditions, including MDD, bipolar disorder,
schizophrenia, Alzheimer disease, and MS.1%20 Given that the
biological underpinnings of MDD may act on processes that
biologically prime or accelerate the pathophysiology of such
CNS disorders, it requires investigation as to whether it is the
somatization aspect of MDD, via increased kynurenine/KYNA
ratio, that is mediating the MDD influence on the etiology and
course of these CNS and psychiatric conditions. It is of note that
more than 60% of central kynurenine is peripherally derived,
indicating the influence that peripheral inflammatory processes
may have on levels of neuroregulatory TRYCATs.?!

Overall, TRYCATSs may be significant effectors of how oxi-
dative and nitrosative stress and pro-inflammatory cytokines
mediate their influence on CNS and psychiatric conditions.
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However, in addition to increasing TRYCATS, the activation of
IDO and TDO drives down serotonin levels and therefore mel-
atonergic pathway activity. This is reviewed in the next section.

Melatonergic Pathways

The methoxyindole NV-acetyl-5-methoxytryptamine (melatonin)
is primarily known for its nighttime release by the pineal gland,
by which means it has a significant role in circadian rhythm
entrainment. This is of some importance as circadian dysregula-
clinical aspect of many CNS
and psychiatric conditions, including Alzheimer disease and
bipolar disorder.’®® However, accumulating data show mela-
tonin to be released by many different cell types, including

tion is a significant

enterochromaffin cells of the gut, glia, and immune cells.® In the
gut, melatonin release can be up to 400-fold greater than its max-
imal pineal gland release levels, with gut melatonin contributing
to the maintenance of the gut barrier. In immune cells, the auto-
crine effects of melatonin lead to an anti-inflammatory pheno-
type that acts to prevent excessive pro-inflammatory activity.??

On the basis of a growing body of evidence, melatonin has
been proposed to be released by all mitochondria-containing
cells, including possibly from within mitochondria.®
Consequently, pro-inflammatory cytokine—induced IDO or
stress-induced TDO, by increasing TRYCAT and decreasing
serotonin for the melatonergic pathways, may have significant
consequences for a wide array of physiologic and pathophysi-
ologic processes that melatonin acts to regulate.® Alterations in
the levels of melatonergic pathway activity may also have sig-
nificant and direct impacts on mitochondrial functioning.

Melatonin has powerful effects on many fundamental cel-
lular processes, including being a powerful antioxidant and
driver of nuclear factor erythroid 2 (NF-E2)-related factor 2
(Nrf2)-induced endogenous antioxidants; increasing sirtuin-1,
the longevity protein, which regulates mitochondrial function-
ing and aging-associated processes; being an anti-inflamma-
tory, including from its autocrine release by immune cells;
being a clinically relevant antinociceptive; and being an opti-
mizer of mitochondrial functioning and enhancing neurogen-
esis levels.?3 Such an array of effects highlights the relevance of
altered melatonergic pathway activation under conditions of
TRYCAT induction. Consequently, it is worth looking at the
melatonergic pathways in more detail.

Serotonin is enzymatically converted by arylalkylamine-
N-acetyltransferase (AANAT) to NAS, with NAS then enzy-
matically converted by hydroxyindole o-methyltransferase
(HIOMT) (also known as acetylserotonin methyltransferase)
to melatonin. Melatonin synthesis is therefore highly depend-
ent on the levels of tryptophan availability for serotonin
production and on the levels of serotonin degradation by mon-
oamine oxidase (MAQ). As such, many of the protective and
clinical effects of different types of antidepressants, such as
selective serotonin reuptake inhibitors and MAO inhibitors,
may ultimately be mediated by their regulation of local
melatonin synthesis. Notably, it is not only increased central
melatonin and NAS that is mediating such effects but also

melatonergic pathway activation in a variety of systemic sys-
tems and peripheral processes, including in the regulation of
gut microbiota and gut permeability.?* It should also be noted
that melatonergic pathway activation leads to the synthesis and
efflux of both NAS and melatonin.

NAS and melatonin are amphiphilic, allowing their ready
diffusion across cell membranes, as well as intercellularly.
Although far less investigated than melatonin, NAS has many
similar effects, including as an antioxidant, neurogenesis
inducer, and mitochondria regulator. N-acetylserotonin also
mimics the effects of brain-derived neurotrophic factor
(BDNF) via the activation of tropomyosin receptor kinase B
(TxKB), a BDNF receptor.?’ Some melatonin is also converted
back to NAS, whereas other factors, such as increased adeno-
sine triphosphate, may inactivate HIOMT,? leading to only
NAS synthesis and release. Consequently, an array of factors
can modulate the NAS/melatonin ratio, which may be of
relevance to the cause and course of the pathophysiologic
processes that underlie glioblastoma?’ and bipolar disorder?®
which may be primarily mediated by the differential effects of
NAS and melatonin on the activation of TrkB and a7nAChR,
respectively.

It should also be noted that many of melatonin’s metabolites,
including Nl1-acetyl-NV2-formyl-5-methoxykynuramine and
Nl-acetyl-5-methoxykynuramine, also have significant anti-
inflammatory, antioxidant, and immune regulatory effects.3 As
such, melatonergic pathway activation leads to the synthesis of
products with antioxidant and generally beneficial effects that
are relevant to all CNS and psychiatric disorders.2-61%20 It is also
clear that the products of the melatonergic pathway also have
some quite specific effects that are likely to be of clinical rele-
vance across different CNS conditions, including via melatonin’s
regulation of the a7nAChR and the NAS activation of TrkB. It
remains to be determined as to whether there are other differen-
tial effects of the various products of the melatonergic pathways
that would be relevant to CNS and psychiatric disorders.

Although many of melatonin’s effects can be via the activa-
tion of the melatonin receptors (MT1 and MT2),%? mela-
tonin also has powerful nonreceptor effects, aided by its
amphiphilic nature. Melatonin frequently accumulates around
mitochondria, where it may have an important role in the regu-
lation of membrane fluidity, as recent data indicate.3® Structural
membrane regulation may be another aspect of how melatonin
can act to modulate and synchronize wider cellular processes.

The 14-3-3 protein is a crucial determinant of pineal gland
melatonergic pathway activity, due to its stabilization of
AANAT? indicating that alterations in 14-3-3 levels will sig-
nificantly modulate NAS and melatonin synthesis in other cell
types. This role of 14-3-3 is likely to have significance in a num-
ber of CNS and psychiatric disorders. In motor neuron disease,
for example, 14-3-3 levels are often increased. However, in this
medical condition, 14-3-3 is mostly in a complex with mutant
superoxide dismutase, thereby preventing its stabilization of
AANAT. This suggests that decreased NAS and melatonin
synthesis may be relevant to the array of pathophysiologic
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changes that are evident in a number of cell types in this poorly
conceptualized and poorly managed condition.

It is also of note that antidepressants increase a number of
14-3-3 isoforms, suggesting that some of their efficacy is medi-
ated via effects on melatonergic pathway regulation, as well as
increasing serotonin availability.>? Tumor necrosis factor o and
other pro-inflammatory cytokines inhibit pineal gland NAS
and melatonin synthesis,®?® whereas increased adenosine
triphosphate prevents the conversion of NAS to melatonin,
suggesting a significant impact on the NAS/melatonin ratio.?
As such, the melatonergic pathways may be regulated by a vari-
ety of cellular and systemic processes, in turn acting to modu-
late the reactivity of glia and immune cells.

Interestingly, the regulation of inflammatory processes may
be intimately linked to the synchronized regulation of the pin-
eal gland and immune/glia reactivity. The work of Regina
Markus and colleagues®3 indicates the presence of an immune-
pineal axis. By pro-inflammatory cytokines switching off pin-
eal gland melatonin synthesis, the generallyimmune-dampening
effects of pineal gland melatonin are prevented during the
course of infection and inflammation, allowing an appropriate
immune response to develop.®®> However, when the immune
response is no longer required, the autocrine effects of mela-
tonin on activated immune cells lead to a dampening of the
immune response and therefore the reinstatement of pineal
gland melatonin synthesis. As such, alterations in melatonin
synthesis, in the pineal gland and immune cells, may be inti-
mately associated with consequences for alterations in circa-
dian regulation and the temporal coordination of the immune
response.

Melatonergic pathway regulation is therefore intimately
linked to an array of core cellular and systemic processes.
Melatonin effects contrast with many TRYCAT effects,
including in the levels and activity of the a7nAChR, when
compared with KYNA effects on this receptor. The a7nAChR
is looked at next.

The a7nAChR

The a7nAChR is expressed in most CNS cell types. The
a7nAChR is also expressed in many immune cells and gut cells,
as well as in the vagal nerve and cells of the enteric nervous
system.3*3> Activation of the neuronal presynaptic a7nAChR
increases the influx of calcium and sodium ions, increasing
neurotransmitter release. The a7nAChR is also postsynapti-
cally expressed, indicating a wider role in synaptic plasticity.30
Activation of the a7nAChR in astrocytes and microglia
decreases inflammatory responses.3”3® Activation of the
a7nAChR also regulates endothelial cells,® neurogenesis,*
macrophages,*! T cells, and immature dendritic cell matura-
tion,* indicating a wide array of non-neuronal effects. The
a7nAChR also inhibits the immune-activating consequences
arising from increases in gut permeability,* possibly via the
regulation of vagal nerve activity,3* as well as having analgesic

and cognitive-enhancing effects.*+46

Melatonin and a7n AChR Interactions

Given the wide expression of the a7nAChR and the possibly
ubiquitous expression of melatonin, it is likely that interactions
of the a7nAChR and melatonin will occur in many central and
peripheral sites, including in immune cells, glia, and the gut-
brain axis. Mitochondria may be an important site for these
interactions. For example, melatonin’s protection against rodent
ischemia is a7nAChR dependent.# Both melatonin and
a7nAChR activation optimize mitochondrial functioning.*?
The interactions of melatonin and the a7nAChR may there-
fore affect a number of processes, including glia reactivity, mac-
rophage reactivity, autophagy, and gut-brain axis. This will be
looked at in more detail below, including in the context of
interactions within mitochondria.

The Aryl Hydrocarbon Receptor

The aryl hydrocarbon receptor (AhR), commonly referred to
as the dioxin receptor, is widely expressed, both centrally and
systemically. Investigations of AhR effects have widely used
2,3,7,8-tetrachlorodibenzo-p-dioxin  (TCDD). However,
different TRYCATs can also activate the AhR, suggesting
that this could be an important consequence of TRYCAT
induction.

The AhR is a ligand-activated receptor of the Per-Arnt-Sim
family of basic helix-loop-helix transcription factors. In addition
to cigarette smoke-associated TCDD, a growing number of
endogenous AhR ligands have emerged, including kynurenine,
KYNA, and formylindolo(3,2-b)carbazole. Exogenous ligands
include an array of environmental toxins, such as many of the
particulate matter components of air pollution,* which can alter
the gut microbiome and increase gut permeability.’® When
ligand bound, the AhR translocates to the nucleus, where it
binds to the AhR nuclear translocator (Arnt), with this AhR-
Arnt heterodimer binding to dioxin-responsive elements in the
promoters of target genes. Target genes include the cytochrome
P450 family (including CYP1A1, CYP1A2, and CYP1B1),!
with these target genes then acting to regulate an array of factors,
including many pharmaceuticals, but also melatonin, suggesting
a role for the AhR in the modulation of the circadian rhythm,
as well as levels of local melatonin availability in many cell types.

A number of pathways can interact with the AhR, especially
in the formation of the AhR-Arnt complex.’® The AhR has
recently been reconceptualized, from a xenobiotic receptor to
one where an array of endogenous ligands may have a variety of
effects on AhR-induced genes.” The AhR can therefore have
complex effects, with different AhR ligands seemingly having
differential effects on the patterning of the specific genes
induced. The AhR activation, via increased IDO, can induce
the TRYCAT pathway, as well as increase immune-suppressive
regulatory T cells. However, the AhR can also increase the lev-
els of autoimmune-associated pro-inflammatory T-helper 17
cells.** Consequently, the AhR has complex effects, seemingly
determined by specific ligands and local microenvironmental
conditions, in part via the differential regulation of xenobiotic
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or dioxin response elements (X/DRE) as well as non-X/DRE-
mediated pathways.>* As the AhR repressor (AhRR) is induced
by AhR binding to X/DRE in the AhRR promoter, the AhR
negatively feeds back on itself. This also indicates that the
non-X/DRE effects of the AhR will not affect AhRR expres-
sion, suggesting that variations in AhRR induction may con-
tribute to the complex effects and inductions of the AhR.>
Recent data support a role for the AhRR in the regulation of
specific pro-inflammatory cytokines, including IL-1B, but not
all pro-inflammatory factors are induced by the AhR.>

The AhR,viaIDO induction, can directly regulate TRYCAT
production, with kynurenine and KYNA also activating the
AhR, suggesting a possible positive feedback loop that would
be inhibited by the AhRR. AhR activation, via CYP1A2, also
degrades melatonin, with melatonin inhibiting some AhR
effects,’® indicating interactions of the AhR with the melaton-
ergic pathways. Such data indicate a role for the AhR in the
interactions of the melatonergic and TRYCAT pathways and
therefore with the effects of the a7nAChR. Although all of
these factors may differentially interact in different cell types
and local microenvironments, it is their expression and interac-
tions directly in mitochondria that this article will now focus on.

Interactions Within Mitochondria

Recent data show that the AhR is expressed in mitochondria,
including in the mitochondrial intermembrane space.”” With
the a7nAChR and the melatonergic pathway synthesis enzyme
(AANAT) also expressed in mitochondria, coupled with the
direct effects of the TRYCATs, 3-OHK, and 3-hydroxyan-
thranillic acid (3-OH-ANA), on mitochondrial functioning,®
mitochondria may be important sites for the interactions of
these pathway and receptors. We review the data pertaining to
these receptors and pathways in mitochondria, before looking
at how they may interact in this crucial organelle.

Some of the effects of kynurenine and KYNA are mediated
via its activation of the AhR, although at physiologic levels
kynurenine and KYNA can have quite distinct effects.”” As to
whether kynurenine or KYNA can directly activate the AhR in
mitochondria is an area of current investigation, including in
the gut where the AhR can modulate the IgA mucosal
response,® indicating a possible AhR role in the gut that would
be relevant to levels of mucosal immune-inflammatory activity
that are increasingly appreciated as having a role in a host of
CNS and psychiatric conditions.®* There is a growing appre-
ciation of the role of early developmental processes in an array
of CNS and psychiatric conditions, as well as recognition of a
role for suboptimal vascular functioning and cardiovascular
disease in such classically conceived brain disorders.®263 In this
context, it is notable that the AhR has significant early devel-
opmental impacts in cardiomyocytes that increase cardiovascu-
lar disease (CVD) risk,** with cardiomyocytes being densely
packed within mitochondria. As such, alterations in the early
developmental regulation of the AhR may play a role in a host
of medical conditions that can modulate many CNS and

psychiatric disorders, as well as having direct impacts on cells
classically linked to brain disorders. Some of these effects may
occur directly in mitochondria.

It is also important to emphasize that TRYCAT pathway
activation may lead to other factors that directly modulate
mitochondrial functioning, with 3-OH-Kyn and 3-OH-ANA
directly affecting the respiratory control index of brain mito-
chondrial functioning.”® These authors also showed that both
of these TRYCATS lowered the adenosine diphosphate/oxygen
ratio in brain mitochondria, as well as having impacts on
hepatic and cardiac mitochondria.’® Such data indicate that the
classical role attributed to TRYCATS in the regulation of syn-
aptic activity of CNS and psychiatric disorders may be overly
simplistic. Rather, some TRYCATs may more directly modu-
late mitochondrial functioning across a host of cell types.
TCDD, the classical AhR ligand, has a plethora of patho-
physiologic effects in different cell types, including changes in
mitochondrial functioning and increasing the risk of metabolic
syndrome.”” As to whether changes in specific TRYCATS, and
their direct effects in mitochondria, are relevant to how meta-
bolic syndrome increases the risk of CNS and psychiatric dis-
orders, such as Alzheimer disease®® and MDD, requires
further information.

As to how such 3-OHK and 3-OH-ANA effects in mito-
chondria would modulate levels of mitochondrial melatonergic
pathway activity and melatonin production requires investiga-
tion. As AANAT needs to be stabilized by 14-3-3, it may be of
note that proteomic analysis of hippocampal cells of patients
with schizophrenia indicates coordinated changes in the levels
of 14-3-3 and the AhR.%7 Inhibition of 14-3-3 is used as a
preclinical model of schizophrenia.®® Desynchronization of
14-3-3 and the AhR may therefore be of some importance in
psychiatric conditions. It requires investigation as to whether
the TRYCAT pathway, including via direct effects in mito-
chondria, modulates the melatonergic pathway, including
within mitochondria, and as to whether alterations in 14-3-3
levels are relevant to this. In addition to decreasing serotonin
availability as a necessary precursor for the melatonergic path-
ways, TRYCAT effects in mitochondria, including possibly in
mitochondrial AhR, may also act to regulate the melatonergic
pathways.

As indicated above, emerging data now indicate melatoner-
gic pathway activity in mitochondria, with levels of mitochon-
drial melatonin synthesis dependent on serotonin availability.®
As such, the regulation of MAQO, which can bind to the mito-
chondrial membrane, may be another target for the regulation
of melatonergic pathway activation in mitochondria. Alterations
in MAO function have been associated with most CNS and
psychiatric disorders, possibly as a consequence of chronic stress
increasing MAO and therefore decreasing the availability of
monoamines, including serotonin.®® These authors also showed
that exogenous melatonin prevented chronic stress—induced
MAQO in preclinical models, implicating alterations in mela-
tonin in the increase in MAOQ that is induced by chronic stress.®
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Figure 2. The interactions of the AhR and a7nAChR with the TRYCAT and melatonergic pathways. Pro-inflammatory cytokines and chronic stress
increase IDO and TDO, respectively, leading to TRYCAT induction, with differential effects on mitochondrial functioning. TRYCAT activation and
stress-induced MAO, by decreasing serotonin availability, decrease melatonergic pathway activation. Increased KYNA may also compete with melatonin
via the opposing regulation of the a7nAChR. AhR activation, via IDO induction, may positively feedback on TRYCAT synthesis, as well as decrease the
availability of melatonin by increasing its metabolism. Some data indicate that the AhR decreases sirtuins, which may also be mediated by decreased
melatonin. Both 3-OHK and 3-OH-ANA can modulate mitochondrial functioning. 3-OH-ANA indicates 3-hydroxyanthranillic acid; 3-OHK,
3-hydroxykynurenine; a7nAChR, alpha 7 nicotinic receptor; AhR, aryl hydrocarbon receptor; IDO, indoleamine 2,3-dioxygenase; KYNA, kynurenic acid;
MAO, monoamine oxidase; TDO, tryptophan 2,3-dioxygenase; TRYCATSs, tryptophan catabolites.

Activation of the AhR by tryptamine requires MAO,” being
another route by which chronic stress may act to modulate AhR
activity, including possibly in mitochondria, and thereby increase
melatonin metabolism. It is also of note that melatonin has
impacts on the structural organization of the lipids that form
the cell and organelle membranes, including mitochondrial
membranes.30 As to whether alterations in mitochondrial mela-
tonin synthesis have any impacts on wider mitochondrial func-
tions via such membrane lipid changes requires further
investigation. Overall, melatonin is a significant regulator of
mitochondrial functioning, suggesting that factors that modu-
late melatonin synthesis in mitochondria are likely to affect an
array of fundamental cellular processes.

Mitochondria express the a7nAChR, with the a7nAChR
acting to regulate Ca?* accumulation and cytochrome c release
in isolated mitochondria.?® As noted, melatonin can increase
the levels and activation of the a7nAChR,? suggesting that the
interactions of the TRYCAT and melatonergic pathways will
affect the levels and activity of the a7nAChR, including in
mitochondria. It also important to note that the specific
TRYCATs produced may be of some relevance, as KYNA
inhibits the a7nAChr. Given that the a7nAChR may mediate
some of melatonin’s effects, IDO induction may not only
decrease melatonergic pathway activity but also increase
KYNA, thereby inhibiting melatonin’s effects via the a7n AChR.
This indicates that there may be a number of means by which
the TRYCAT and melatonergic pathways engage in mutual
inhibition. However, this may be primarily under conditions
when the KYNA wing of the TRYCAT pathway is predomi-
nantly activated, which is likely to be considerably different to

the activation of the 3-OHK, 3-OH-ANA, and QUIN wing.
The relevance of the a7nAChR in mediating the interactions
of wider TRYCATs with the melatonergic pathways awaits
investigation. This is likely to be of some importance, given the
role of the a7nAChR in the regulation of reactivity levels in
glia, macrophages, and other immune cells.*! This also suggests
that the biological underpinnings in the recent phase III trials
of a7nAChR agonists*»* may be considerably more compli-
cated than simple alterations in synaptic activity.

Such an array of data indicates that mitochondria may be a
crucial hub for the interactions of the AhR and a7nAChR with
the TRYCAT and melatonergic pathways. The AhR activa-
tion, including when activated by KYNA and kynurenine, can
also decrease NAD+ levels, thereby decreasing levels of sirtuins,
as has been shown for sirtuin-3 in hepatic cells.”" Although
sirtuin-1 is commonly referred to as the longevity protein, data
in humans, to date, only show alleles in sirtuin-3 to modulate
human longevity.”> As such, the interacting pathways and
receptors described herein, by acting on NAD+ induced sir-
tuins, may affect aging processes. This is of obvious relevance to
almost all medical conditions, including cancers and CVD, as
well as to CNS and psychiatric disorders. Figure 2 summarizes
these mitochondrial interactions.

Conclusions

The overlapping benefits of melatonin and the a7nAChR
over an array of diverse medical presentations and pathophysi-
ologic processes have been primarily attributed to their antioxi-
dant effects and neuronal regulation, respectively. The
TRYCATS: have been portrayed as neuroregulatory effectors of
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pro-inflammatory processes, whereas the AhR has primarily
been viewed as a modulator of specific immune activators. The
data presented here suggest that these diverse processes and
effects may be mediated by the interactions of these receptors
and pathways directly in mitochondria. Such a perspective dra-
matically changes the understanding of the consequences of
alterations in tryptophan utilization in the body and suggests
readily achievable future experiments, with significant clinical
implications. Mitochondria have long been recognized as
important sites of pathophysiological change across most med-
ical conditions, including cancers and CVD, as well as CNS
and psychiatric disorders. The mitochondrial interactions of
the receptors and pathways described above are likely to be
important determinants of an array of medical pathophysio-
logical processes, including via alterations in the levels of
aging-associated sirtuins within mitochondria. It should be
noted that such mitochondrial interactions, which are relevant
to the cause and course of CNS and psychiatric disorders, will
not all be occurring centrally, but also in systemic systems,
including the immune system, and peripheral organs and tis-
sues, including the gut and the gut-brain axis.
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