Monitoring the kynurenine system:
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Abstract

The tryptophan-kynurenine metabolic pathway plays the most essential role in tryptophan metabolism,
producing various endogenous bioactive molecules. The activation of the metabolic pathway is linked
to the pathogenesis of a wide range of diseases. The calibration of the levels and the ratio of kynurenines
has been attempted in search of biomarkers and diagnostic targets. This editorial introduces biosystems
in close interaction with the kynurenine system and potential measures to assess a state of stress, which
may lead to illnesses.
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Introduction

L-tryptophan (Trp) is the largest of the essential amino acids, the least abun-
dant in the cell and the rarest in the proteome, which consumes the highest
amount of energy in its biosynthesis among the 20 amino acids.! It is an es-
sential component in the biosynthesis of proteins, muscle and enzymes, as well
as an obligatory substrate for the production of neurotransmitters and hor-
mones.? Acute Trp depletion causes increased pain sensitivity, acoustic startle,
increased motor activity, and aggression, while chronic Trp deficiency causes
ataxia, cognitive impairment and dysphoria with skin hyperpigmentation.>*
The Trp is broken down through the methoxyindole pathway leading to the pro-
duction of serotonin (5-hydroxytryptamine) or through the kynurenine (KYN)
pathway leading to the de novo synthesis of nicotinamide adenine dinucleo-
tide (NAD*). The KYN metabolic pathway consumes nearly 95% of Trp, being
the controller of Trp metabolism while producing a wide range of multifarious
and versatile bioactive molecules.® The molecules exhibit oxidant, antioxidant,
anti-inflammatory, neurotoxin, neuroprotectant, and/or immunomodulating
activity, but their actions depend on their concentrations and the cellular envi-
ronment (Fig. 1).° Furthermore, the KYN system works in close interaction with
other biosystems, including the oxidative stress complex, the antioxidant system,
serotonin neurotransmission, glutamate neurotransmission, the tetrahydrobi-
opterin pathway, the cannabinoid system, the NAD*/NADH redox system, and
aryl hydrocarbon receptor (AHR) signaling.?® The accelerated Trp metabolism
is generally observed in clinical conditions such as infection, inflammation,
cancer, aging, neurodegenerative diseases, and psychiatric disorders.?>¢7-?



776

1%

—  m—

Tryptophan
>95% l

L-kynurenine

~

Anthranilic acid

!

3-hydroxyanthralinic

 ——

acid

Quinolinic acid

The kynurenine system

In the KYN system, tryptophan 2,3-dioxygenase
(TDO), indoleamine 2,3-dioxygenases (IDOs), kynuren-
ine aminotransferases (KATs), kynureninase (KYNU),
and kynurenine 3-monooxygenase (KMO) are the main
enzymes in the Try degradation cascade. Among them,
TDO and IDOs are responsible for the rate-limiting step
of L-Trp to L-KYN. The TDO is stimulated by the stress
hormone cortisol, while IDOs are upregulated by lipo-
polysaccharides and pro-inflammatory cytokines, and
downregulated by antioxidant enzyme superoxide dis-
mutase and anti-inflammatory cytokines. The KATs cata-
lyze the conversion of KYN to kynurenic acid (KYNA)
and 3-hydroxy-L-kynurenine (3-HK) to xanthurenic acid
(XA), while KYNU converts L-KYN to anthranilic acid
(AA). The KMO converts L-KYN to 3-HK. This enzyme
is stimulated by oxygen molecules and pro-inflammatory
cytokines, while it is inhibited by superoxide dismutase
and anti-inflammatory cytokines. Thus, the KYN enzymes
are under the constant influence of the hypothalamic—
pituitary—adrenal axis, oxidative stress, the antioxidant
system, and inflammatory responses.>°>~

The 3-HK, 3-hydroxyanthranilic acid (3-HAA) and
quinolinic acid (QA) are oxidants; however, 3-HK and
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Fig. 1. Tryptophan (Trp) catabolism.
More than 95% of Trp is broken
down through the kynurenine (KYN)
pathway, while only 1% of Trp

is through the methoxyindole
pathway. Protective KYN metabolites
are marked green and toxic KYN
metabolites are imarked red.

The metabolites are endogenous
molecules produced in balance

in healthy conditions. However,

the actions of the metabolites
depend on the environment or their
concentrations and the activation

of the pathway generally leads

to unfavorable consequences

Serotonin

Kynurenic acid

Cinnabarinic
acid

=—p =p  Pjcolinic acid

NADH

3-HAA may serve as antioxidants in certain conditions.
Quinolinic acid stimulates glutamate receptors, while
KYNA either stimulates or inhibits the glutamate recep-
tors subgroups in a concentration-dependent manner.
The L-KYN, KYNA, XA, and cinnabarinic acid (CA) are
AHR agonists which relay the signal of immune toler-
ance. The AA serves as a water-soluble vitamin and its
derivatives are nonsteroidal anti-inflammatory drugs such
as diclofenac and mefenamic acid. Picolinic acid is thought
to be a neuroprotectant (Fig. 1). The 3-HK stimulates TDO
in vivo and NADH stimulates KMO, forming positive feed-
back loops; meanwhile, NADH inhibits TDO, forming
a negative feedback loop within the KYN system.>>~°
The molecules generated in the KYN system serve
as components of and relay signals to the external biosys-
tems: 3-HK, 3-HAA, and QA in the oxidative stress com-
plex, 3-HK, 3-HAA, and KYNA in the antioxidant system,
Trp in serotonin neurotransmission, QA and KYNA in glu-
tamate neurotransmission, XA in the tetrahydrobiopterin
pathway, KYNA and QA in the cannabinoid system, NADH
in the NAD*/NADH redox system, and KYN, KYNA, XA,
and CA in AHR signaling. Thus, stressors in general lead
to the activation of the KYN system, and the presence
of the positive feedback loops further amplifies stress loads,
imposing a heavy burden on a wide range of biosystems.>>~*
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Measurements of KYN metabolites and their ratios have
been taken from clinical samples of patients with neuro-
degenerative diseases and psychiatric disorders in search
of a correlation with diseases and thus to identify pos-
sible biomarkers.2!% Categorized analysis of neurotoxic
KYNs and neuroprotective KYNs revealed higher lev-
els of neurotoxic KYNs and higher ratios of neurotoxic
KYNs in neurodegenerative and psychiatric diseases, but
the levels and the ratios of neuroprotective KYNs remain
unclear.>81% The levels of pro-inflammatory cytokines
are invariably elevated in all diseases investigated, which
therefore suggests that the elevation of neurotoxic KYNs
is closely linked to the inflammatory response.?® Fur-
thermore, low-grade inflammation (LGI) is considered
to participate in the pathogenesis of neurodegenerative
diseases, but the role of LGI in psychiatric disorders re-
mains unclear.? A meta-analysis of 101 studies of blood
samples showed that decreased levels of Trp, KYN and
KYNA, increased ratios of KYN/Trp, and decreased ra-
tios of KYNA/KYN, KYNA/QA and KYNA/3-HK in pa-
tients with major depressive disorder (MDD), decreased
levels of Trp and KYNA and decreased ratio of KYNA/
QA in patients with bipolar disorder (BD), and the de-
creased level of Trp in patients with schizophrenia. This
study confirms the activation of the Trp-KYN pathway
and depletion of Trp in 3 major psychiatric disorders and
the increased shunt toward the production of toxic KYNs
in MDD and BD.! Further studies are expected to reveal
the status of the KYN system and its interaction with func-
tionally adjacent biosystems by assessing serotonin and
glutamate neurotransmissions, tetrahydrobiopterin levels,
antioxidant capacity, and immune tolerance.

Homeostasis, allostasis, far-from-
equilibrium, entropy

The activation of the KYN system is at least partly
a physiological reaction of the body to stressful events such
as infection, inflammation, metabolic disturbance, aging,
and anticipation, among others. The stability of le milieu
intérieur (the internal environment) is essential to living
independently of the external environment, as suggested
by Claude Bernard, and homeostasis is the state within
the physiological limits, proposed by Walter Cannon
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Fig. 2. Conceptual evolution of stress
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(Fig. 2).1213 Selye conceptualized the process in which
chronically harmful stimuli lead to disease in the general
adaptation syndrome. Organisms attempt to maintain ho-
meostasis against harmful stimuli up to the resistance stage
but eventually surrender to the stressors in the exhaustion
stage. Stress is an organized state of bodies in response
to stressors, experienced by all patients during a period
of illness. Harmful consequences are not due to exhaustion
of defense mechanism, but the stress mediators them-
selves cause damage to the host, especially in the exhaus-
tion stage (Fig. 2).* However, Selye’s stress theory does
not allow the measurements of stress or the evaluation
of the reaction of systems under chronic stress.

Subsequently, Sterling and Eyer developed a concept
of allostasis, which refers to the process of maintaining
stability through change in the allostatic systems. The ad-
aptational cost of chronic exposure to inappropriate re-
sponse to the body, that is the allostatic load, eventually
fails to perform normally, thus leading to diseases (Fig. 2).!°
However, the allostatic concept stands on the vague rela-
tionship between metabolism and energy consumption,
which makes it difficult to sample and measure allostatic
loads, thus limiting the application of the concept for stress
measurement.

Researchers in the field of thermodynamics have at-
tempted to quantify homeostasis, stress and allostasis.
Life feeds on negative entropy. The second law of ther-
modynamics states the entropy of an isolated system can
only increase. The body is an open thermodynamic sys-
tem. Order within the body is maintained by an increase
in the disorder of the environment through dissipating
heat from the body.*® It is supported in the nonequilib-
rium open system which prevails around us. The far-
from-equilibrium system does not lead to turbulence, but
indeed, it forms life.!” Entropy is directional with time and
thus it can be applied to physiological growth and aging.!®
A thermodynamic entropy-based model of the stress re-
sponse has been proposed. Based on entropy production,
the model describes the states of a living system under
stress, and differentiates the states of health and disease
by using measurable variables. Positive stress entropic load
(SEL) leads to an adverse state, while negative SEL leads
to a protective state of health. Furthermore, the model can
predict not only the future failure of the living system but
also the deterioration of the regulatory feedback (Fig. 2).1
Improving energy balance may become a possible strategy
for disease intervention.?
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Conclusions
and future perspective

Increasing amounts of evidence show the presence of KYN
system activation in a wide range of diseases including neu-
rodegenerative and psychiatric diseases. However, the levels
and the ratios of KYN metabolites are equivocal among
diseases and the actions of the metabolites are enigmatic
depending on the environment and their concentrations.?!
Furthermore, the KYN system varies from cell or tissue
where some enzymes are missing, and different bioactive
molecules are predominantly produced.!® Some metabolites
can cross to the blood—brain barrier, but others cannot.!
Nevertheless, the KYN metabolites potentially serve as bio-
markers and the KYN system may be one possible target
for disease intervention.>”*1® Very little is known about
the interaction of the KYN system with adjacent biosystems.
Understanding the interaction may open new diagnostic
and interventional approaches toward various diseases.

Concepts of homeostasis, stress and allostasis have pro-
vided an intuitive insight into the action and effect of stress
on the body and mind. Direct measurements of stressors,
stress and the consequence remain far from feasible. Cer-
tainly, the KYN system is one of the major players under
stress and in the pathogenesis of various diseases. Holistic
approaches including understanding the interaction be-
tween other biosystems, theoretical reframing of the alter-
ation of the KYN system under stress, and the application
of empirical models to assess pathological processes and
their consequences may provide a possible clue to under-
standing such a complex system.

The roles of the KYN system in physiological aging,
the interaction of sex/gender factors, and nutritional and
metabolic stress are of particular interest.?>?* Animal re-
search will certainly make a solid contribution to the area.
Transgenic and pharmacological animal models of cog-
nitive, emotional and/or social impairment may reveal
the roles of the aging process, and/or sex/gender factors
in the pathogenesis of mental illnesses. Transgenic mice
such as KYNA, KYNU or KMO knock-out strains and
double knock-out strains may help understand the role
of the KYN system in physiological aging, discover po-
tential diagnostic biomarkers and search for possible in-
terventional targets in neurodegenerative diseases and
psychiatric disorders.
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