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Introduction

The kynurenine (KYN) pathway represents the major route of
tryptophan (TRP) degradation and generates several bioactive
components. While more than 90% of the essential amino acid
TRP is catabolised via the KYN pathway, only minor amounts
are used for protein biosynthesis and serotonin/melatonin
production.! Under normal physiological conditions, the KYN
pathway is mainly regulated by the enzyme tryptophan 2,3
dioxygenase (TDO), which mediates the conversion of trypto-
phan to KYN (representing the initial step of the KYN path-
way). However, in the presence of local or systemic inflammatory
conditions, the activity of the TDO isoenzymes indoleamine
2,3 (IDO) 1 and 2 can increase substantially, thereby leading to
an activation of the KYN pathway.? Following the initial step
of the pathway, the metabolic flux can yield different end prod-
ucts. The most studied KYN derivative is kynurenic acid (KA).
Aside from immunological aspects, KA is known to prevent
neuronal excitotoxicity within the central nervous system
(CNS). However, only a small amount of the metabolic flux
yields KA. The vast majority of the KYN pathway is metabo-
lized — via several intermediate products such as 3-hydrox-
ykynurenine (3-HK) and quinolinic acid (QA) — towards
NAD™*.! Both metabolites, 3-HK and QA, are known to
induce neuronal excitotoxicity within the CNS.3 The enzyme
kynurenine 3-monooxygenase (KIMO) catalyses the conversion
of KYN to 3-HK and therefore represents a key regulator of
the KYN pathway branch yielding NAD™. Detailed functional
and regulatory aspects of the KYN pathway have been reviewed
elsewhere.!

The KYN pathway is deregulated in various chronic dis-
eases, such as different internal (eg, chronic obstructive pulmo-
nary disease,* diabetes,? cancer®) or neurological (eg, multiple
sclerosis,® Alzheimer and Parkinson disease”) disorders. When
compared with healthy controls, most of these diseases show a
persistent overactivation of the KYN pathway as indicated by
elevated levels of KYN and the KYN/TRP ratio. While previ-
ously introduced as a marker of IDO activity,® the KYN/TRP
ratio now represents a general indicator of KYN pathway acti-
vation, independent of the enzyme mediating the conversion of
TRP to KYN. Predominantly in neurological disorders, a path-
ological disbalance characterized by an increased flux through
the neurotoxic metabolites 3-HK and QA concomitant with
less KA production within the CNS has been indicated to play
a key role in neurodegenerative processes.” In this context, cen-
tral enzymes of the KYN pathway have become a current and
promising therapeutic drug target in a variety of chronic dis-
eases, aiming to modulate the metabolic flux and to induce/
prevent associated consequences for the immune system and
CNS»s

Recently, physical exercise has been shown to impact the
KYN pathway regulation in response to both single bouts of
(acute) exercise and long-term interventions of repetitive exer-
cise bouts (chronic training). Existing studies mostly focused
on the measurement of TRP and KYN to examine a possible
activation and on the metabolic flux towards KA, including
considering kynurenine aminotransferase (KAT) enzyme
expression. Overall, a broad variety of samples (animal models,
healthy subjects, athletes, clinical populations) have been
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investigated, thereby providing different perspectives and also
limiting collective interpretation due to heterogeneity. Acute
and chronic exercise-induced effects on the KYN pathway
have recently been summarized in detail'® and will be briefly
presented in the following.

Several studies showed an initial activation of the KYN
pathway in response to acute exercise as indicated by a decrease
in TRP and an increase in KYN measured in human serum/
plasma.10-* Most of these studies investigated severe aerobic
exercise as intervention in the form of an incremental exercise
test until exhaustion.!-14 Furthermore, several studies reported
an increased metabolic flux towards KA following acute
exercise,'%1517 which could possibly be due to an elevation in
KAT enzyme expression. Not only the metabolic flux towards
KA, but also the major branch of the KYN pathway towards
QA can apparently be upregulated after acute exercise.!%:16:18
However, our understanding of the impact of different exercise
modalities (eg, frequency, intensity, type, time) and the kinetics
of metabolites is limited. Recent results suggest that alterations
of KYN pathway metabolites measured in blood serum are of
transient nature, and levels return to baseline within 1hour
after exercise cessation.10:15

Regarding the effects of chronic exercise training on the
KYN pathway, existing evidence from human studies is
more contradictive compared with effects of acute exercise.
Many studies do not show statistical effects on circulating
metabolites,’”2! but the design and/or description of the
interventions is questionable due to low training frequency/
intensity or lacking information on the applied exercise
modalities and adherence. However, evidence from an ani-
mal model as well as results from a randomized controlled
trial in patients with breast cancer reported promising
effects. Agudelo et al?? showed elevated KAT expression and
protein levels in skeletal muscle concomitant with reduced
plasma levels in KYN following 8 weeks of aerobic exercise
in rodents with stress-induced depression. Zimmer et al
investigated the effects of chronic resistance exercise train-
ing on KYN pathway metabolites in patients with breast
cancer undergoing chemotherapy. Indeed, serum levels of
KYN and KYN/TRP ratio were reduced after exercise train-
ing compared with the control group. As an initial KYN
pathway activation was observed in the control group, the
results of this study indicate that exercise can counteract a
treatment-related activation of the KYN pathway.?3

When interpreting and comparing the effects of acute or
chronic exercise on the KYN pathway, the time of sample col-
lection needs to be considered carefully. To examine effects of
acute exercise samples are usually collected immediately after
completion of the exercise bout, ideally with additional follow-
up measurement time points during the recovery period to
depict outcome kinetics. To examine effects of chronic exercise
samples are typically collected in a resting condition, mostly
24hours or longer after the completion of the last exercise bout.

However, without detailed knowledge of the outcome kinetics
after acute exercise, it is possible that acute effects ‘bias’chronic
effects due to incomplete recovery/adaptation processes.
For example, KA has been shown to increase after acute
exercisel®1618 and to return to baseline levels within few
hours after exercise completion in humans.'® Therefore, it is
not surprising that no effects after chronic exercise are observed
— if samples are collected in a resting condition.

Despite heterogeneous study populations, exercise modali-
ties, and measurement time points, several studies indicate the
overarching impact of exercise on the KYN pathway by assess-
ing pre- and post-differences in various metabolites in blood
plasma or serum. Although a large body of evidence indicates
profound involvements of the KYN pathway in different phys-
iological and pathological processes (eg, immune regulation or
brain health), current knowledge about the exercise-induced
consequences of KYN pathway modulations is lacking. Also,
the underlying mechanisms of exercise-induced KYN pathway
modulations are insufficiently investigated but are of major rel-
evance to develop tailored exercise interventions. Here, we
briefly outline potential underlying mechanisms of exercise-
induced alterations of the KYN pathway and expose possible
consequences for the immune system, the CNS, and cellular
energy homeostasis. Finally, we propose how exercise as KYN
pathway modulator might be involved in the well-known ben-
eficial effects on different diseases and the associated
symptoms.

Underlying Mechanisms of Exercise-Induced
Alterations in KYN Pathway Regulation

There is a strong rationale suggesting that the observed initial
activation of the KYN pathway as well as the increase in the
metabolic flux towards QA is driven by immune activation as
they appear transiently during and after single bouts of exer-
cise. Immune activation during and after acute exercise has
especially been described as an elevation in inflammatory
cytokines such as interleukin-6 (IL-6).24?> Indeed, primarily
interferon-y (IFN-y) and also other inflammatory cytokines
(eg, IL-6) are known to induce IDO1, IDO2, and KMO,
thereby creating a solid link to an IDO-mediated upregulation
of the KYN pathway and an increased degradation of KYN to
QA in response to acute exercise. However, this hypothesis has
not yet been investigated in detail and needs to be addressed in
future research.

Aside from the elevation in inflammatory cytokines, acute
exercise has also been described to increase levels of cortisol.26:27
Although it was previously assumed that TDO is mainly con-
stant, more recent research indicates that changes in TDO
activity are also strongly involved in KYN pathway regulation.?®
Therefore, exercise-induced elevations in circulating cortisol
levels represent another potential link to the observed initial
activations of the KYN pathway after acute exercise, which also
needs further investigation.
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Another potential causative mechanism of the initial activa-
tion of the KYN pathway driven by acute exercise could be due
to hypoxic conditions that appear in response to the increased
energy demand during exercise. As both IDO and TDO are
dioxygenases, it seems to be conceivable that their activity
might be affected by exercise through differing oxygen levels in
tissues that are required for or stimulated by physical move-
ment. Especially skeletal muscle?” (but possibly also other cells)
shows hypoxic conditions during acute exercise, thereby poten-
tially affecting the activity of IDO and TDO. However, no
study has yet investigated this link between hypoxic conditions
and IDO or TDO activity in any cell type.

Furthermore, a link between IDO activity and expression,
nitric oxide, and exercise appears to be worth investigating.
Although not yet examined in the context of exercise, nitric
oxide has been shown to inhibit IDO activity.3 Moreover, the
impact of exercise on nitric oxide has been described in differ-
ent tissues, for example, in skeletal muscle,3! endothelial cells,3?
and erythrocytes. Thus, a strong rationale suggests that exer-
cise-induced changes in nitric oxide may mediate an inhibition
of IDO activity, possibly leading to a chronic downregulation/
stabilization of the KYN pathway as reported by Zimmer
et al.?

The mechanisms underlying both acute and chronic exer-
cise-induced elevations in the metabolic flux towards KA could
be driven by KAT expression in different tissues or cell types.
While investigated merely for acute effects, KYN degradation
to KA represents a well-examined mechanism for chronic exer-
cise training. Agudelo et al?? revealed coactivator PGC-1al-
mediated increases in KAT expression in skeletal muscle after
chronic aerobic exercise, which were accompanied by decreases
in KYN in blood plasma. As PGC-1a1 has also been described
to increase in skeletal muscle after single bouts of aerobic
exercise,>3 the observed acute increased metabolic flux towards
KA might be due to this mechanism. As a transcriptional coac-
tivator, PGC-1a. is strongly dependent on DNA-binding tran-
scription factors that are collectively known as peroxisome
proliferator—activated receptor (PPAR) family.3637 In skeletal
muscle, PPAR-o. and PPAR-§ closely interact with PGC-
1a1,%> whereas PPAR-y is mainly expressed in immune cells
and regulates distinct processes of immune response.’® As the
PPAR expression is ligand-dependent and some of these ligands
can be generated by exercise stimuli,3* the PPAR family might
play a pivotal role in PGC-1al-mediated KAT expressions in
response to acute exercise — not only regarding skeletal muscle.
However, an elevated KAT enzyme expression has only been
shown in peripheral mononuclear immune cells after acute
exercise so far (KAT4 only), whereas further examination in
skeletal muscle is warranted. Regarding the reported effects of
acute resistance exercise, there might be a connection to PGC-
la4 isoform worth investigating, because not PGC-1al but
PGC-104 has been linked to resistance training and skeletal
muscle hypertrophy regulation.0

In summary, several underlying mechanisms for acute exer-
cise-induced effects on the KYN pathway have been hypothe-
sized and need further investigation. Concerning underlying
mechanisms of chronic effects, the PGC-1a1-KAT axis in
skeletal muscle has been well-described for aerobic exercise
training. However, potential explanations for chronic effects on
the initial KYN pathway activation/suppression are sparse and
statistical effects are not reported consistently, which could be
due to inadequate exercise intervention prescription or adher-
ence. Nevertheless, building upon the vast body of evidence
summarizing biologically relevant aspects of KYN pathway
regulation and driven by the promising results recently reported
by Zimmer et al,?3 we propose distinct immuno- and neuro-
modulatory consequences of exercise-induced KYN pathway
alterations. These consequences might be due to frequently
occurring acute effects that lead to important chronic adapta-
tions of the immune system and CNS (see Figure 1) and fur-
ther contribute to several well-described improvements in
clinical outcomes caused by exercise in various chronic
diseases.

Potential Inmunomodulatory and Neuroprotective
Implications of Exercise-Induced KYN Pathway
Alterations

Aside from the initial activation of the KYN pathway, further
interactions with the immune system seem to be plausible. In
line with the hypothesis that the initial activation of the KYN
pathway is provoked by an increased IDO activity, IDO-
mediated conversion to KYN is known to suppress the activity
of different immune cells, whereas primarily T cells**> and
natural killer (NK) cells*2 have been described to be inhibited
by KYN and further downstream metabolites.*3 Furthermore,
we recently showed an association between the KYN/TRP
ratio and NK cell subsets in young healthy men at rest, suggest-
ing novel immunoregulatory properties that need further
examination. Interestingly, the cytokine-producing NK cell
subset characterized by CD56Pright correlated positively with
the KYN/TRP ratio, whereas the more cytotoxic NK cell sub-
set characterized by CD564™ correlated negatively.l® However,
as the existing evidence mostly indicates acute effects of exer-
cise on the KYN pathway that are of transient nature, it remains
questionable whether these effects are sufficient to induce
immunological adaptations. On the contrary, transient increases
may decrease rapidly because KYN and KA serve as ligands of
the aryl hydrocarbon receptor (AhR) in different immune cells,
representing a major mechanism for the immunomodulatory
effects of TRP degradation via the KYN pathway. 544
Interestingly, Martin et al* recently highlighted in a review
article that not only KYN and KA but also cinnabarinic acid
(CA), another KYN pathway metabolite, may represent an
exercise-sensitive endogenous ligand of the AhR. However, to
the best of our knowledge, no study has yet investigated the
impact of acute or chronic exercise on CA levels.
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Figure 1. Schematic illustration of potential acute and chronic exercise-induced modulations of the KYN pathway and possible consequences for the
immune system and central nervous system. CNS indicates central nervous system; HK, hydroxykynurenine; IDO, isoenzymes indoleamine; KA,
kynurenic acid; KMO, kynurenine 3-monooxygenase; KYN, kynurenine; QA, quinolinic acid; TDO, tryptophan 2,3 dioxygenases; TRP, tryptophan.

In the context of acute effects, elevated KYN and especially
KA levels have frequently been reported.1®131516 Both metabo-
lites are well-known endogenous ligands of the AhR, which is
involved in cell differentiation processes and represents a prom-
ising drug target in cancer therapy aiming to inhibit tumour-
mediated suppression of endogenous tumour defence by NK
and cytotoxic T cells.>* As the AhR is a ligand-dependent
receptor, acute increased levels of the ligands KYN and KA
might activate the AhR and consequently decrease in the
plasma. This cascade could be initiated by acute exercise-
induced upregulation of the KYN pathway, although the fol-
lowing effects of AhR activation are possibly prolonged
compared with the observed alterations in KYN and KA.
Interestingly, the most described role of AhR signalling is the
T-cell differentiation. Evidence suggests that AhR signalling
mediates the differentiation of TH-17 cells to regulatory T cells
(Tego)-* Inline with our hypothesis that the AhR is activated in

response to acute exercise, numbers and proportions of T,

ege ATE
associated with the level of cardiorespiratory fitness.*8 Theregfore,
repetitive elevations in endogenous AhR ligands KYN and KA
in response to acute exercise might be involved in the enhanced
T-cell differentiation towards the T, subsets, thereby enhanc-
ing the body’s anti-inflammatory potential.

It is worth mentioning that not only acute exercise induces
elevated levels of KA, but also chronic exercise interventions can
result in increased KA resting levels,? albeit human studies are
lacking. Thus, permanently elevated ligand availability for AhR
in the form of elevated KA level activation can be also assumed
through chronic exercise, which is why the KYN pathway-AhR
axis in response to long-term exercise interventions seems to be
a promising subject for upcoming investigations.

However, exercise-induced modulations of the KYN path-
way are possibly strongly dependent on the investigated popu-

lation. Especially in diseased populations with a chronically



Joisten et al

upregulated KYN pathway (eg, due to chronic inflammatory
conditions), effects of exercise might be more pronounced as a
‘normalization’ can occur. Indeed, particularly chronic exercise
interventions might reveal effects on the KYN pathway regula-
tion only when an (pathological) upregulation is present at
baseline. To investigate this hypothesis, future studies compar-
ing the effects of chronic exercise between diseased populations
that exhibit an upregulation in the KYN pathway and healthy
matched controls are warranted.

The described immunosuppressive adaptations could —
probably together with other well-known anti-inflammatory
effects of chronic exercise — be responsible for a chronic reduc-
tion of KYN pathway activation. Hence, the interaction of
repetitively occurring transient increases in KYN pathway
metabolites after acute exercise and the chronic downregula-
tion of the KYN pathway may represent a counterregulatory
mechanism. The immunological adaptations described could
be of major relevance for several chronic diseases, including
neuroinflammatory (eg, multiple sclerosis) and metabolic (eg,
diabetes mellitus) diseases.

Besides potential immunological adaptations, neuropro-
tective effects were observed due to exercise-induced KYN
clearance in blood plasma/serum.?? Increased metabolic
fluxes towards QA and KA, respectively, in response to acute
and chronic exercise (shown towards KA only) are suspected
to protect the CNS from KYN accumulation by peripheral
KYN clearance.® Interestingly, solely TRP and KYN can
pass the blood-brain barrier, whereas KA and QA cannot.
Within the CNS, TRP and KYN can be degraded to neuro-
toxic metabolites along the KYN pathway, such as 3-HK and
QA. Therefore, ‘peripheral’ clearance of TRP and KYN might
prevent pathological accumulation within the CNS, which
appears in different neurological diseases, such as Alzheimer
disease or multiple sclerosis.* Agudelo et al?? showed a
decrease in plasma KYN levels mediated by PGC-1lal-
induced KATs in skeletal muscle in mice, which protected
from stress-induced depression. However, neuroinflamma-
tory conditions that are associated with several neurological
diseases (eg, multiple sclerosis, depression) have also been
described to exaggerate KIMO activity, which leads to an
increase in QA and thereby mediates neurotoxicity.®%
Although the peripheral KYN clearance prevents an accumu-
lation within the CNS, a pathological disbalance between the
metabolic fluxes towards KA and QA within the CNS should
not be discounted. Similar to the results of Agudelo et al,
Allison et al’! investigated the impact of 12weeks of com-
bined exercise in elderly persons and revealed elevations in
KAT expressions in skeletal muscle, whereas no effects on
plasma KYN, KA, or QA levels were observed. Possibly,
(pathological) elevations of the KYN pathway at baseline are
also relevant for considerable exercise-mediated KYN clear-
ance in blood plasma as a minimum demand of KYN is always
covered under basal physiological conditions.

Currently, little attention has been drawn on the potential
impact of exercise on the metabolic flux towards QA. Some
acute studies suggest increases in QA following single bouts of
exercise,1%1618 thereby potentially also indicating transient
peripheral KYN clearance. Regarding chronic studies,
Herrstedt et al*? investigated the impact of a 12-week aerobic
and resistance exercise programme in patients with gastroe-
sophageal junction cancer on KMO expression in skeletal mus-
cle and found significant lower expression levels in the exercise
group compared with the control group after the intervention.
Although only post-measurements were compared and the
study was non-randomized, the results provide a first hint that
KMO expression may also be influenceable by exercise.
However, there is a need for research investigating the effects
of acute and chronic exercise on the metabolic flux towards QA
and its potential contribution to peripheral KYN clearance.

Importantly, to the best of our knowledge, there are no
human studies that assessed exercise-induced KYN pathway
changes in the cerebrospinal fluid. Serum and plasma measure-
ments can determine TRP and KYN availability and provide
information on the metabolic flux downstream in the periph-
eral blood, but conclusions on changes in the KYN pathway
regulation within the CNS should be treated with caution.
However, as mediators of the KYN pathway, such as inflamma-
tory cytokines (or immune cells as cytokine producers), are also
impacted/mobilized by exercise, changes within the CNS seem
probable. Especially in the context of neurological and mental
disorders, future studies on exercise-induced KYN pathway
alterations measured in the cerebrospinal fluid are of major rel-
evance to investigate neuroprotective consequences.

Do Exercise-Induced Modulations of the KYN
Pathway Occur to Improve Energy Homeostasis?
Considering the effects and consequences of acute and chronic
exercise-induced alterations of the KYN pathway, the question
why different cell types or tissues (eg, immune cells, skeletal
muscle) respond with alterations in KYN pathway regulation
has not yet been sufficiently addressed. Currently, growing
research interest focuses on the contribution of the KYN path-
way to maintain cellular energy demands in different cell types.
Research beyond exercise medicine is increasingly investi-
gating the role of the NAD* de novo synthesis via the KYN
pathway. NAD™* as the preferred end product of the KYN
pathway plays a pivotal role as cofactor in cellular energy
metabolism, is known to decrease with ageing, and is reduced
in various chronic diseases.”>* To investigate the role of the
KYN pathway in maintaining intracellular NAD™ levels in
astrocytes and neurons, Braidy et al’® inhibited the KYN path-
way and consequently detected reduced NAD™ levels, which
correlated with a decrease in cell viability. Moreover,
IFN-y-activated macrophages showed elevated IDO activity
and increased NAD™ production, whereas the NAD™ catabo-
lism was also augmented.’® Acute exercise is known to be
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accompanied by higher demands of energy (mainly for skeletal
muscle) and is also described as humoral (eg, cytokines, hor-
mones) and mechanical stimuli for different tissues,”” poten-
tiallyleading to cell activation. For example, the exercise-induced
increase in epinephrine has been well-described to mediate NK
cell mobilization.’® Together with the reported acute exercise-
induced increases in QA as direct precursor of NAD*, there
appears to be a solid rationale that acute exercise-induced KYN
pathway alterations occur to maintain cellular energy homeo-
stasis. However, to the best of our knowledge, no study has
examined NAD™ de novo synthesis during or following acute
exercise intracellularly or in the peripheral bloodstream.
Concomitant with an acute exercise-induced activation of the
KYN pathway that increases the NAD™ biosynthesis to meet
intracellular energy demands, KYN and other metabolites
might migrate to the peripheral bloodstream, thereby enabling
turther physiological processes, such as increased AhR activity.
Thus, acute exercise-induced alterations of the KYN pathway
could mediate the communication between different types of
immune cells, overall attempting to prevent an overactivation
of specific immune components (eg, T-cell compartment) and
to enhance cellular energy homeostasis by reducing energy
demand due to functional suppression. More far-reaching than
solely focussing on the immune system, it is plausible that the
de novo synthesis of NAD™* can appear in all cells that express
IDO1,IDO2, or TDO and therefore potentially be influenced
by exercise. Future research is highly warranted to investigate
the impact of acute and chronic exercise on intracellular NAD™
de novo synthesis in different cell types, on functional conse-
quences for distinct tissues or physiological systems, and on
extracellular NAD™ levels measured in the peripheral
bloodstream.

Furthermore, other important mechanisms in different cell
types (adipocytes and skeletal muscle) contributing to cellular
energy homeostasis via the KYN pathway have recently been
discovered. Agudelo et al®® showed that increased circulating
levels of KA, which are well-described after exercise, activate
the G protein—coupled receptor (Gpr)35 in adipose tissue,
thereby regulating energy homeostasis through stimulating
lipid metabolism and thermogenic and anti-inflammatory
gene expression in adipocytes. More precisely, the KA/Gpr35
network signalling actions comprise intracellular Ca?* release,
ERK1/2 phosphorylation, and PGC-1al activation. The
authors showed that KA and Gpr35 actions suppressed weight
gain in mice fed with a high-fat diet, increased systemic energy
expenditure, and mediated adipose tissue beiging,”” overall
indicating the profound involvement of the KYN pathway
regulation for energy homeostasis. In skeletal muscle, Agudelo
et al revealed the contribution of KYN pathway metabolism to
improve energy utilization by increasing the efficiency of glu-
cose oxidation through the expression of malate-aspartate
shuttle. Interestingly, this mechanism is also PGC-lal-
dependent and has been described to delay the use of fatty acid

oxidation due to greater glucose oxidation efficiency. Therefore,
regular aerobic exercise could be proposed to enhance these
adaptations.®

In summary, evidence with and without directly investigat-
ing exercise indicates the extended involvement of the KYN
pathway in the maintenance or even improvement of energy
metabolism (Figure 2) through differing mechanisms and
tissue types. A potential overarching explanation could be of
evolutionary nature. Cells have a constant energy demand
which is necessary to survive. In conditions of increased energy
demands, such as during or after metabolic or mechanical
stimulation, strategies to provide more energy and to prepare
for potentially upcoming conditions of energy deficiency may
be initiated. Thus, the different actions described to maintain/
improve energy homeostasis might, at least in part, represent
self-protective mechanisms. Concerning immune cells, the
potential acute exercise-induced increase in NAD™* de novo
synthesis may represent a reaction to maintain energy demand,
whereas the immunosuppressive properties associated with
KYN degradation potentially prevent cellular exhaustion that
could result in decreased viability or even cell death in the long
term.

Contribution of KYN Pathway Modulations to
Exercise-Induced Benefits for Chronic Diseases?
Considering the KYN pathway involvement in the pathogen-
esis and progression of different diseases together with the
described exercise-induced consequences for the immune sys-
tem and CNS, the impact on different steps of disease appears
to be a major topic for future research. The anti-inflammatory
properties (eg, increase in Tregs) might be of high relevance
already in disease prevention, as conditions of low-grade sys-
temic inflammation represent a major risk factor for several
different chronic diseases, including internal (eg, cardiovascular
diseases,®! cancer®?) and neurological (eg, Alzheimer disease®?)
disorders. Furthermore, exercise seems to have the potential to
counteract pathological KYN accumulation in the CNS medi-
ated by peripheral KYN clearance, thereby preventing neuro-
degenerative and neuroinflammatory conditions. Consequently,
these mechanisms could represent a comprehensive explana-
tion for the well-described improvements in CNS-related
symptoms in several chronic diseases which are known to be
alleviated by exercise, such as cognitive impairments or
fatigue.®* Aside from the potentially beneficial effects on dif-
ferent symptoms, current research increasingly investigates the
impact of exercise on the progression of the above-mentioned
diseases. As KYN pathway metabolites represent markers of
progression and severity, exercise might also influence the dis-
ease itself, which could be due to the described immunosup-
pressive and neuroprotective effects. However, solely the
preclinical animal model by Agudelo et al*? provided substan-
tial evidence indicating that exercise-induced KYN pathway
modulations can directly impact chronic diseases. As KYN
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Figure 2. Potential impact of acute exercise on cellular energy homeostasis mediated by the kynurenine pathway. IDO indicates isoenzymes
indoleamine; KA, kynurenic acid; KAT, kynurenine aminotransferase; QA, quinolinic acid; TRP, tryptophan.

pathway metabolites and ratios represent prognostic or pro-
gression biomarkers in many different chronic diseases,®>¢7
exercise-induced KYN pathway modulations may represent a
global underlying mechanism that, at least in part, is involved
in the well-described benefits of exercise in a broad range of
medical conditions.®*

Conclusion

During the past decade, a rising number of publications dealt
with the acute and chronic effects of exercise on the KYN
pathway in animal models and various human populations.
Overall, promising mechanistic insights have been described in
different cell types and the circulation. As the KYN pathway is
ubiquitous, a major challenge for future research will be to
reveal the interaction between different tissues and cells.
However, it should be kept in mind that most cell types are
evolutionarily formed to survive, even in conditions of overac-
tivation, for example, in response to metabolic stress (eg, due to
immune activation). Therefore, the frequently disregarded de
novo synthesis of NADT also appears to be of high interest for
future research approaches and might be, at least in part, under-
lying for other biological consequences of the KYN pathway.

Currently, to the best of our knowledge, no study exists investi-
gating the impact of acute or chronic exercise (representing
acute or repetitive metabolic stressors that may result in long-
term adaptations) on the de novo synthesis of NAD™. Finally,
future studies should also consider the contribution of exercise-
induced KYN pathway modulations and associated effects on
the immune system and CNS to potential changes in clinical
outcomes. Research approaches with translational orientation
are warranted to fill the gap between underlying mechanisms,
different exercise modalities as intervention, biological conse-
quences, and clinical relevance.
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