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dioxygenase 1 (IDO1) activity, serotonin and indole gut-microbial metabolism has been linked to a
broad range of age-related chronic conditions, including cancer, cardiovascular disease, sarcopenia, and
neurodegenerative disorders. Exercise emerges as a potent modulator of these pathways, redirecting
tryptophan utilization to limit the accumulation of KYN metabolites while maintaining balanced indole
and serotonin production. By regulating IDO1 activity and KYN flux, exercise alleviates inflammation,

Key works: . Lo . . . .
Exercise restores metabolic homeostasis, improved muscle integrity, neuroprotection, and overall systemic
Tryptophan metabolism health. Mounting evidence supports the notion that lifestyle-based interventions targeting IDO1 and its
Kynurenine downstream metabolites, particularly by physical activity, may offer a promising avenue for extending
Serotonin pathways health span and mitigating the burden of chronic disease. This review synthesizes current advances in
Aging understanding the regulation of tryptophan metabolism (KYN, Serotonin and Indole) and highlights the
unique capacity of exercise to remodel these pathways, underscoring their therapeutic potential in the

context of healthy aging.
Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Aging is associated with chronic, low-grade inflammation,
commonly known as inflammaging. As the immune system be-
comes dysregulated with age, it produces excessive pro-
inflammatory cytokines, leading to several pathological condi-
tions such as neurodegeneration, cognitive decline, muscle
dysfunction, osteoporosis, and cardiovascular disease [1,2]. Exer-
cise has consistently been shown to be one of the most effective
non-pharmacological interventions to reduce chronic inflamma-
tion, preserve muscle health, improve brain function and delay
age-related comorbidities [3].

Regular physical activity, including both resistance and aerobic
training, enhances muscle protein synthesis, improves mitochon-
drial function, and promotes metabolic flexibility [4,5]. In addition
to its effects on muscle, exercise acts as a potent anti-
inflammatory stimulus, lowering circulating pro-inflammatory
cytokines and stimulating the release of bioactive molecules
known as exerkines [6,7]. Exerkines comprising proteins, peptides,
and metabolites promote systemic adaptations that regulate
inflammation, bolster immune function, enhance metabolism
[8,9] and improve overall health. Among the most studied exer-
kines are interleukin-6 (IL-6), irisin, and brain-derived neuro-
trophic factor (BDNF), all of which have demonstrated significant
anti-inflammatory properties [9,10]. For example, exercise-
induced IL-6 promotes the release of anti-inflammatory cyto-
kines such as IL-10 and suppresses TNF-a production [11], while
irisin and BDNF are involved in improving mitochondrial function,
brain health, and neuromuscular communication [12].

Emerging evidence suggests that the anti-inflammatory effects
of exercise may, in part, be mediated through modulation of the
indoleamine 2,3-dioxygenase 1 (IDO1)-kynurenine (KYN)
pathway [13]. IDO1 is a critical enzyme that catalyzes the degra-
dation of tryptophan into KYN, a metabolite known to influence
immune homeostasis and inflammatory signaling [14]. While this
pathway typically serves a protective role in maintaining immune
tolerance, its chronic overactivation during aging has been linked
to heightened inflammation, immune suppression, and muscle
wasting [15,16]. Elevated KYN levels are particularly concerning as
they impair muscle function and reduce mitochondrial efficiency,
compounding the effects of muscle decline [17,18]. Dysregulated
tryptophan metabolism also affects central nervous system func-
tion, contributing to cognitive decline and neurodegenerative
processes [19,20]. Pharmacological inhibition of IDO1 has emerged
as a promising therapeutic avenue to combat inflammaging, pre-
serve muscle integrity, and promote healthy aging [21,22].

Recent studies highlight the beneficial effects of exercise in
modulating tryptophan metabolism and counteracting the nega-
tive effects of KYN accumulation [23,24]. Concurrently, exercise
appears to naturally attenuate KYN accumulation by upregulating

skeletal muscle kynurenine aminotransferases (KATs), which
convert KYN into kynurenic acid a neuroprotective and less toxic
metabolite that cannot cross the blood-brain barrier [25,26]. This
exercise-induced metabolic shift not only reduces peripheral KYN
toxicity but may also alleviate inflammation, decrease neuro-
degeneration, and improve brain and muscle health. Several pre-
clinical studies have demonstrated the positive impact of exer-
cise on brain and muscle health by regulating IDO1-KYN signaling
pathways [13,27].

This review aims to examine the relationship between exercise,
and tryptophan metabolism (KYN, Serotonin and Indole) in the
context of inflammation, brain, and muscle function. By synthe-
sizing current findings, we seek to offer insights and probe into
how these interventions can combat age-related comorbidities.
Exploring how exercise influences the TRP signaling pathway
could elucidate novel strategies to promote healthier aging and
reduce the burden of comorbidities associated with aging.

2. Overview of tryptophan metabolism
2.1. KYN signaling pathway

The essential amino acid tryptophan is not only used for protein
synthesis but also serves as a precursor for several important
biological processes [28,29]. The IDO1-KYN signaling pathway is
the main route through which the essential amino acid tryptophan
is broken down in the body (Fig. 1) [29]. Central to the regulation of
the KYN pathway are two key enzymes: Indoleamine 2,3-
dioxygenase 1 (IDO1) and Tryptophan 2,3-dioxygenase (TDO)
[14,30,31]. TDO is found primarily in the liver and helps to regulate
baseline levels of tryptophan by catalyzing the first and rate-
limiting step of the KYN pathway, while IDO1 is more ubiqui-
tous; it becomes active when the immune system is triggered,
especially during inflammation [31,32]. By converting tryptophan
into KYN, IDO1 not only limits the availability of tryptophan for T
cells but also produces metabolites that directly influence immune
behavior [33]. Once tryptophan is converted into KYN, a cascade of
downstream metabolites are produced [34].

KYN serves as a central intermediate in the KYN pathway and is
further metabolized into several biologically active downstream
compounds through the action of specific enzymes [34,35]. KYN
aminotransferases (KATs) convert KYN into kynurenic acid (KYNA),
a neuroprotective metabolite that acts as an antagonist at NMDA
and o7-nicotinic receptors [36]. Alternatively, KYN 3-
monooxygenase (KMO) converts KYN into 3-hydroxykynurenine
(3-HK), which can generate reactive oxygen species and
contribute to oxidative stress [37]. 3-HK is further metabolized by
kynureninase (KYNU) into 3-hydroxyanthranilic acid (3-HAA),
which is then converted into quinolinic acid (QUIN) by 3-
hydroxyanthranilic acid oxidase (3-HAO) [38]. These enzymatic
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Fig. 1. Schematic diagram showing major metabolites of tryptophan in serotonin and kynurenine pathways. (IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-
dioxygenase; KAT, kynurenine aminotransaminase; KMO, kynurenine 3-monooxygenase; KYNU, kynureninase) (Created using https://BioRender.com).

steps create a balance between protective and harmful metabo-
lites, and dysregulation of this pathway has been implicated in
several pathological conditions, including neurodegenerative dis-
eases, chronic inflammation, and aging-related muscle loss
[34,39].

Some of these metabolites are quite powerful in their effects.
For instance, kynurenic acid (KYNA) has protective roles in the
brain; it helps alleviate excessive excitatory signals and prevents
neurons from overactivation [40]. On the other hand, quinolinic
acid (QUIN) is a neurotoxic metabolite, which has the capability to
overstimulate neurons and contributes to oxidative stress and
neurodegeneration [41]. This dynamic interplay between KYNA
and QUIN is essential in the development of neurological condi-
tions like depression, Alzheimer's disease, and other disorders of
the brain.

Beyond the nervous and immune systems, the KYN pathway
also plays a major role in musculoskeletal health [42]. With age or
chronic inflammation, IDO1 becomes persistently active, and
levels of KYN rise [15]. These elevated metabolites can interfere
with muscle regeneration, impair mitochondrial function, and
contribute to muscle weakness and loss, particularly in aging in-
dividuals [15,18]. Interestingly, exercise can alter how this pathway
functions. Physical activity has been shown to increase the
expression of enzymes that convert KYN into its protective form,
KYNA, particularly in skeletal muscle [23]. This does not only
diminish the effects of neurotoxic metabolites but also helps
protect the brain and muscles from inflammation-related damage
[43]. In this way, exercise acts almost like a natural modulator of
the KYN pathway, offering benefits far beyond fitness [44].

2.2. Serotonin pathway

Serotonin, also known as 5-hydroxytryptamine (5-HT), is a
biologically active monoamine neurotransmitter synthesized from
the essential amino acid tryptophan through a two-step enzymatic
process (Fig. 1) [45]. This biosynthetic pathway is critical for
regulating various physiological functions, including mood,
cognition, sleep, thermoregulation, appetite, and gastrointestinal
motility [46]. The first and rate-limiting step in serotonin synthesis
is the hydroxylation of tryptophan [47]. This reaction is catalyzed
by the enzyme tryptophan hydroxylase (TPH), which exists in two
isoforms: TPH1, predominantly expressed in peripheral tissues
(such as the gut and pineal gland), and TPH2, primarily found in
serotonergic neurons of the central nervous system [48]. TPH re-
quires molecular oxygen and the cofactor tetrahydrobiopterin
(BH4) to convert tryptophan into 5-hydroxytryptophan (5-HTP)
[48]. In the second step, 5-HTP is decarboxylated to serotonin by
the enzyme aromatic L-amino acid decarboxylase (AADC), also
referred to as DOPA decarboxylase [45]. This reaction occurs in
both peripheral tissues and the brain and requires pyridoxal
phosphate (vitamin B6) as a coenzyme [45,48].

Surprisingly, about 90-95 % of the body's total serotonin is
localized in the gastrointestinal (GI) tract rather than the central
nervous system (CNS) [49]. This peripheral serotonin is produced
by enterochromaffin cells that line the intestinal walls [49,50].
Serotonin synthesized in the gastrointestinal tract is unable to
cross the blood-brain barrier and therefore does not exert direct
effects on the central nervous system [51]. However, it plays a
critical role in peripheral physiological processes, particularly in
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regulating intestinal motility, coordinating smooth muscle con-
tractions, and maintaining overall gastrointestinal function
[49,51]. Dysregulation of this system can contribute to disorders
like irritable bowel syndrome (IBS) and chronic constipation [52].
The remaining serotonin, about 5 %, is synthesized in the central
nervous system, where it functions as a key neurotransmitter
influencing mood and behavior [51]. In the brain, serotonin is
produced primarily in the raphe nuclei of the brainstem, and it
plays a critical role in mood regulation, emotional processing,
sleep, and cognitive function [53]. Dysregulation of central sero-
tonergic signaling has been strongly implicated in the patho-
physiology of various neuropsychiatric disorders, including
depression, anxiety, and other mood disorders [54]. Consequently,
pharmacological agents such as SSRIs (Selective Serotonin Reup-
take Inhibitors), which enhance synaptic serotonin availability, are
commonly employed as first-line treatments for these conditions
[55].

Even though serotonin in the gut and the brain operate inde-
pendently in terms of biosynthesis, they are functionally inter-
connected through the gut-brain axis [56]. This bidirectional
communication network, which integrates neural (e.g., vagus
nerve), endocrine, and immune signaling pathways, enables
physiological states in the gut to influence brain function and vice
versa [56]. This may help explain why people with digestive dis-
orders often also experience anxiety or depression. Serotonin
serves diverse physiological roles: centrally, it regulates mood,
cognition, and sleep; peripherally, it modulates gastrointestinal
motility and homeostasis [57]. Several studies have reported that
exercise enhances cognitive health in part by increasing serotonin
levels [46]. Understanding the mechanisms by which exercise in-
fluences serotonin levels both centrally and peripherally may
provide valuable insights into therapeutic strategies that target the
gut-brain axis to promote both mental and physical health.

2.3. Indole pathway

Beyond the kynurenine and serotonin pathways, tryptophan
metabolism also proceeds through the indole pathway, primarily
mediated by the gut microbiota. In this pathway, intestinal bac-
teria metabolize tryptophan into a variety of indole derivatives and
related compounds such as indole-3-lactic acid (ILA), indole-3-
propionic acid (IPA), and indole-3-acetic acid (IAA) [58-60]
These microbiota-derived metabolites exert potent immunomod-
ulatory and anti-inflammatory effects, establishing a critical mo-
lecular interface between the gut microbiome and host physiology.
Indole derivatives act as natural ligands for the aryl hydrocarbon
receptor (AhR), a ligand-activated transcription factor expressed in
multiple tissues [61,62]. Upon binding to AhR, these metabolites
trigger transcriptional programs that regulate immune tolerance,
mucosal integrity, and xenobiotic metabolism [62]. Activation of
AhR by indole derivatives induces the expression of genes such as
CYP1A1, IL-22, and Claudin-1, which collectively improve intesti-
nal barrier function, and suppress pro-inflammatory cytokine
production [63].

Interestingly, physical activity modulates this indole-AhR axis
in an intensity-dependent manner [64]. Exercise alters the
composition and metabolic activity of the gut microbiota, [64]. As
a result, enhances the production of beneficial indole metabolites
such as IPA and IAA, leading to a sustained activation of AhR and its
downstream target genes that mediate anti-inflammatory, anti-
oxidant, and metabolic regulatory functions. This mechanism
provides a compelling explanation for how exercise contributes to
systemic health not only by improving cardiovascular and
musculoskeletal health but also by modulating microbiota-
derived signaling pathways.

Biochimie xxx (XxXx) Xxx
3. Overview of age-related alteration in KYN metabolites

We [65,66] and others [14,67] have reported dysregulation of
IDO1 activity and expression with age in several tissues. KYN levels
increase with age and are associated with frailty [68], as well as
higher mortality in older adults [69]. Our group demonstrated
elevated levels of serum kynurenine precursor, N-for-
mylkynurenine (NFK) with age [70]. We also reported elevated
levels of KYN-induced muscle (Kaiser et al., 2019) and bone loss
[70]. Chronic intraperitoneal administration of KYN (10 ug/kg, 4
weeks) in young mice reduced muscle mass and strength while
increasing lipid peroxidation. Earlier studies had already hinted
that changes in tryptophan metabolism might contribute to
osteoporosis (Forrest et al., 2006). This idea was supported by
several strong clinical evidences. In the Hordaland Health Study
(1998-2000), they discovered that older adults (ages 71-74) with
higher KYN-to-tryptophan ratios had lower hip bone density,
while this link wasn't seen in middle-aged adults (ages 46 to 49).
In a follow-up study, they also found that older adults with higher
levels of the KYN metabolites 3-hydroxykynurenine (3-HK) and
anthranilic acid had a greater risk of hip fractures [71]. In vitro,
KYN exposure elevated reactive oxygen species (ROS) production
in mouse and human myoblasts. Conversely, pharmacological in-
hibition of IDO with 1-methyl-p-tryptophan in aged mice
enhanced muscle fiber size and contractile strength [66]. A recent
review by Ballesteros et al. [72] provides a comprehensive over-
view of IDO-KYN signaling in sarcopenia and osteoporosis.

It is important to note that IDO exhibits tissue-specific regu-
lation: its activity rises in the brain but declines in the liver and
kidney. Consequently, KYN and its downstream metabolites
including kynurenic acid (KYNA), quinolinic acid (QUIN), and
picolinic acid (PIC) accumulate in the aging brain, while hepatic
and renal KYN levels decline. In disease states, similar tissue
specificity is observed, IDO is strongly upregulated in tumors,
where it promotes immune suppression [73], while in neurode-
generative conditions such as Alzheimer's disease, enhanced IDO
activity contributes to elevated neurotoxic kynurenine metabolites
[74]. It has been reported that elevated levels of IDO1 is found in
atherosclerotic plaques [75]. They found that plaques rich in pro-
inflammatory (M1) macrophages exhibited higher kynurenine
levels, driven by sustained IDO1 activation. Several clinical and
pre-clinical studies have highlighted age-related dysregulation of
IDO1 across pathological conditions, as summarized in several
recent reviews [15,65,76-80]. Given the emerging role of exercise
as a modulator of IDO1 activity, this review expands on its rele-
vance to aging and exercise physiology.

4. Exercise as a modulator of IDO1-KYN metabolism

4.1. Human clinical studies demonstrating modulation of IDO1-
KYN metabolism

It is interesting to note that exercise has been demonstrated to
meaningfully alter this pathway (Table .1), providing a non-
pharmacological means of reversing the negative effects of KYN
buildup [13]. Frequent exercise seems to both lower IDO1
expression and change KYN's downstream processing to less toxic
metabolites [81]. Several studies have found that physical activity,
particularly endurance or aerobic exercise, can lower systemic
inflammation, a major cause of IDO1 activation [23]. A recent study
by Valente-Silva and group (2021) examined the interaction be-
tween TRP supplementation and endurance exercise training on
KYN pathway metabolism in both animal model (mice) and
humans [26]. In the mice study, chronic TRP supplementation
elevated circulating concentrations of all KYN pathway
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Table 1
Clinical evidence of exercise-induced r
phan metabolism, particularly within the kynurenine pathway.
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deling of tryptophan metabolism. Summary of human studies showing how different exercise interventions influence trypto-

Population Type Exercise Intervention Sample type  Main findings (TRP/KYN/QUIN) Reference
Old men Resistance + HIIT Muscle, plasma Plasma KYN, KYNA, QUIN, QUIN/KYN dec. [82]
YA, 0S Endurance, Acute Muscle, plasma KYNA inc. in OA vs YA. TRP inc. in OS, KYN/TRP no diff. QUIN [18]

Multiple Sclerosis patients HIIT, MCT

Male Endurance, Eccentric

Plasma

dec. in OS vs YA.
Dec. in KYN in MCT and HIIT. KYNA dec. in MCT but inc. in [90]
HIIT. Inc. in QA in both

Muscle, plasma Higher levels of KAT isoforms in ES vs control. Plasma KYNA [25]

inc. after exercise.

Male & Female Endurance Sweat KYN dec. KYNA inc. [24]
Pancreatic cancer patients Resistance (supervised/home group) Serum KYN dec.,KYN/TRP dec., TRP inc. in supervised group. KYN [91]
inc., KYN/TRP inc. in home group

Male & Female Endurance Plasma TRP & KYN inc. [26]

Old Male & Old Female  Resistance Plasma, KYN inc. [88]
with MCI hippocampus

Male & Female Exhaustive aerobic Serum TRP dec., KYN inc.,KYN/TRP inc. [83]

Male Acute endurance & resistance Serum KYN/TRP inc., KA, KA/KYN inc. in EE, QA inc., in EE [84]

Old men and women 12 weeks combined strength & Plasma & KA inc., in EXR, KA dec., in CON, QA/KA dec., in EXR, inc., in [85]
(50-70yrs) endurance + nutritional intervention serum CON

Male & female (between Increasing intensity endurance exercise & moderate Serum Inc., in 3-HAA in both EXR group. [87]
30 & 60yrs) continuous training

Old men Treadmill Plasma & TRP inc., [112]

serum
Healthy Old men 12-week progressive exercise Blood, muscle Dec., in KAT1-4, no change in plasma kynurenines [82]

metabolites, whereas exercise selectively attenuated metabolites
associated with neurotoxicity. Apart from an increase in voluntary
wheel running, TRP supplementation did not influence training
adaptations, energy metabolism, or behavioral outcomes. In hu-
man volunteers, acute TRP administration during aerobic exercise
resulted in higher plasma TRP and KYN levels in trained in-
dividuals compared with untrained counterparts. These findings
indicate that endurance training modulates TRP metabolic fate and
potentially mitigates neurotoxic KYN pathway activity [26].

Extending these observations, Hinkley et al. (2023) investigated
resting and exercise-induced metabolite profiles in skeletal muscle
from cohorts comprising young active adults, older active adults,
and older sedentary individuals [18]. The biopsies of the vastus
lateralis were collected at rest, immediately post-exercise, and 3 h
following an acute bout of endurance cycling. At baseline, older
adults displayed elevated muscle KYN levels compared to young
participants, while tryptophan concentrations were significantly
higher in sedentary older adults relative to both active groups.
Notably, the KYN-to-tryptophan ratio did not differ significantly
across groups, suggesting that KYN accumulation in older muscle
may reflect increased substrate uptake rather than enhanced IDO1-
mediated conversion. Interestingly, physically active individuals,
regardless of age exhibited higher intramuscular levels of down-
stream KYN metabolites, including kynurenic acid and quinolinate,
both of which are involved in NAD + biosynthesis and mitochon-
drial function. Although baseline metabolite differences were
evident, the acute exercise bout elicited comparable shifts in
muscle metabolite pools across all cohorts. These findings under-
score the role of habitual endurance exercise in promoting favor-
able adaptations in skeletal muscle KYN metabolism, potentially
enhancing mitochondrial health and contributing to improved
systemic resilience during aging [18]. Complementary findings
come from Allison et al. (2019), who reported that 12 weeks of
supervised resistance and interval training in older men markedly
upregulated transcriptional regulators (PGC-1a, PPAR«, PPARS) and
kynurenine aminotransferases (KAT1-4) in muscle [82]. Interest-
ingly, plasma concentrations of KYN metabolites did not change
significantly despite the robust transcriptional adaptations. These
results indicate that skeletal muscle is primed for enhanced pe-
ripheral clearance of KYN via elevated KAT activity [82].

To explore the effects of exhaustive exercise on Tryptophan
metabolism and the immune system, Strasser et al. (2016) engaged
both male and female subjects to high-speed cycle ergometer
exercises until fatigued [83]. They observed a 12 % reduction in
plasma tryptophan and a 20 % increase in the KYN/TRP ratio,
reflecting elevated IDO enzyme activity. Concomitantly, neopterin
levels, a biomarker of immune activation rose significantly and
correlated positively with the KYN/TRP ratio, indicating enhanced
immune system stimulation. These findings suggest that while
exercise is generally beneficial, excessive or exhaustive training
can provoke adverse physiological responses, including reduced
cerebral tryptophan availability for serotonin synthesis, immune
dysregulation, and muscle fatigue [83].

Building on this work, Joisten et al. (2020) compared the
metabolic and immunological effects of endurance exercise (EE)
and resistance exercise (RE) in 24 healthy males [84]. EE involved
high intensity cycling, whereas RE consisted of multi-joint move-
ments such as chest press, lat pull, leg curl, leg extension, and back
extension. Their findings revealed that EE induced stronger mod-
ulation of the kynurenine pathway than RE, with significant in-
creases in QA, KA, and the KA/KYN ratio immediately post-
exercise, followed by normalization during recovery. Moreover,
IDO1 expression correlated positively with IL-6 and regulatory T
cells (Tregs) but negatively with natural killer (NK) and cytotoxic T
cells, indicating differential immune engagement. Collectively,
these results demonstrate that the metabolic and immune con-
sequences of exercise are highly intensity- and mode-dependent.
Endurance exercise exerts more pronounced effects on kynur-
enine pathway metabolism, potentially invoking transient neuro-
protective and adaptive immune mechanisms compared with
resistance exercise [84].

To explore how exercise and diet influence the immune system
and kynurenine (KYN) pathway, Boplau, Tim Konstantin et al.
(2023) examined CD8" T-cell differentiation in older adult [85].
Ninety-six elderly patients aged 50-70 comprising of both males
and females were made to complete combined strength and
endurance exercises. CD8" T-cells were elevated in the control
group as compared to the exercise group whereas blood plasma
levels of KA also showed an increment in the latter than the former
[85]. These results highlight that combined exercise training may
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contribute to the slowing down of T-cell differentiation and in turn
strengthen the immune system in the elderly.

Beyond its effects on immune modulation, exercise appears to
influence systemic aging processes through upregulation of
kynurenine pathway metabolites such as 3-hydroxyanthranilic
acid (3-HAA). Preclinical studies have demonstrated that 3-HAA
and its associated enzymes, kynureninase and @3-
hydroxyanthranilate 3,4-dioxygenase, play pivotal roles in
extending lifespan and maintaining metabolic homeostasis [86].
Joisten et al. (2025) used these findings to investigate the associ-
ation between 3-HAA, its enzymatic activity, and longevity, with
an emphasis on how exercise affects this relationship [87]. They
employed a group of both men and women, dividing them into
two age groups: young and middle aged. For 26 weeks, the study
evaluated two groups of exercise intensity: continuously
increasing intensity (INC) and standard moderate continuous
training. Blood samples were obtained at certain times and tested
for 3-HAA levels and related metabolite ratios Long-term endur-
ance exercise reversed age-related decreases in systemic 3-HAA
levels in middle-aged adults. Both INC and CON resulted in a sig-
nificant rise in 3-HAA levels relative to baseline. This increase
persisted throughout the workout period, while anthranilic acid
levels decreased [87]. This finding was consistent with prior
studies on mice models in which 3-HAA supplementation
increased lifespan [86]. Findings from this study imply that exer-
cise is an important strategy to help boost 3-HAA levels in humans
as well as a non-pharmacological strategy to extend lifespan.

Finally, Schlittler et al. (2016) provided direct evidence that
endurance exercise acutely reshapes systemic KYN metabolism.
They investigated the impact of endurance exercise using two
experimental groups [25]. These groups consisted of male subjects
who engaged in endurance exercise and another group who were
recreationally active but did not take part in endurance training.
The analysis of plasma before and after completion of the endur-
ance exercise. They observed changes in KYN metabolism during
endurance as plasma KYNA increased by 63 %, Quinolone (QUIN)
by 19 %. The ratio of the QUIN/KYNA decreased after endurance
exercise by 27 %. The same trend was observed in the group that
ran on a hill as there was a 125 % increase in plasma KYNA [25].
These findings highlight that endurance exercise causes a signifi-
cant hike in plasma KYNA concentration and a decrease in QUIN/
KYNA, indicating the important role of regular and consistent
endurance exercises and how they alter metabolic changes.

4.2. Impact of exercise on kynurenine pathway dynamics across
age-related comorbidities

Several studies have also examined the effects of exercise on
KYN metabolite levels in various age-related pathological condi-
tions, including cognitive impairment, remote ischemic pre-
conditioning, multiple sclerosis, cancer, and chronic back pain. For
example, Vints et al. (2024) examined the association between
circulating KYN and the risk of mild cognitive impairment (MCI) in
older adults and further evaluated the modulatory effects of
resistance exercise on these metabolite levels [88]. At baseline,
individuals with higher cognitive risk already had elevated KYN
levels, linking low-grade inflammation with cognitive vulnera-
bility. However, after a 12-week resistance exercise program, there
were no significant changes in KYN concentrations or other related
markers [88]. Similarly, Brzezinska et al. (2024) explored remote
ischemic preconditioning (RIPC) prior to exercise [89]. In young
runners, RIPC exaggerated the drop in tryptophan levels following
intense running but reduced the KYNA/KYN ratio immediately
after exercise. This suggests that not all interventions that increase
metabolic stress even if they enhance athletic performance
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necessarily led to beneficial shifts in KYN metabolism. It also
highlights that the timing and nature of physiological stressors can
dramatically influence whether the pathway becomes neuro-
protective or potentially harmful.

In clinical populations, Joisten et al. (2021) demonstrated that
exercise can exert clear neuroprotective effects in people with
multiple sclerosis (MS) [90]. In a randomized trial of individuals
with an Expanded Disability Status Scale score of 3.0-6.0, the ef-
fects of high-intensity interval training (HIIT) were compared with
moderate continuous training (MCT) on plasma neurofilament
light chain (pNfL) and KYN pathway metabolites [90]. Acute ex-
ercise led to a reduction in pNfL and a metabolic shift toward the
neuroprotective kynurenic acid (KYNA), with HIIT producing more
pronounced effects than MCT. Following a 3-week intervention,
sustained activation of the KYN pathway was observed only in the
HIIT group. Importantly, changes in KYNA correlated positively
with reductions in pNfL, suggesting that exercise-induced
rerouting of KYN metabolism may contribute to neuroprotection
in this population.

In pancreatic cancer patients following surgery and chemo-
therapy, Pal et al. (2021) reported that 6 months of supervised,
moderate-to-high-intensity  progressive resistance training
reduced serum KYN levels and the KYN/tryptophan (TRP) ratio,
while increasing TRP concentrations, compared with home-based
training or standard care [91]. In contrast, home-based exercise
increased KYN and KYN/TRP ratio. These findings suggest that
supervised resistance exercise may downregulate IDO/TDO activ-
ity, potentially contributing to immune modulation [91]. In a
different rehabilitation context, a study involving males and fe-
males aged 25-65 years with chronic (>3 months) mild to mod-
erate low back pain found that moderate endurance training
altered sweat concentrations of KYN metabolites [24]. After 14
days of training, KYN levels decreased while kynurenic acid
(KYNA) increased, suggesting enhanced kynurenine transaminase
activity. This sweat-based profiling highlights a potential non-
invasive approach for monitoring exercise-induced changes in
KYN metabolism in rehabilitation patients [24].

4.3. Acute and chronic exercise adaptations in tryptophan
metabolism

Exercise serves as a powerful physiological stimulus that
modulates numerous biological and immune responses in a dose-
dependent manner [92]. A single exercise session is referred to as
acute exercise, whereas chronic training denotes a structured and
repetitive regimen performed over time with consistent frequency
and duration [93]. Acute exercise typically induces transient al-
terations in circulating tryptophan (TRP) and kynurenine (KYN)
metabolites, often increasing KYN turnover toward kynurenic acid
(KA) and quinolinic acid (QA) within hours of endurance activity.
The magnitude of these metabolic shifts depends largely on ex-
ercise intensity and duration [84].

Evidence further indicates that the effects of acute exercise on
the kynurenine pathway vary according to metabolic and disease
context. In patients with type 2 diabetes, a single bout of exercise
downregulated KAT1, KAT2, and KAT4 while upregulating PGC-1a,
resulting in reduced plasma KYN and elevated KYNA levels shifting
metabolism toward the neuroprotective branch of the pathway
[94]. Similarly, in cancer patients undergoing chemotherapy, Pal
et al. (2021) compared no exercise, unsupervised home-based
exercise, and supervised resistance training [91]. They found that
supervised training significantly decreased serum KYN and the
KYN/TRP ratio while increasing TRP levels, whereas the unsuper-
vised group exhibited the opposite trend [91]. These findings un-
derscore the importance of structured, supervised exercise in
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optimizing kynurenine metabolism and mitigating the accumu-
lation of potentially neurotoxic metabolites.

In contrast, chronic exercise training (weeks to months) in-
duces more durable adaptations. Repeated training reprograms
tissues particularly skeletal muscle through PGC-1al-dependent
upregulation of kynurenine aminotransferases (KATs), enhancing
peripheral KYN clearance and reducing neurotoxic load [25].
Notably, such adaptations may occur even when circulating
metabolite levels remain unchanged, suggesting robust tissue-
specific remodeling [95]. Overall, the influence of exercise on
TRP metabolism represents a complex, multifactorial process
shaped by individual physiology, training status, and disease
condition. Further studies are needed to clarify interindividual
variability, identify potential confounding factors, and determine
how different exercise modalities can be leveraged to therapeuti-
cally modulate the kynurenine pathway.

5. Rodent studies supporting human clinical outcomes

In addition to findings from randomized clinical trials and hu-
man studies, rodent models have provided compelling evidence
that exercise modulates the IDO1-KYN pathway (Table .2). Rodent
studies offer several key advantages over human studies, including
the ability to directly assess metabolite levels within specific tis-
sues (such as muscle, liver, and brain), which is often not feasible
in clinical settings due to ethical and technical limitations [96].

Supporting the human studies mentioned above, rodent
studies also reported elevated levels of IDO-KYN signaling
pathway. Agudelo et al. (2014) sheds light on the importance of
exercise and how it activates the skeletal muscle transcription
factors PGC1-a to combat stress-induced depression [95]. PGC1-«
was overexpressed in transgenic male mice mck-PGCl-a and
subjected to chronic mild stress (CMS), running wheel exercises
and forced swim tests. Interestingly, mck-PGC1-a showed no signs
of depressive behavior but rather a decrease in body weight [95].
They also displayed no change in the transcript levels of BDNF,
VEGFA and B in the hippocampus. The exposure of mck-PGC1-a to
stress caused increase in the expression of pro-inflammatory cy-
tokines MCP-1 and TNF-a suggesting that these mice do respond to
stress. Off note, there was no change in IDO-1,2, TDO-1,2 levels but
rather an increase in Kynurenine aminotransferases. mck-PGC1-«
also expressed the ability to metabolize KYN to KYNA [95].

In a study by da Rocha, Alisson Luiz et al. (2025) investigating

Table 2
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the physiological effects of high-intensity endurance exercise, the
authors reported a marked reduction in the expression of REV-
ERB-a, a circadian-regulated transcriptional repressor critical for
skeletal muscle oxidative metabolism [97]. Eight-week-old male
C57BL/6 mice were subjected to both acute (AEE) and chronic
(CEE) exhaustive exercises. Both exercises resulted in a down-
regulation of REV-ERB-a. AEE caused a reduction in the kynurenine
aminotransferase in both muscle and the hippocampus while
upregulating kynurenine 3-monooxygenase levels [97]. These
shifts the pathway to a neurotoxic route. Also, KYN, KYN/KYNA
levels were reduced in the muscle but increased in the hippo-
campus thus compounding the neurotoxic effects REV-ERB-a [97].
These findings highlight the interplay among exercise, REV-ERB-a
and the kynurenine pathway.

The study performed on mice (C57BL/6) model by Lee et al.
(2017) demonstrated that in mice aged 6 weeks to 10 months,
serum levels of tryptophan metabolites and the IDO1 activities
altered with age [98]. Voluntary chronic aerobic exercise was
shown to mitigate these changes partially. Notably, the serum ratio
of kynurenic acid (KYNA) to 3-hydroxykynurenine (3-HK) declined
with advancing age, reflecting a shift in kynurenine pathway
metabolism. Voluntary exercise interventions were able to restore
the KYNA/3-HK ratio in 6- and 8-month-old mice [98]. Building on
this [26], investigated the interaction between dietary tryptophan
supplementation and exercise. They hypothesized that having
excessive TRP in diet without engaging in physical exercise could
have deleterious effects on health. Male mice (C57BL/6]) 6-weeks
old were subjected to near free-wheel running and fed on a diet
enriched with 1 % TRP. After 8 weeks of intervention, TRP-
supplemented mice displayed significantly greater physical activ-
ity compared to controls. As anticipated, TRP supplementation
resulted in elevated KYN pathway metabolites; however, the
combination of exercise and TRP intake markedly reduced the
levels of neurotoxic intermediates, including KYN, 3-
hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA),
and quinolinic acid (QA) [26]. These findings highlight the complex
interplay between dietary supplementation and physical activity
and underscore the role of the KYN pathway in mediating their
combined effects.

As mentioned above, exercise is well established to reduce
anxiety- and depression-like behaviors [99]. Su and group (2020)
investigated the effects of voluntary exercise on depressive-like
behaviors induced by KYN in mice [99]. Two weeks of voluntary

Preclinical insights into exercise and tryptophan metabolism. Compilation of rodent studies highlighting how exercise regimens reshape kynurenine pathway metabolites

and tissue-specific tryptophan utilization.

Population Type Exercise Sample type Main findings (TRP/KYN/QUIN) Reference
Intervention
6wks, 3, 6 and 8 months old male C57BL/ Aerobic Serum KYNA/3HK dec. with age, KYNA/3HK restored in 6M & 8M [98]
6 (VWR)
20wks C57BL/6 male Aerobic Fecal matter, Blood, VWR inc. TRP supply in blood and to brain in exercise group [102]
(VWR) Brain
3-4M wildtype BDNFVal/Val and Aerobic Plasma, Hippocampus, IDO1 and KAT2 inc. in knockin mice not influenced by exercise. Exercise [101]
BDNFVal66Met homozygousknock- (VWR) Gastrocnemius inc. plasma KYN, KAT1, KAT4 in knockin mice
in male mice muscle
Male C57bl/6) mice, 6 weeks old Aerobic Plasma, muscle TRP diet inc. KYN pathway metabolites. VWR dec. neurotoxic branch. [26]
(VWR) VWR inc. KYN and TRP
3M Swiss male albino mice with AD Swimming Brain, Quadriceps Swimming blocked IDO activity, dec. KYN & TRP, KYN/TRP levels [100]
Wild-type C57BL/6) Narl mice Aerobic Plasma, Soleus muscle KYN metabolises faster in VWR group. KAT3 inc. in VWR gorup [99]
(VWR)
Mck-PGC-1a1 and MKO-PGC-1a mice  Chronic Vastus lateralis muscle KAT1-4 inc. in Mck-PGC-1a1 mice, no change in TRP, 3-HK, IDO1 & 2, TDO1 [95]
mild stress &2.
Eight-week-old male C57BL/6 Exhaustive Serum, Gastrocnemius, KAT1 dec., in exe, no diff in KMO between exe and control, KYN inc. in [97]

exercise

hippocampus hippocampus in exe, In muscle KAT1 dec. in exe., KYN/TRP inc., in

gastrocnemius
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exercise significantly attenuated stress-induced helplessness. In
non-stressed mice, KYN administration increased immobility in
the tail suspension test and elevated failure rates in the escape test
[99]. Remarkably, exercised mice were resistant to these KYN-
induced behavioral deficits. Following KYN injection, plasma
KYN concentrations in exercised mice were approximately one-
quarter of those in sedentary controls [99]. Mechanistically they
found that exercised mice exhibited higher muscle expression of
kynurenine aminotransferase Il (KAT3) [99]. A comparable study
in an animal model of Alzheimer's disease (AD) was conducted by
Souza et al. (2017), they examined the effects of physical activity
on IDO activation and its potential role in preventing neurode-
generative processes [100]. AD was experimentally induced in
Swiss Albino mice via intracerebroventricular injection of amy-
loid-p1-42 peptide [100]. The injection of Amyloid p1-42 had
significantly increased IDO activity. Amyloid- p1-42 caused a sig-
nificant increase of TRP which was significantly reduced by
physical exercise [100]. Physical exercise restores the TRP levels in
the hippocampus. KYN levels which was highly elevated in both
sham and test, were significantly decreased after swimming in the
prefrontal cortex region of the brain of Swiss Albino mice [100].

Genetic background further shapes exercise responses in KYN
metabolism. Utilizing a mouse model with a knock-in of Brain-
derived-neurotrophic-factor (BDNF) Val66Met polymorphism
mice, leraci et al. (2020) assessed the KYN pathway in the skeletal
muscle, plasma and hippocampus in exercising mice [101]. Wild-
type and homozygous knock-in mice were at the age of 3-4
months and were given access to free running wheels for 4 weeks.
Plasma KYN and KYNA metabolites in the knock-in mice were
significantly higher than the wildtype mice and were not induced
by exercise [101]. But exercise influenced the outcome of KYN
levels. The KYNA/KYN was also significantly higher in the knock-in
mice when compared to control. In the muscle, KATs were seen to
be greatly induced by exercise. KAT3 increased in the exercise
groups, and a greater interaction was seen in KAT1, KAT4 between
the strain type and exercise group [101]. These findings suggest
physical exercise can improve upon neurological deficits caused by
a deficit in BDNF.

Expanding beyond tissue metabolism, Vazquez-Medina et al.
(2024) examined exercise-induced alterations in the microbiota-
gut-brain axis [102]. They investigated the effect of exercise and
changes in the microbiota-gut-brain axis [102]. Their multi-omics
data analysis revealed a significant turnover in the exercise group
of TRP metabolites. There were changes in the microbial diversity
in running mice such as increased levels of Firmicutes and A.
muciniphila. These bacteria play an important role in TRP meta-
bolism. The running exercise was seen to influence these changes
in the TRP pathway degradation through the indole pathway.
These findings highlight the importance of running exercise and
how it influences the gut microbiome and the alterations it in-
duces in the gut microbiota-gut-axis [102]. Collectively, both hu-
man and rodent studies demonstrate that exercise exerts a
regulatory influence on the IDO1-KYN pathway, often shifting
metabolism toward anti-inflammatory and neuroprotective
outcomes.

6. Exercise and serotonin pathway

As mentioned above, Serotonin is a pivotal neurotransmitter
derived from tryptophan, regulating mood, cognition, sleep,
appetite, and motor function [103]. Dysregulation of serotonergic
signaling has been implicated in a wide range of neuropsychiatric
and metabolic disorders [54], highlighting the importance of in-
terventions that can modulate this pathway. Exercise has emerged
as a powerful physiological regulator of serotonin metabolism,
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with evidence from animal models, athletic cohorts, and clinical
populations showing that physical activity enhances serotonin
synthesis [104,105]. These effects are influenced by exercise in-
tensity, duration, type, and individual physiological or pathological
states. This section reviews current evidence linking exercise to
serotonergic modulation, spanning mechanistic studies to clinical
applications across diverse populations.

6.1. Exercise and serotonin levels in human clinical studies

As previously stated, exercise modulates KYN pathway me-
tabolites, promoting a shift toward neuroprotective and anti-
inflammatory metabolites while reducing neurotoxic in-
termediates [106]. Similarly, serotonin, a key neurotransmitter
synthesized from tryptophan, exerts widespread positive effects
on health. Exercise enhances serotonin synthesis and turnover in
the brain by increasing the availability of free tryptophan and
facilitating its transport across the blood-brain barrier (Table .3).
[107]. Elevated central serotonin levels contribute to improved
mood, reduced anxiety, enhanced cognitive performance, and
better motor function [107]. Evidence for exercise-induced sero-
tonergic modulation comes from both athletic and clinical pop-
ulations. Azevedo et al. (2024) characterized the metabolomic
profile of cyclists after different timepoints in their cycling training
[108]. The cyclists were made to perform 3 separate time trials.
Time intervals were divided into Fast, Start, even pace and End-
spurt categories. It is interesting to note that the Spurt group
was the only one that revealed pathways involved in serotonin
metabolism [108].

Extending this notion, Zimmer et al. (2016) investigated the
effects of exercise intensity on serotonin (5-HT) in young adults
aged between 20 and 27 years following a three-week exercise
intervention involving low, moderate and high intensity training
[109]. Serum serotonin levels increased significantly only in the
high-intensity group, suggesting that exercise intensity plays a
critical role in regulating peripheral serotonin release [109].
Beyond intensity, the type of exercise and its integration with
other interventions also appear to shape serotonergic responses.
For example, Liu et al. (2024) investigated the combined effects of
Chinese traditional exercise (Baduanjin) and psychotherapy
(escitalopram oxalate) and their synergistic effect in people with
post-stroke depression [110]. Both the Baduanjin and the escita-
lopram oxalate therapy groups demonstrated increased serum 5-
HT levels, alongside significant improvement in their sleep and
Hamilton depression rack score. [110]. Similarly, Tsang et al. (2013)
explored the impact of Qigong exercise on depression over a 12-
week intervention [111]. Interestingly, participants in the exer-
cise group exhibited a reduction rather than an increase in serum
5-HT. The authors attributed this unexpected finding to variability
in participant performance, concomitant medication use, and the
fact that some of the participants met all the baseline functional
tests requirement and needed no room for improvement [111].

In line with these observations, Melancon et al. (2012) explored
the long-term effects of exercise on tryptophan metabolism and
serotonergic activity in older adults [112]. The study measured the
ratio of TRP to branched-chain amino acids (BCAA), a well-
established indicator of central serotonin synthesis, and found a
102 % increase following exercise, which remained elevated
throughout the training period. In addition, serum TRP and pro-
lactin levels rose significantly after exercise, indicating enhanced
serotonergic activity [112]. These results suggest that regular
physical activity sustains serotonin synthesis and turnover in the
aging brain, thereby supporting improved mood and cognitive
performance [112]. Collectively, this evidence reinforces the
concept that exercise not only modulates peripheral TRP
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Table 3
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Exercise effects on serotonin metabolism in humans. Overview of clinical findings describing exercise-driven changes in circulating and central serotonin (5-HT) and related

metabolites, with implications for mood, cognition, and overall health.

Population Type

Exercise Intervention

Sample type Main findings (5-HT/5HIAA) Reference

18-60 yrs old women with Fibromyalgia

MS patients

Aerobics and stretching

Moderate intensity Aerobics  Blood
and home exercise

Serum Aerobic ex. causes increase in 5HIAA levels vs [113]
stretching

5-HT inc. in moderate group vs home group [114]

M & F with secondary progressive and relapsing recruiting Acute aerobic exercise Blood 5-HT increased after training in both [115]
multiple sclerosis (SPMS and RRMS) conditions
Young adults Low, moderate and HI aerobic Serum 5-HT levels inc. with intense exercise [109]
Poststroke depression patients Baduanjin aerobic Serum, 5-HT levels inc. in exercise combined with  [110]
exercise + behavior therapy Sleep levels rational behavior therapy
65yrs and above M & F with neurological disorders Qigong exercise Serum, Serum 5-HT dec. [111]
saliva

Obese postmenopausal women Taekwando Plasma 5-HT inc. in exercise group [116]

32 + 5 yrs male Cycling Serum Dec. 5-HT levels after exercise [108]

Old women Tai-Chi Serum Higher 5-HT levels in the exercise vs to the [117]
control

Healthy M & F Tooth-clenching exercises Muscle 5-HT levels did not change overtime in both [132]
test vs control

Untrained Young males Resistance + saffron Serum 5-HT levels inc. in exercise + saffron and [133]

supplementation

exercise + placebo group

metabolism but also enhances central serotonergic signaling,
providing a mechanistic link between physical activity, mood
regulation, and neurological health in older adults.

Clinical trials further highlight the therapeutic potential of
aerobic exercise. Valim et al. (2013) evaluated the impact of aer-
obic versus stretching exercise on serum 5-HT and its primary
metabolite, 5-hydroxyindoleacetic acid (5-HIAA), in women with
fibromyalgia [113]. Participants were involved either in aerobic
walking or stretching exercises three times per week for 20 weeks.
The data revealed significant increases in both 5-HT and 5-HIAA in
the aerobic group, while no significant changes were observed in
the stretching group [113]. Most importantly, aerobic exercise was
also associated with marked improvements in emotional and
psychological well-being, outcomes that were not observed in the
stretching group. These results indicate that aerobic exercise en-
hances serotonergic activity, potentially underlying its superior
symptomatic benefits in fibromyalgia compared with stretching
interventions. Similarly, a randomized controlled trial, performed
by Al-Sharman et al. (2019) investigated the effects of a six-week
moderate-intensity aerobic exercise program on sleep quality
and sleep-related biomarkers, including serotonin, melatonin, and
cortisol, in people with multiple sclerosis (MS) [114]. Participants
were randomly assigned to either the aerobic exercise group
(MAE) or a home exercise program (HEP). Sleep was assessed
subjectively using the Pittsburgh Sleep Quality Index (PSQI) and
Insomnia Severity Index (ISI), and objectively via actigraphy [114].
Compared with HEP, MAE participants demonstrated significant
improvements in PSQ], IS], and sleep parameters. Only serotonin
levels increased significantly in the MAE group, and changes in
serotonin were strongly correlated with improvements in PSQI and
ISI [114]. Additional studies in MS confirm this pattern. Bansi et al.
(2018) investigated the effects of acute aerobic exercise on the
tryptophan pathway in people with subtypes of Multiple Sclerosis
(Secondary Progressive Multiple Sclerosis (SPMS) and Relapsing
Remitting Multiple Sclerosis (RRMS) [115]. Twenty-four patients
with SPMS were compared with 33 patients with RRMS. They were
each divided using stratified block randomization into a high-
intensity training group and a standard training group. Serotonin
levels were elevated after exercise therapy in both groups. They
found out that KYN levels were indirectly proportional to seroto-
nin levels, suggesting that TRP is rerouted more towards the se-
rotonin pathway than the KYN pathway [115].

Studies focusing on women further highlight exercise-induced
serotonergic modulation in specific populations. Lee et al. (2021)
investigated the effects of Taekwondo training in obese post-
menopausal women and observed a significant increase in the
plasma serotonin levels and a decrease in their weight, BMI, per-
centage of body fat, and total cholesterol [116]. These findings
indicate that exercise can be used to manage obesity and enhance
the circulation of neurotransmitters such as serotonin in obese
postmenopausal women. In older women, Chang et al. (2024),
reported a significant increase in 5HT levels in groups that had
been exposed to 24 weeks of Tai Chi training, with concomitant in
depressive symptoms and sleep quality after the training [117].
Taken together, these studies suggest that exercise can modulate
serotonergic activity across diverse populations, with the magni-
tude of response largely determined by exercise intensity, dura-
tion, and type, as well as participant-specific factors. Notably,
interventions combining exercise with psychological or nutritional
strategies may further enhance serotonin-related benefits, offering
promising avenues for managing mood disorders and improving
overall health.

6.2. Preclinical evidence for exercise-mediated regulation of
serotonin in brain health

Human studies successfully demonstrated that exercise re-
duces depressive and anxiety-like behaviors through the serotonin
pathway [118,119]. Animal studies provide important mechanistic
insights into the effects of exercise on serotonergic signaling in the
context of neurological and brain health (Table .4). A study by Lee
et al. (2013) investigated the interaction between dietary trypto-
phan availability, stress, and exercise in male mice [120]. Animals
were subjected to a tryptophan-deficient diet and exposed to
chronic unpredictable stress for four weeks, with or without
concurrent moderate or intense treadmill exercise [120]. In their
findings, mice on the tryptophan deficient diet showed signifi-
cantly lower levels of 5-HT when compared with control. Tread-
mill exercise failed to elevate the levels of 5-HT in the
hippocampus as compared to the control [120].

Sajedi et al. (2021) explored the combined effects of aerobic
exercise and probiotic supplementation on serotonin, leptin, and
cortisol in a mouse model of multiple sclerosis (MS) [121]. The
exercise was 5 days a week, including 10 min in the first week,
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Table 4
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Rodent evidence for exercise-driven regulation of serotonin pathways. Preclinical data illustrating how distinct exercise modalities modulate serotonin signaling and

metabolism in the brain, supporting neuroprotection and behavioral benefits.

Population Type Exercise intervention Sample type Main findings (5-HT/5HIAA) Reference
Pregnant female Sprague-Dawley rats with Treadmill, Forced Brain Inc. in 5-HT positive cells in PD mice [126]
postpartum depression (PD) swimming (FST)
Adult male C57BL/6 mice Aerobics (VWR) Brain Exercise releases 5-HT and relieves pain by regulating 5-HT to [125]
act on 5-HT1A receptor and the 5-HT7 receptor.
6wks mice, 3months old and 1yr old female Tph2~/ VWR Brain 5-HT is required for exercise-induced neurogenesis. [128]
mice, Tph2*/* littermates, C57BL/6 N mice
M & F homozygous knock-in (KI) & homozygous VWR Brain Low 5-HT impacts behavioral effects of exercise in females but [129]
wild-type (WT) Tph2R439H mice did not impact exercise-induced cellular alterations in either
Sex.
C57BL/6 male mice Treadmill + bleomycin Serum Exercise blocks bleomycin-induced 5-HT signaling [122]
administration
Male mice Treadmill at 6-8wks Whole body 5-HT receptors are influenced by different pharmacological [124]
followed by VWR at assessment interventions impacted by exercise
8-11wks
Pregnant female NMRI & C57BL/6 mice Swimming Serum, brain Swimming dec. 5-HT in brain. Strain type impacted the level of [127]
brain 5-HT
C57BL/6 female with MS Treadmill Brain 5-HT inc. in all groups in combination with exercise [121]
TRP deficient and stressed 7wks C57BL/6 male Treadmill + FST Brain Regular exercise prevents depression-like outcomes with and [120]
without 5-HT
7wks C57BL/6] male mice Treadmill + alcohol vapor Hippocampus Exercise reduces 5-HT in the hippocampus regardless of [123]
exposure exposure to alcohol.
Mck-PGC-1a1 and MKO-PGC-1a Chronic mild stress Vastus No change in 5-HT/5HIAA levels [95]
lateralis
muscle

20 min in the second week and 30 min until completion. Exercise
and/or probiotic treatment significantly increased serotonin levels
and reduced leptin levels compared with MS mice, while cortisol
levels showed a nonsignificant decrease [121]. These findings
suggest that lifestyle interventions, including exercise and pro-
biotics, may modulate key neuroendocrine and metabolic factors
and hold potential for mitigating pathological changes in MS. Ex-
ercise has also been shown to modulate serotonin and inflam-
matory signaling in models of idiopathic pulmonary fibrosis (IPF).
In a murine model of IPF, chronic aerobic training was shown to
attenuate bleomycin-induced lung injury by dampening inflam-
matory responses and modulating serotonin (5-HT) and Akt
signaling [122]. Specifically, exercise reduced immune cell infil-
tration, proinflammatory cytokines, collagen deposition, 5-HT
levels, 5-HT2B receptor expression, and Akt phosphorylation,
while enhancing IL-10 expression). These findings suggest that
aerobic exercise confers antifibrotic and anti-inflammatory effects
partly through serotonergic and Akt pathway regulation. Another
important study investigated the importance of exercise on the
brain impairment in alcohol use disorder after alcohol withdrawal
[123]. An alcohol use disorder (AUD) mice model was established
and used in this study. Male mice C57BL/6 were used in this study
[123]. Exercise caused a reduction in the serotonin levels in the
hippocampal region of mice and did not depend on whether they
were exposed to alcohol or not.

The role of serotonin in mediating exercise endurance has been
further explored pharmacologically. Claghorn et al. (2016) per-
formed an interesting study to investigate the effect of 5-HT1A
agonist and antagonist on forced and voluntary exercise in the
mice model [124]. They hypothesized that drugs that target sero-
tonin receptors would have unequal effects on the movement
behavior in voluntary wheel running mice and control mice by
injecting antagonist 5HT1A which is a combination of 5HT1A
agonist and a 5HT1A/1B partial agonist [124]. Pharmacological
manipulation of 5-HT1A receptors showed that the antagonist
WAY-100635 reduced treadmill endurance in voluntary wheel
running mice (HR) but not control mice, while the agonist/partial
agonist combination (8-OH-DPAT + pindolol) reduced both
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treadmill endurance (dose-dependent) and wheel running at high
doses in HR mice. These findings suggest that central 5-HT
signaling contributes to exercise endurance, with enhanced
endurance in HR mice linked to serotonergic modulation. Simi-
larly, Zhou et al. (2022) showed that voluntary wheel running for
15 days increased 5-HT1A and 5-HT7 receptor expression [125].
These mice were placed on voluntary wheels for 30 min daily for
15 days. They were treated with 4f-chloro-bi-phenylalanine sys-
temically to eliminate serotonin activity. It was shown that the
pharmacological intervention and local delivery of serotonin to the
Anterior Cingulate Cortex alleviates pain and anxiety moods by
modulating synaptic plasticity [125]. These results reveal that
aerobic exercise can mediate the increase in release of serotonin
and improve anxiety behaviors through its receptors.

Exercise also improves depressive-like behaviors in models of
postpartum depression. Ji et al. (2017) studied the therapeutic po-
tential of treadmill exercise in a rodent model of postpartum
depression (PPD) [126]. They demonstrated that postpartum rats
exhibit reduced locomotor activity, increased immobility, and sup-
pressed 5-HT and tryptophan hydroxylase (TPH) expression in the
dorsal raphe [126]. Two weeks of treadmill running (30 min/day)
reversed these deficits, restoring 5-HT/TPH expression and
improving depressive-like behaviors. These findings support the role
of exercise in alleviating postpartum depression via enhancement of
serotonergic signaling [126]. Rodent studies suggest that the effects
of exercise on serotonin and postpartum behaviors are both strain-
and context-dependent. In a study examining the effects of swim-
ming exercise before and during pregnancy, NMRI (outbred) and
C57BL/6] dams exhibited markedly different outcomes [127]. They
reported that in C57BL/6] dams, swimming increased gestational
corticosterone, reduced maternal care and brain serotonin, and
exacerbated all depression-related behaviors postpartum. In
contrast, NMRI dams showed enhanced licking/grooming and social
behavior, along with reduced anhedonia-like behaviors [127]. These
findings highlight the critical role genetic background plays in
shaping exercise outcomes and indicate that both the timing and
type of physical activity can differentially influence maternal care
and postpartum depression-related behaviors.
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Genetic animal models provide valuable insights into loss and
gain of function. Recent work using tryptophan hydroxylase (TPH)
2-deficient mice, which lack brain serotonin, demonstrated that
while baseline hippocampal neurogenesis remains intact, activity-
induced proliferation is impaired [128]. These findings indicate
that central serotonin is essential for the proliferative effects of
exercise in both young-adult and aged mice. Notably, the absence of
brain serotonin altered Sox2-positive precursor cells, suggesting
compensatory adaptations to maintain homeostasis in the neuro-
genic niche [128]. Recently, a similar study was performed by
Warner and group (2024). They investigated the role of brain se-
rotonin in exercise-induced antidepressant effects in male and fe-
male mice with reduced 5-HT synthesis, using a mouse model with
reduced 5-HT synthesis (Tryptophan hydroxylase 2 knock-in mice)
[129]. The study found that low 5-HT impaired the behavioral
benefits of exercise in females, particularly in the forced swim and
novelty-suppressed feeding tests, while exercise-induced hippo-
campal neurogenesis and immature neuron production were not
significantly affected in either sex [129]. This study highlights a
direct and acute role of serotonin in mediating exercise-induced
hippocampal neurogenesis, providing mechanistic insight into
how physical activity might confer preventive and therapeutic
benefits for depression and age-related cognitive decline.

7. Exercise and indole pathway

Despite its growing relevance, the interaction between physical
activity and the indole pathway remains relatively underexplored,
with only limited studies investigating this co-relation (Table .5).
Recent reports suggest that exercise-induced alterations in gut
microbiota composition can significantly affect the production of
indole derivatives such as IPA, IAA, and ILA metabolites known to
exert anti-inflammatory, antioxidant, and neuroprotective effects.

In a recent study, Wang et al. (2025) investigated the combined
effects of a tryptophan-enriched diet (TED) and high-intensity
exercise (HIE) on liver injury, focusing on both endogenous and
microbiota-derived tryptophan metabolites [58]. Using a C57BL/6
mouse model, they subjected animals in the HIE group to intensive
swimming at a 30 cm water depth for 2.5 h daily over five
consecutive days [58]. Metabolomic analyses revealed that HIE
markedly elevated hepatic aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) levels, indicating liver tissue
damage. This was accompanied by a significant depletion of
tryptophan and its downstream metabolites, including 3-
hydroxyanthranilic acid, anthranilic acid, and 1-kynurenine [58].
It was interesting to note that HIE-TED group rescued liver damage
was indicated by a decrease in the ALTs and ASTs and an increase in
the liver glycogen and glucose. Most importantly, microbiota
derived Indoles metabolites ILA and IPA were elevated in this
group and positively correlated with the liver aminotransferases

Table 5
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except only IAA which was negatively correlated. mRNA levels of
AhR and CYP1A1 were also significantly elevated in this group.
Administration of an AhR inhibitor, CH223191 reversed all these
positive changes as shown by an increase in ASTs and ALTs, in-
crease in macrophage aggregation and ROS production [58]. In our
previous work, we also demonstrated a close association between
dietary tryptophan (TRP) levels, gut microbiome composition, and
systemic inflammatory responses in an aged mouse model [60].
Aged mice were fed diets containing either low TRP (0.1 %), rec-
ommended TRP (0.2 %), or high TRP (1.25 %) concentrations for
eight weeks to assess how dietary TRP availability influences mi-
crobial composition and immune activation [60]. 16S rRNA
sequencing revealed that TRP deficiency markedly altered the gut
microbial landscape, characterized by changes in the relative
abundance of the Coriobacteriia class, Acetatifactor genus, Lachno-
spiraceae family, Enterococcus faecalis, Clostridium sp., and Oscil-
libacter genus [60]. Consistent with these microbiota shifts,
cytokine profiling indicated that mice on the TRP-deficient diet
exhibited significant elevations in pro-inflammatory cytokines
including IL-6, IL-17A, and IL-1« accompanied by a reduction in the
anti-inflammatory cytokine IL-27 [60]. These findings suggest that
insufficient TRP intake disrupts gut microbial balance and pro-
motes a systemic pro-inflammatory milieu in aged organisms.
Collectively, these findings reveal that exercise combined with
dietary tryptophan enrichment enhances microbiota-derived
indole production, which in turn activates the AhR-CYP1A1
signaling axis to confer hepatoprotection and mitigate oxidative
and inflammatory damage induced by exhaustive exercise [58,60].

Expanding our understanding of how physical activity reshapes
host—-microbiota interactions, Vazquez-Medina et al. (2024) exam-
ined the effects of prolonged voluntary running on the
gut-microbiota-brain axis in a 20-week C57BL/6 mouse model
(RUN group) [102]. Through a comprehensive multi-omics analysis,
it was revealed that exercise caused alterations in TRP metabolism
in the gut, hippocampus and blood. Exercise also modified gut mi-
crobial composition and diversity, with a pronounced increase in
Firmicutes a phylum enriched in indole-producing species and a
reduction in Bacteroidota abundance [102]. Moreover, the beneficial
bacterium Akkermansia muciniphila was significantly elevated in the
RUN group, contributing to improved mucosal integrity and meta-
bolic regulation. A symbiotic relationship was also shown between
Romboutsia and A. muciniphila in regulating TRP metabolism along
the gut-microbiome brain axis associated with physical activity
[102]. These findings underscore potential applications for devel-
oping microbiota-based approaches in relation to physical activity
for neurological dysfunctions concerning mental health and overall
wellbeing.

Recent human data also support the role of exercise in modu-
lating the indole-tryptophan-microbiota axis. Tabone et al. (2021)
investigated the effects of a single session of acute moderate-

Impact of Exercise on Tryptophan Metabolism and Tryptophanase-Expressing Microbes in Human and Animal Studies. Collection of murine data on exercise-driven indole

metabolism and how it impacts the gut microbiome and overall wellbeing.

Human Studies Exercise Sample Main findings (Indole/IAA/IPA, Tryptophanase, microbes) Reference

Population Type intervention type

Cross-country endurance athletes (Healthy Treadmill Serum. Inc. in ILA, Inc. in (Romboutsia, Ruminococcocaceae UCG-005, Blautia, [130]

males-18-50yrs) Stool Ruminiclostridium 9 and Clostridium phoceensis

Lean & obese subjects 6wks aerobic  Serum, Inc. in ILA, Inc. in Bifidobacterium and Lactobacillus species [131]
exercise Stool

Mouse Studies

7 wks old C57BL/6 male HIE (swimming) + TRP diet  Liver, Serum Inc. in IAA, ILA [58]

20 wks old C57BL/6 male  VWR Fecal matter, blood, brain  Inc. in tryptophanase, Bacteroides, Muribaculaceae, and Turicibacter ~ [102]
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intensity exercise on the serum and fecal metabolomes, as well as
the gut microbiota composition, in forty male cross-country
endurance athletes [130]. Following a controlled bout of exercise
to volitional exhaustion, metabolomic profiling revealed a
decrease in serum tryptophan and an increase in kynurenic acid,
alongside elevated levels of purine metabolism intermediates such
as inosine, xanthine, hypoxanthine, and uric acid [130]. In contrast,
fecal analyses demonstrated increased levels of tryptophan, tyro-
sine, and phenylalanine metabolites, suggesting enhanced micro-
bial amino acid synthesis and turnover. Exercise also induced
distinct microbial compositional changes, characterized by
increased abundance of the Romboutsia genus, Ruminococcaceae
UCG-005, Escherichia coli TOP498, and Blautia, accompanied by
decreased Ruminiclostridium 9 and Clostridium phoceensis pop-
ulations all taxa associated with indole and aromatic amino acid
metabolism [130]. Collectively, these findings demonstrate that
even a single bout of moderate-intensity exercise can induce rapid
and coordinated changes in both systemic and gut-derived me-
tabolites, highlighting the dynamic responsiveness of the indole
pathway to physical activity and its potential role in mediating the
health-promoting effects of exercise [130].

Extending these insights to broader human populations, Kas-
perek et al. (2023) investigated the effects of long-term physical
activity on the gut microbiome and metabolic function in lean and
obese adults aged 20-45 years, classified by body mass index (BMI
<25 kg/m? for lean and >30 kg/m? for obese participants) [131].
Participants engaged in moderate-to high-intensity exercise
including cycling and treadmill training over a six-month inter-
vention period [131]. KEGG pathway analysis revealed a significant
upregulation of indole metabolites, particularly indole-3-lactic
acid (ILA), following exercise. Although ILA concentrations were
higher in obese individuals than in their lean counterparts, this
difference did not reach statistical significance [131]. Fecal
Metabolomic profiling further showed exercise-induced shifts in
purine  metabolism, tyrosine  metabolism, and  5-
hydroxyindoleacetic acid (5-HIAA) production, particularly in the
obese group. Additionally, there was an increased relative abun-
dance of Bifidobacterium and Lactobacillus species microbial taxa
known for their roles in gut homeostasis and indole biosynthesis-
after training [131]. These findings demonstrate that regular ex-
ercise modulates gut microbial composition and activates meta-
bolic pathways linked to indole and aromatic amino acid
metabolism, independent of body weight [131]. Such adaptations
may enhance metabolic flexibility, intestinal integrity, and sys-
temic homeostasis, reinforcing the role of exercise as a key
modulator of the microbiota-indole-host signaling axis across
different metabolic states.

Collectively, findings from both animal and human studies
demonstrate that exercise acts as a potent modulator of the gut-
microbiota-indole axis, influencing indole metabolite production,
AhR signaling, and downstream metabolic and inflammatory
processes. Whether through acute or long-term training, physical
activity enhances microbiota-derived indole output, promotes
intestinal and hepatic homeostasis, and supports gut-brain
communication via the regulation of tryptophan metabolism.
These insights highlight the indole pathway as a critical mediator
linking exercise to systemic resilience, neuroprotection, and
overall metabolic health, and point toward the development of
microbiota and exercise-based therapeutic strategies for pre-
venting inflammation-associated and age-related diseases.

8. Conclusion

Exercise is a potent regulator of tryptophan metabolism,
modulating both the KYN and serotonergic pathways to attenuate
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inflammation, promote muscle and cognitive function, enhance
neuroprotection, and improve systemic resilience (Fig. 2). Acute
bouts of exercise elevate KYNA and lower the QUIN/KYNA ratio,
while chronic training promotes skeletal muscle adaptations such
as increased kynurenine aminotransferase (KAT) expression that
enhances peripheral KYN clearance. Evidence from clinical pop-
ulations, including individuals with multiple sclerosis, cancer, and
chronic pain, demonstrates that both endurance and resistance
training can lower circulating KYN levels, reduce neuro-
degeneration markers, and improve immune regulation.

The rodent studies provide strong mechanistic evidence that
exercise modulates the IDO1-kynurenine pathway across multiple
biological systems. Exercise not only counteracts age-related al-
terations in tryptophan metabolism and mitigates the accumula-
tion of neurotoxic KYN metabolites in the context of dietary
tryptophan overload but also protects against KYN-induced
behavioral deficits and neurodegenerative disturbances associ-
ated with age-related neurodegeneration. Exercise in rodents has
been shown to restore the KYNA/3-HK balance, prevent KYN-
induced muscle atrophy, and reduce depressive-like behaviors
through upregulation of kynurenine aminotransferases in skeletal
muscle. Moreover, experimental models of Alzheimer's disease
demonstrate that exercise lowers hippocampal IDO activity and
restores tryptophan levels, highlighting a neuroprotective role that
parallels human findings in multiple sclerosis and cognitive
impairment. Importantly, genetic background and diet further
influence the degree to which exercise can remodel the pathway,
emphasizing the need for personalized approaches when consid-
ering exercise as a therapeutic strategy. Extending beyond tissue-
specific effects, exercise also reshapes the gut microbiota and al-
ters indole pathway dynamics, linking microbial diversity with
tryptophan metabolism and systemic health. However, the effects
of exercise on KYN metabolism are context-dependent, varying
with disease state, exercise modality, and supervision, under-
scoring the need to tailor exercise prescriptions for maximal
therapeutic benefit.

Parallel to these metabolic adaptations of KYN pathways, ex-
ercise consistently enhances serotonergic signaling. Human and
animal studies show that aerobic and high-intensity training ele-
vates serotonin synthesis, receptor expression, and downstream
activity, improving mood, cognition, sleep, and anxiety-like be-
haviors. Traditional mind-body exercises such as Tai Chi, Qigong,
and Baduanjin also yield benefits, though outcomes are shaped by
health status and adherence. Importantly, exercise may simulta-
neously redirect tryptophan metabolism away from the KYN
pathway toward serotonin production, reinforcing its neuro-
protective and antidepressant effects. Mechanistic insights from
animal and genetic models highlight the critical role of serotonin
in mediating behavioral adaptations to exercise. Pharmacological,
dietary, and genetic manipulations of serotonin demonstrate its
necessity for exercise-induced antidepressant- and anxiolytic-like
effects, with outcomes influenced by sex, stress exposure, and
genetic background. Notably, studies using TPH2-deficient mice
reveal that while hippocampal neurogenesis can proceed inde-
pendently of serotonin, the behavioral benefits of exercise partic-
ularly in females are abolished without intact serotonergic
signaling. These findings establish serotonin as a key driver of
exercise-induced mood regulation, resilience, and cognitive
protection.

Beyond tissue-specific effects, exercise profoundly influences
the gut-microbiota-indole axis, a third major branch of tryptophan
metabolism. Both human and animal studies demonstrate that
regular physical activity reshapes gut microbial diversity, pro-
moting the growth of indole-producing bacteria such as Clos-
tridium sporogenes, Akkermansia muciniphila, and Romboutsia.
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Fig. 2. Schematic illustration showing the effects of exercise on the kynurenine (KYN) and serotonin (5-HT) pathways (Created using https://BioRender.com).

These microbiota-derived indole metabolites particularly indole-
3-propionic acid (IPA), indole-3-acetic acid (IAA), and indole-3-
lactic acid (ILA) activate the AhR and its downstream target
genes, thereby enhancing intestinal barrier integrity, mitigating
inflammation, and improving metabolic and hepatic resilience.
This microbiota-indole-AhR signaling cascade provides a mecha-
nistic explanation for the systemic benefits of exercise extending
to the gut-liver-brain axis, linking microbial metabolism with
neuroprotection, cognitive health, and longevity.

Taken together, the integration of findings across human and
animal studies underscores that exercise engages a dual mecha-
nism: rerouting tryptophan metabolism toward both neuro-
protective KYN derivatives and enhanced serotonin signaling. This
bidirectional modulation provides a strong biological basis for
exercise as a non-pharmacological intervention to prevent and
treat mood disorders, support cognitive health, and promote
resilience against age- and inflammation-related decline. Opti-
mizing exercise type, intensity, and context will be critical for
translating these insights into personalized therapeutic strategies.
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9. Future directions

Despite major advances in defining the molecular links be-
tween exercise and tryptophan metabolism, the complex interplay
among the kynurenine, serotonin, and indole pathways and their
coordinated contribution to systemic health and function remains
poorly understood. Future studies should adopt a systems-level
approach, integrating metabolomics, transcriptomics, and micro-
biome analyses to reveal how exercise intensity, duration, and
modality collectively shape metabolic flux through these path-
ways. Mechanistic investigations are also needed to define how
different tissues (e.g., skeletal muscle, liver, adipose tissue, and
brain) coordinate to maintain tryptophan homeostasis and
respond to exercise-induced stress. Mounting evidence implicates
the gut microbiota as a central mediator of these adaptations, yet
the specific microbial taxa and metabolic routes responsible for
producing beneficial indole derivatives (e.g., IPA, IAA, and ILA)
remain unclear. Elucidating these microbial determinants and
their role in modulating AhR signaling and systemic inflammation
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could identify new therapeutic targets. Furthermore, sex hor-
mones and aging profoundly influence tryptophan metabolism;
therefore, exploring how these variables interact with exercise will
be essential for developing precision exercise interventions
tailored to individual metabolic and hormonal contexts.
Combining structured exercise with dietary modulation or phar-
macological approaches such as IDO1 inhibition may enhance
outcomes in older adults and patients with chronic inflammation.
Such integrated approaches hold promise for extending health-
span and mitigating neuroinflammation, metabolic dysfunction,
and frailty.

CRediT authorship contribution statement

Diana M. Asante: Writing — original draft, Formal analysis,
Data curation, Conceptualization. Sagar Vyavahare: Writing —
review & editing, Visualization, Formal analysis. Mansi Shukla:
Visualization, Formal analysis. Meghan E. McGee-Lawrence:
Writing - review & editing, Funding acquisition. Carlos M. Isales:
Writing - review & editing, Funding acquisition. Sadanand
Fulzele: Writing — review & editing, Funding acquisition, Formal
analysis, Conceptualization.

Funding

This publication is based upon work supported partly by the
National Institutes of Health AG036675 (National Institute on
Aging-AG036675 S.F, MEM, C.I). The funding mentioned above did
not lead to any conflict of interest regarding the publication of this
manuscript.

Declaration of competing interest

The authors declare that there is no conflict of interest
regarding the publication of this manuscript.

Acknowledge

Supported by the Department of Medicine, Medical College of
Georgia at Augusta University.

Data availability

The data from this study are available from the corresponding
author upon reasonable request.

References

[1] LM. Rea, D.S. Gibson, V. McGilligan, S.E. McNerlan, H.D. Alexander, et al., Age
and age-related diseases: role of inflammation triggers and cytokines, Front.
Immunol. 9 (2018) 586.

X. Li, C. Li, W. Zhang, Y. Wang, P. Qian, et al., Inflammation and aging:
signaling pathways and intervention therapies, Signal Transduct. Targeted
Ther. 8 (2023) 239.

K.R. Ambrose, Y.M. Golightly, Physical exercise as non-pharmacological
treatment of chronic pain: why and when, Best Pract. Res. Clin. Rheuma-
tol. 29 (2015) 120-130.

X.Lu, Y. Chen, Y. Shi, Y. Shi, X. Su, et al., Exercise and exerkines: mechanisms
and roles in anti-aging and disease prevention, Exp. Gerontol. 200 (2025)
112685.

R. Bagheri, I. Robinson, S. Moradi, J. Purcell, E. Schwab, et al., Muscle protein
synthesis responses following aerobic-based exercise or high-intensity in-
terval training with or without protein ingestion: a systematic review,
Sports Med. 52 (2022) 2713-2732.

A. Garcia-Hermoso, R. Ramirez-Vélez, ]. Diez, A. Gonzdlez, M. Izquierdo,
Exercise training-induced changes in exerkine concentrations may be
relevant to the metabolic control of type 2 diabetes mellitus patients: a
systematic review and meta-analysis of randomized controlled trials, ].Sport
Health Sci. 12 (2023) 147-157.

[7] G. Novelli, G. Calcaterra, F. Casciani, S. Pecorelli, ].L. Mehta, 'Exerkines’: a

[2]

[3

[4]

[5]

[6

14

Biochimie xxx (Xxxx) Xxx

comprehensive term for the factors produced in response to exercise, Bio-
medicines 12 (2024).
[8] A. Mendez-Gutierrez, C.M. Aguilera, F.J. Osuna-Prieto, B. Martinez-Tellez,
M.C. Rico Prados, et al., Exercise-induced changes on exerkines that might
influence brown adipose tissue metabolism in young sedentary adults, Eur.
J. Sport Sci. 23 (2023) 625-636.
LS. Chow, RE. Gerszten, .M. Taylor, B.K. Pedersen, H. van Praag, et al.,
Exerkines in health, resilience and disease, Nat. Rev. Endocrinol. 18 (2022)
273-289.
C.D.S. Trettel, B.R.A. Pelozin, M.P. Barros, A.L.L. Bachi, P.G.S. Braga, et al,,
Irisin: an anti-inflammatory exerkine in aging and redox-mediated
comorbidities, Front Endocrinol (Lausanne) 14 (2023) 1106529.
D.D.L. Scheffer, A. Latini, Exercise-induced immune system response: Anti-
inflammatory status on peripheral and central organs, Biochim. Biophys.
Acta Mol. Basis Dis. 1866 (2020) 165823.
D. Jo, J. Song, Irisin acts via the PGC-1alpha and BDNF pathway to improve
depression-like behavior, Clin .Nutr. Res. 10 (2021) 292-302.
N. Joisten, D. Walzik, A,J. Metcalfe, W. Bloch, P. Zimmer, Physical exercise as
Kynurenine pathway modulator in chronic diseases: implications for im-
mune and energy homeostasis, Int. ]. Tryptophan Res. 13 (2020)
1178646920938688.
M.T. Pallotta, S. Rossini, C. Suvieri, A. Coletti, C. Orabona, et al., Indoleamine
2,3-dioxygenase 1 (IDO1): an up-to-date overview of an eclectic immuno-
regulatory enzyme, FEBS J. 289 (2022) 6099-6118.
A. Salminen, Role of indoleamine 2,3-dioxygenase 1 (IDO1) and kynurenine
pathway in the regulation of the aging process, Ageing Res. Rev. 75 (2022)
101573.
F.A. Boros, L. Vecsei, Immunomodulatory effects of genetic alterations
affecting the kynurenine pathway, Front. Immunol. 10 (2019) 2570.
V.R. Palzkill, T. Thome, A.L. Murillo, R.B. Khattri, T.E. Ryan, Increasing plasma
L-kynurenine impairs mitochondrial oxidative phosphorylation prior to the
development of atrophy in murine skeletal muscle: a pilot study, Front.
Physiol. 13 (2022) 992413.
[18] ].M. Hinkley, G.X. Yu, R.A. Standley, G. Distefano, V. Tolstikov, et al., Exercise
and ageing impact the kynurenine/tryptophan pathway and acylcarnitine
metabolite pools in skeletal muscle of older adults, ]. Physiol. 601 (2023)
2165-2188.
Y. Huang, M. Zhao, X. Chen, R. Zhang, A. Le, et al., Tryptophan metabolism in
central nervous system diseases: pathophysiology and potential therapeutic
strategies, Aging Dis. 14 (2023) 858-878.
K. Hestad, J. Alexander, H. Rootwelt, ].O. Aaseth, The role of tryptophan
dysmetabolism and quinolinic acid in depressive and neurodegenerative
diseases, Biomolecules 12 (2022).
K. Tang, Y.H. Wu, Y. Song, B. Yu, Indoleamine 2,3-dioxygenase 1 (IDO1)
inhibitors in clinical trials for cancer immunotherapy, J. Hematol. Oncol. 14
(2021) 68.
Y. Wang, ]. Song, K. Yu, D. Nie, C. Zhao, et al., Indoleamine 2,3-Dioxygenase 1
deletion-mediated Kynurenine insufficiency inhibits pathological cardiac
hypertrophy, Hypertension 80 (2023) 2099-2111.
M. Rangel, K.G. Lopes, X. Qin, ].P. Borges, Exercise-induced adaptations in
the kynurenine pathway: implications for health and disease management,
Front Sports Act Living 7 (2025) 1535152.
T. Saran, M. Turska, T. Kocki, M. Zawadka, G. Zielinski, et al., Effect of 4-week
physical exercises on tryptophan, kynurenine and kynurenic acid content in
human sweat, Sci. Rep. 11 (2021) 11092.
M. Schlittler, M. Goiny, L.Z. Agudelo, T. Venckunas, M. Brazaitis, et al.,
Endurance exercise increases skeletal muscle kynurenine aminotransfer-
ases and plasma kynurenic acid in humans, Am. J. Physiol. Cell Physiol. 310
(2016) C836-C840.
P. Valente-Silva, I. Cervenka, D.M.S. Ferreira, J.C. Correia, S. Edman, et al.,
Effects of tryptophan supplementation and exercise on the fate of kynur-
enine metabolites in mice and humans, Metabolites 11 (2021).
AJ. Metcalfe, C. Koliamitra, F. Javelle, W. Bloch, P. Zimmer, Acute and
chronic effects of exercise on the kynurenine pathway in humans - a brief
review and future perspectives, Physiol. Behav. 194 (2018) 583-587.
M. Friedman, Analysis, nutrition, and health benefits of tryptophan, Int. J.
Tryptophan Res. 11 (2018) 1178646918802282.
S. Klaessens, V. Stroobant, E. De Plaen, B.]. Van den Eynde, Systemic tryp-
tophan homeostasis, Front. Mol. Biosci. 9 (2022) 897929.
A.A. Badawy, Kynurenine pathway of tryptophan metabolism: regulatory
and functional aspects, Int. J. Tryptophan Res. 10 (2017)
1178646917691938.
A. Dolsak, S. Gobec, M. Sova, Indoleamine and tryptophan 2,3-dioxygenases
as important future therapeutic targets, Pharmacol. Ther. 221 (2021)
107746.
F. Huang, K. Sun, ]J. Zhou, ]. Bao, G. Xie, et al., Decoding tryptophan: pio-
neering new frontiers in systemic lupus erythematosus, Autoimmun. Rev.
24 (2025) 103809.
T.W. Stone, R.0. Williams, Modulation of T cells by tryptophan metabolites
in the kynurenine pathway, Trends Pharmacol. Sci. 44 (2023) 442-456.
Y. Wang, Y. Zhang, W. Wang, Y. Zhang, X. Dong, et al., Diverse physiological
roles of Kynurenine pathway metabolites: updated implications for health
and disease, Metabolites 15 (2025).
[35] M. Marszalek-Grabska, K. Walczak, K. Gawel, K. Wicha-Komsta,
S. Wnorowska, et al., Kynurenine emerges from the shadows - current

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]
[29]

(30]

(31]

[32]

(33]

[34]


http://refhub.elsevier.com/S0300-9084(25)00267-6/sref1
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref1
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref1
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref2
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref2
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref2
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref3
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref3
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref3
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref4
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref4
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref4
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref5
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref5
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref5
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref5
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref6
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref6
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref6
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref6
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref6
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref7
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref7
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref7
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref8
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref8
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref8
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref8
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref9
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref9
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref9
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref10
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref10
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref10
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref11
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref11
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref11
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref12
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref12
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref13
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref13
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref13
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref13
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref14
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref14
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref14
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref15
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref15
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref15
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref16
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref16
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref17
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref17
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref17
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref17
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref18
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref18
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref18
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref18
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref19
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref19
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref19
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref20
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref20
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref20
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref21
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref21
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref21
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref22
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref22
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref22
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref23
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref23
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref23
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref24
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref24
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref24
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref25
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref25
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref25
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref25
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref26
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref26
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref26
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref27
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref27
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref27
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref28
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref28
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref29
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref29
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref30
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref30
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref30
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref31
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref31
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref31
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref32
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref32
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref32
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref33
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref33
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref34
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref34
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref34
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref35
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref35

ARTICLE IN PRESS

D.M. Asante, S. Vyavahare, M. Shukla et al.

(36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

knowledge on its fate and function, Pharmacol. Ther. 225 (2021) 107845.
Q. Han, T. Cai, D.A. Tagle, J. Li, Structure, expression, and function of
kynurenine aminotransferases in human and rodent brains, Cell. Mol. Life
Sci. 67 (2010) 353-368.

P. Germain, N. Rochel, W. Bourguet, Ligands and DNA in the allosteric
control of retinoid receptors function, Essays Biochem. 65 (2021) 887-899.
B.S. Summers, Broome S. Thomas, T.W.R. Pang, H.D. Mundell, Belic N. Koh, et
al., A review of the evidence for tryptophan and the kynurenine pathway as
a regulator of stem cell niches in health and disease, Int. ]. Tryptophan Res.
17 (2024) 11786469241248287.

Y. Liang, S. Xie, Y. He, M. Xu, X. Qiao, et al., Kynurenine pathway metabolites
as biomarkers in Alzheimer's disease, Dis. Markers 2022 (2022) 9484217.
A. Ostapiuk, E.M. Urbanska, Kynurenic acid in neurodegenerative disorders-
unique neuroprotection or double-edged sword? CNS Neurosci. Ther. 28
(2022) 19-35.

V. Perez-De La Crugz, P. Carrillo-Mora, A. Santamaria, Quinolinic acid, an
endogenous molecule combining excitotoxicity, oxidative stress and other
toxic mechanisms, Int. J. Tryptophan Res. 5 (2012) 1-8.

K.S. Martin, M. Azzolini, J. Lira Ruas, The kynurenine connection: how ex-
ercise shifts muscle tryptophan metabolism and affects energy homeostasis,
the immune system, and the brain, Am. J. Physiol. Cell Physiol. 318 (2020)
(C818-C830.

D. Zhen, ]. Liu, X.D. Zhang, Z. Song, Kynurenic acid acts as a signaling
molecule regulating energy expenditure and is closely associated with
metabolic diseases, Front Endocrinol (Lausanne) 13 (2022) 847611.

L. Cervenka, L.Z. Agudelo, J.L. Ruas, Kynurenines: tryptophan's metabolites in
exercise, inflammation, and mental health, Science 357 (2017).

M.E. Maffei, 5-Hydroxytryptophan (5-HTP): natural occurrence, analysis,
biosynthesis, biotechnology, physiology and toxicology, Int. ]J. Mol. Sci. 22
(2020).

R. Meeusen, K. De Meirleir, Exercise and brain neurotransmission, Sports
Med. 20 (1995) 160-188.

S.A. Sinenko, A.A. Kuzmin, E.V. Skvortsova, S.V. Ponomartsev, E.V. Efimova,
et al., Tryptophan Hydroxylase-2-Mediated serotonin biosynthesis sup-
presses cell reprogramming into pluripotent State, Int. J. Mol. Sci. 24 (2023).
K. Nakamura, H. Hasegawa, Production and peripheral roles of 5-HTP, a
precursor of serotonin, Int. J. Tryptophan Res. 2 (2009) 37-43.

N. Terry, K.G. Margolis, Serotonergic mechanisms regulating the GI tract:
experimental evidence and therapeutic relevance, Handb. Exp. Pharmacol.
239 (2017) 319-342.

A. Kozik, ]. Potempa, ]. Travis, Spontaneous inactivation of human lung
tryptase as probed by size-exclusion chromatography and chemical cross-
linking: dissociation of active tetrameric enzyme into inactive monomers
is the primary event of the entire process, Biochim. Biophys. Acta 1385
(1998) 139-148.

M. Kanova, P. Kohout, Serotonin-its synthesis and roles in the healthy and
the critically ill, Int. J. Mol. Sci. 22 (2021).

H. Raskov, ]. Burcharth, H.C. Pommergaard, J. Rosenberg, Irritable bowel
syndrome, the microbiota and the gut-brain axis, Gut Microbes 7 (2016)
365-383.

R. Coray, B.B. Quednow, The role of serotonin in declarative memory: a
systematic review of animal and human research, Neurosci. Biobehav. Rev.
139 (2022) 104729.

M. Pourhamzeh, F.G. Moravej, M. Arabi, E. Shahriari, S. Mehrabi, et al., The
roles of serotonin in neuropsychiatric disorders, Cell. Mol. Neurobiol. 42
(2022) 1671-1692.

AN. Edinoff, H.A. Akuly, T.A. Hanna, C.0. Ochoa, SJ. Patti, et al., Selective
serotonin reuptake inhibitors and adverse effects: a narrative review,
Neurol. Int. 13 (2021) 387-401.

[56] J. Appleton, The gut-brain axis: influence of microbiota on mood and mental

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

health, Integr. Med. 17 (2018) 28-32.

T. Guzel, D. Mirowska-Guzel, The role of serotonin neurotransmission in
gastrointestinal tract and pharmacotherapy, Molecules 27 (2022).

D. Wang, P. Hou, H. Lang, Y. Xia, Q. Bai, et al., L-Tryptophan-Rich
diet alleviates high-intensity-exercise-induced liver dysfunction via the
metabolite Indole-3-Acetic acid and AhR activation, Cells 14 (2025).

S.K. Gupta, S. Vyavahare, L. Duchesne Blanes, F. Berger, C. Isales, et al.,
Microbiota-derived tryptophan metabolism: impacts on health, aging, and
disease, Exp. Gerontol. 183 (2023) 112319.

L. Yusufu, K. Ding, K. Smith, U.D. Wankhade, B. Sahay, et al., A tryptophan-
deficient diet induces gut microbiota dysbiosis and increases systemic
inflammation in aged mice, Int. J. Mol. Sci. 22 (2021).

C. Xue, G. Li, Q. Zheng, X. Gu, Q. Shi, et al., Tryptophan metabolism in health
and disease, Cell Metab. 35 (2023) 1304-1326.

Z.Lu, C. Zhang, J. Zhang, W. Su, G. Wang, et al., The kynurenine pathway and
indole pathway in tryptophan metabolism influence tumor progression,
Cancer Med. 14 (2025) e70703.

H. Kang, Z. Chen, B. Wang, Z. Chen, The AhR/IL-22 axis in chronic gut
inflammation: unraveling mechanisms and therapeutic prospects, Front.
Immunol. 16 (2025) 1668173.

N. Joisten, D. Walzik, A. Schenk, A.]. Metcalfe, S. Belen, et al., Acute exercise
activates the AHR in peripheral blood mononuclear cells in an intensity-
dependent manner, Am. J. Physiol. Cell Physiol. 327 (2024) C438-C445.

D. Patel, M. Potter, J.M. Anaya, M.E. McGee-Lawrence, M.W. Hamrick, et al.,
Kynurenine induces an age-related phenotype in bone marrow stromal

15

(66]

[67]

[68]

(69]

[70]

[71]

Biochimie xxx (XXXx) XXx

cells, Mech. Ageing Dev. 195 (2021) 111464.

H. Kaiser, K. Yu, C. Pandya, B. Mendhe, C.M. Isales, et al., Kynurenine, a
tryptophan metabolite that increases with age, induces muscle atrophy and
lipid peroxidation, Oxid. Med. Cell. Longev. 2019 (2019) 9894238.

L. Gao, T. Gao, T. Zeng, P. Huang, N.K. Wong, et al., Blockade of indoleamine
2, 3-dioxygenase 1 ameliorates hippocampal neurogenesis and BOLD-fMRI
signals in chronic stress precipitated depression, Aging (Albany NY) 13
(2021) 5875-5891.

V. Valdiglesias, D. Marcos-Perez, M. Lorenzi, G. Onder, ]J.M. Gostner, et al.,
Immunological alterations in frail older adults: a cross sectional study, Exp.
Gerontol. 112 (2018) 119-126.

M. Pertovaara, A. Raitala, T. Lehtimaki, P.J. Karhunen, S.S. Oja, et al., Indo-
leamine 2,3-dioxygenase activity in nonagenarians is markedly increased
and predicts mortality, Mech. Ageing Dev. 127 (2006) 497-499.

M.E. Refaey, M.E. McGee-Lawrence, S. Fulzele, E.J. Kennedy, W.B. Bollag, et
al,, Kynurenine, a tryptophan metabolite that accumulates with age, induces
bone loss, J. Bone Miner. Res. 32 (2017) 2182-2193.

E.M. Apalset, C.G. Gjesdal, P.M. Ueland, J. Oyen, K. Meyer, et al., Interferon
gamma (IFN-gamma)-mediated inflammation and the kynurenine pathway
in relation to risk of hip fractures: the hordaland health study, Osteoporos.
Int. 25 (2014) 2067-2075.

[72] ]. Ballesteros, D. Rivas, G. Duque, The role of the kynurenine pathway in the

[73]

[74]

[75]

[76]

pathophysiology of frailty, sarcopenia, and osteoporosis, Nutrients 15
(2023).

Y. Gao, J. Tao, M.O. Li, D. Zhang, H. Chi, et al., JNK1 is essential for CD8+ T
cell-mediated tumor immune surveillance, J. Immunol. 175 (2005)
5783-5789.

A. Brabban, S. Tai, D. Turkington, Predictors of outcome in brief cognitive
behavior therapy for schizophrenia, Schizophr. Bull. 35 (2009) 859-864.

Y. Watanabe, S. Koyama, A. Yamashita, Y. Matsuura, K. Nishihira, et al.,
Indoleamine 2,3-dioxygenase 1 in coronary atherosclerotic plaque en-
hances tissue factor expression in activated macrophages, Res. Pract.-
Thromb Haemost. 2 (2018) 726-735.

H. Miao, S.J. Zhang, X. Wu, P. Li, Y.Y. Zhao, Tryptophan metabolism as a
target in gut microbiota, ageing and kidney disease, Int. J. Biol. Sci. 21 (2025)
4374-4387.

[77] J. Ogbechi, F.I. Clanchy, Y.S. Huang, L.M. Topping, T.W. Stone, et al., IDO

(78]

[79]

(80]

[81]

[82]

(83]

[84]

[85]

(86]

(87]

[88]

(89]

[90]

activation, inflammation and musculoskeletal disease, Exp. Gerontol. 131
(2020) 110820.

S. Vyavahare, S. Kumar, N. Cantu, R. Kolhe, W.B. Bollag, et al., Tryptophan-
Kynurenine pathway in COVID-19-Dependent musculoskeletal pathology: a
minireview, Mediat. Inflamm. 2021 (2021) 2911578.

S. Vyavahare, P. Ahluwalia, S.K. Gupta, R. Kolhe, W.D. Hill, et al., The role of
aryl hydrocarbon receptor in bone biology, Int. J. Tryptophan Res. 17 (2024)
11786469241246674.

P. Yang, J. Zhang, Indoleamine 2,3-Dioxygenase (IDO) activity: a perspective
biomarker for laboratory determination in tumor immunotherapy, Bio-
medicines 11 (2023).

P. Zimmer, M.E. Schmidt, M.T. Prentzell, B. Berdel, ]. Wiskemann, et al.,
Resistance exercise reduces Kynurenine pathway metabolites in breast
cancer patients undergoing radiotherapy, Front. Oncol. 9 (2019) 962.

DJ. Allison, J.P. Nederveen, T. Snijders, K.E. Bell, D. Kumbhare, et al., Exercise
training impacts skeletal muscle gene expression related to the kynurenine
pathway, Am. J. Physiol. Cell Physiol. 316 (2019) C444-C448.

B. Strasser, D. Geiger, M. Schauer, H. Gatterer, M. Burtscher, et al., Effects of
exhaustive aerobic exercise on tryptophan-Kynurenine metabolism in
trained athletes, PLoS One 11 (2016) e0153617.

N. Joisten, F. Kummerhoff, C. Koliamitra, A. Schenk, D. Walzik, et al., Exercise
and the Kynurenine pathway: current state of knowledge and results from a
randomized cross-over study comparing acute effects of endurance and
resistance training, Exerc. Immunol. Rev. 26 (2020) 24-42.

T.K. BoRlau, P. Wasserfurth, T. Reichel, C. Weyh, J. Palmowski, et al., 12-
week combined strength and endurance exercise attenuates CD8(+) T-cell
differentiation and affects the kynurenine pathway in the elderly: a ran-
domized controlled trial, Immun. Ageing 20 (2023) 19.

H. Dang, R. Castro-Portuguez, L. Espejo, G. Backer, S. Freitas, et al., On the
benefits of the tryptophan metabolite 3-hydroxyanthranilic acid in Caeno-
rhabditis elegans and mouse aging, Nat. Commun. 14 (2023) 8338.

N. Joisten, M. Reuter, F. Rosenberger, A. Venhorst, M. Kupjetz, et al., Exercise
training restores longevity-associated tryptophan metabolite 3-
hydroxyanthranilic acid levels in middle-aged adults, Acta Physiol. 241
(2025) e70041.

W.AJ. Vints, ]. Seikinaite, E. Gokce, S. Kusleikiene, M. Sarkinaite, et al.,
Resistance exercise effects on hippocampus subfield volumes and bio-
markers of neuroplasticity and neuroinflammation in older adults with low
and high risk of mild cognitive impairment: a randomized controlled trial,
Geroscience 46 (2024) 3971-3991.

P. Brzezinska, J. Mieszkowski, B. Stankiewicz, T. Kowalik, ]. Reczkowicz, et
al.,, Direct effects of remote ischemic preconditioning on post-exercise-
induced changes in kynurenine metabolism, Front. Physiol. 15 (2024)
1462289.

N. Joisten, A. Rademacher, C. Warnke, S. Proschinger, A. Schenk, et al., Ex-
ercise diminishes plasma neurofilament light chain and reroutes the
kynurenine pathway in multiple sclerosis, Neurol Neuroimmunol .Neuro-
inflamm 8 (2021).


http://refhub.elsevier.com/S0300-9084(25)00267-6/sref35
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref36
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref36
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref36
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref37
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref37
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref38
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref38
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref38
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref38
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref39
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref39
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref40
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref40
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref40
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref41
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref41
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref41
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref42
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref42
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref42
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref42
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref43
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref43
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref43
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref44
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref44
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref45
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref45
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref45
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref46
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref46
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref47
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref47
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref47
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref48
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref48
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref49
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref49
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref49
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref50
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref50
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref50
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref50
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref50
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref51
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref51
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref52
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref52
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref52
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref53
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref53
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref53
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref54
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref54
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref54
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref55
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref55
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref55
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref56
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref56
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref57
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref57
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref58
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref58
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref58
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref59
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref59
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref59
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref60
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref60
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref60
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref61
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref61
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref62
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref62
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref62
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref63
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref63
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref63
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref64
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref64
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref64
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref65
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref65
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref65
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref66
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref66
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref66
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref67
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref67
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref67
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref67
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref68
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref68
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref68
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref69
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref69
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref69
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref70
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref70
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref70
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref71
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref71
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref71
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref71
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref72
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref72
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref72
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref73
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref73
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref73
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref74
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref74
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref75
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref75
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref75
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref75
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref76
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref76
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref76
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref77
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref77
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref77
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref78
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref78
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref78
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref79
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref79
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref79
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref80
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref80
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref80
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref81
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref81
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref81
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref82
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref82
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref82
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref83
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref83
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref83
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref84
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref84
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref84
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref84
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref85
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref85
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref85
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref85
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref86
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref86
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref86
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref87
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref87
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref87
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref87
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref88
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref88
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref88
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref88
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref88
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref89
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref89
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref89
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref89
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref90
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref90
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref90
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref90

ARTICLE IN PRESS

D.M. Asante, S. Vyavahare, M. Shukla et al.

[91]

[92]

[93]

A. Pal, P. Zimmer, D. Clauss, M.E. Schmidt, C.M. Ulrich, et al., Resistance
exercise modulates kynurenine pathway in pancreatic cancer patients, Int. J.
Sports Med. 42 (2021) 33-40.

D.C. Nieman, L.M. Wentz, The compelling link between physical activity and
the body's defense system, ]J. Sport Health Sci. 8 (2019) 201-217.

Y.S. Jee, Influences of acute and/or chronic exercise on human immunity:
third series of scientific evidence, J. Exerc Rehabil. 16 (2020) 205-206.

[94] J.M. Mudry, P.S. Alm, S. Erhardt, M. Goiny, T. Fritz, et al., Direct effects of

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

exercise on kynurenine metabolism in people with normal glucose toler-
ance or type 2 diabetes, Diabetes Metab. Res. Rev. 32 (2016) 754-761.

L.Z. Agudelo, T. Femenia, F. Orhan, M. Porsmyr-Palmertz, M. Goiny, et al.,
Skeletal muscle PGC-1alphal modulates kynurenine metabolism and me-
diates resilience to stress-induced depression, Cell 159 (2014) 33-45.

A. Campanale, A. Inserra, S. Comai, Therapeutic modulation of the kynur-
enine pathway in severe mental illness and comorbidities: a potential role
for serotonergic psychedelics, Prog. Neuropsychopharmacol. Biol. Psychia-
try 134 (2024) 111058.

A.L. da Rocha, A.P. Pinto, I.V. de Sousa Neto, V.R. Munoz, B.B. Marafon, et al.,
Exhaustive exercise abolishes REV-ERB-alpha circadian rhythm and shifts
the kynurenine pathway to a neurotoxic profile in mice, J. Physiol. 603
(2025) 3923-3944.

KJ. Lee, KH. Jung, J.Y. Cho, S.T. Lee, H.S. Kim, et al., High-fat diet and
voluntary chronic aerobic exercise recover altered levels of aging-related
tryptophan metabolites along the kynurenine pathway, Exp Neurobiol. 26
(2017) 132-140.

C.H. Su, H.C. Chuang, CJ. Hong, Physical exercise prevents mice from L-
Kynurenine-induced depression-like behavior, Asian J. Psychiatr 48 (2020)
101894.

L.C. Souza, CR. Jesse, L. Del Fabbro, M.G. de Gomes, A.T.R. Goes, et al.,
Swimming exercise prevents behavioural disturbances induced by an
intracerebroventricular injection of amyloid-beta(1-42) peptide through
modulation of cytokine/NF-kappaB pathway and indoleamine-2,3-
dioxygenase in mouse brain, Behav. Brain Res. 331 (2017) 1-13.

A. leraci, S. Beggiato, L. Ferraro, S.S. Barbieri, M. Popoli, Kynurenine pathway
is altered in BDNF Val66Met knock-in mice: effect of physical exercise,
Brain Behav. Immun. 89 (2020) 440-450.

A. Vazquez-Medina, N. Rodriguez-Trujillo, K. Ayuso-Rodriguez, F. Marini-
Martinez, R. Angeli-Morales, et al., Exploring the interplay between running
exercises, microbial diversity, and tryptophan metabolism along the
microbiota-gut-brain axis, Front. Microbiol. 15 (2024) 1326584.

T.A. Jenkins, ].C. Nguyen, K.E. Polglaze, P.P. Bertrand, Influence of tryptophan
and serotonin on mood and cognition with a possible role of the gut-brain
axis, Nutrients 8 (2016).

[104] J. Ren, H. Xiao, Exercise for mental well-being: exploring neurobiological

[105]

[106]

advances and intervention effects in depression, Life 13 (2023).

T.W. Lin, Y.M. Kuo, Exercise benefits brain function: the monoamine
connection, Brain Sci. 3 (2013) 39-53.

R. Hoseini, E. Ghafari, Kynurenine pathway modulation by exercise in
multiple sclerosis: implications for neuroprotection and inflammation, Cell.
Mol. Neurobiol. 45 (2025) 74.

[107] ].D. Fernstrom, M.H. Fernstrom, Exercise, serum free tryptophan, and cen-

[108]

[109]

[110]

[111]

[112]

[113]

tral fatigue, J. Nutr. 136 (2006) 5535-559S.

R.A. Azevedo, R. Cruz, M.D. Silva-Cavalcante, A.E. Lima-Silva, R. Bertuzzi, The
blood serum metabolome profile after different phases of a 4-km cycling
time trial: secondary analysis of a randomized controlled trial, Eur. ]. Sport
Sci. 24 (2024) 721-731.

P. Zimmer, C. Stritt, W. Bloch, F.P. Schmidt, S.T. Hubner, et al., The effects of
different aerobic exercise intensities on serum serotonin concentrations
and their association with stroop task performance: a randomized
controlled trial, Eur. J. Appl. Physiol. 116 (2016) 2025-2034.

Y. Liu, C. Chen, H. Du, M. Xue, N. Zhu, Impact of Baduanjin exercise com-
bined with rational emotive behavior therapy on sleep and mood in pa-
tients with poststroke depression: a randomized controlled trial, Medicine
(Baltim.) 103 (2024) e38180.

H.W. Tsang, W.W. Tsang, A.Y. Jones, K.M. Fung, A.H. Chan, et al., Psycho-
physical and neurophysiological effects of qigong on depressed elders with
chronic illness, Aging Ment. Health 17 (2013) 336-348.

M.O. Melancon, D. Lorrain, IJ. Dionne, Exercise increases tryptophan
availability to the brain in older men age 57-70 years, Med. Sci. Sports
Exerc. 44 (2012) 881-887.

V. Valim, J. Natour, Y. Xiao, A.F. Pereira, B.B. Lopes, et al., Effects of physical
exercise on serum levels of serotonin and its metabolite in fibromyalgia: a
randomized pilot study, Rev. Bras. Reumatol. 53 (2013) 538-541.

16

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Biochimie xxx (XXXX) XXx

A. Al-Sharman, H. Khalil, K. El-Salem, M. Aldughmi, A. Aburub, The effects of
aerobic exercise on sleep quality measures and sleep-related biomarkers in
individuals with multiple sclerosis: a pilot randomised controlled trial,
NeuroRehabilitation 45 (2019) 107-115.

J. Bansi, C. Koliamitra, W. Bloch, N. Joisten, A. Schenk, et al., Persons with
secondary progressive and relapsing remitting multiple sclerosis reveal
different responses of tryptophan metabolism to acute endurance exercise
and training, J. Neuroimmunol. 314 (2018) 101-105.

Y.K. Lee, S.Y. Cho, H.T. Roh, Effects of 16 weeks of taekwondo training on the
cerebral blood flow velocity, circulating neurotransmitters, and subjective
well-being of Obese postmenopausal women, Int. ]J. Environ. Res. Publ.
Health 18 (2021).

S. Chang, L. Cheng, H. Liu, Effects of three-duration Tai-Chi exercises on
depression and sleep quality in older women, Eur Geriatr Med. 15 (2024)
1141-1148.

S. Hu, L. Tucker, C. Wu, L. Yang, Beneficial effects of exercise on depression
and anxiety during the Covid-19 pandemic: a narrative review, Front.
Psychiatr. 11 (2020) 587557.

Pahlavani H. Alizadeh, Possible role of exercise therapy on depression:
effector neurotransmitters as key players, Behav. Brain Res. 459 (2024)
114791.

H. Lee, M. Ohno, S. Ohta, T. Mikami, Regular moderate or intense exercise
prevents depression-like behavior without change of hippocampal trypto-
phan content in chronically tryptophan-deficient and stressed mice, PLoS
One 8 (2013) e66996.

D. Sajedi, R. Shabani, A. Elmieh, Changes in leptin, serotonin, and cortisol
after eight weeks of aerobic exercise with probiotic intake in a cuprizone-
induced demyelination mouse model of multiple sclerosis, Cytokine 144
(2021) 155590.

P.R. Pereira, M.C. Oliveira-Junior, B. Mackenzie, J.E. Chiovatto, Y. Matos, et
al., Exercise reduces lung fibrosis involving serotonin/Akt signaling, Med.
Sci. Sports Exerc. 48 (2016) 1276-1284.

Z. Lyu, Z.G. Gong, M.X. Huang, S.P. Xin, M.Z. Zou, et al., Benefits of exercise
on cognitive impairment in alcohol use disorder following alcohol with-
drawal, FEBS Open Bio. 14 (2024) 1540-1558.

G.C. Claghorn, LA.T. Fonseca, Z. Thompson, C. Barber, T. Garland Jr., Sero-
tonin-mediated central fatigue underlies increased endurance capacity in
mice from lines selectively bred for high voluntary wheel running, Physiol.
Behav. 161 (2016) 145-154.

Y.S. Zhou, F.C. Meng, Y. Cui, Y.L. Xiong, X.Y. Li, et al., Regular aerobic exercise
attenuates pain and anxiety in mice by restoring serotonin-modulated
synaptic plasticity in the anterior cingulate cortex, Med. Sci. Sports Exerc.
54 (2022) 566-581.

ES. Ji, JM. Lee, TW. Kim, Y.M. Kim, Y.S. Kim, et al., Treadmill exercise
ameliorates depressive symptoms through increasing serotonin expression
in postpartum depression rats, J. Exerc Rehabil. 13 (2017) 130-135.

F. Ebrahimian, N. Najdi, F.F. Masrour, A.A. Salari, Swimming exercise strain-
dependently affects maternal care and depression-related behaviors
through gestational corticosterone and brain serotonin in postpartum
dams, Brain Res. Bull. 188 (2022) 122-130.

F. Klempin, D. Beis, V. Mosienko, G. Kempermann, M. Bader, et al., Serotonin
is required for exercise-induced adult hippocampal neurogenesis,
J. Neurosci. 33 (2013) 8270-8275.

A.K. Warner, L. Iskander, K. Allen, I. Quatela, H. Borrelli, et al., The effects of
brain serotonin deficiency on the behavioral and neurogenesis-promoting
effects of voluntary exercise in tryptophan hydroxylase 2 (R439H) knock-
in mice, Neuropharmacology 258 (2024) 110082.

M. Tabone, C. Bressa, J.A. Garcia-Merino, D. Moreno-Perez, E.C. Van, et al.,
The effect of acute moderate-intensity exercise on the serum and fecal
metabolomes and the gut microbiota of cross-country endurance athletes,
Sci. Rep. 11 (2021) 3558.

M.C. Kasperek, L. Mailing, B.D. Piccolo, B. Moody, R. Lan, et al., Exercise
training modifies xenometabolites in gut and circulation of lean and obese
adults, Phys. Rep. 11 (2023) e15638.

A. Dawson, B. Ghafouri, B. Gerdle, T. List, P. Svensson, et al., Pain and
intramuscular release of algesic substances in the masseter muscle after
experimental tooth-clenching exercises in healthy subjects, ]. Orofac. Pain
27 (2013) 350-360.

B.H. Moghadam, R. Bagheri, B. Roozbeh, D. Ashtary-Larky, A.A. Gaeini, et al.,
Impact of saffron (Crocus Sativus Linn) supplementation and resistance
training on markers implicated in depression and happiness levels in un-
trained young males, Physiol. Behav. 233 (2021) 113352.


http://refhub.elsevier.com/S0300-9084(25)00267-6/sref91
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref91
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref91
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref92
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref92
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref93
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref93
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref94
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref94
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref94
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref95
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref95
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref95
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref96
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref96
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref96
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref96
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref97
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref97
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref97
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref97
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref98
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref98
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref98
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref98
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref99
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref99
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref99
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref100
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref100
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref100
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref100
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref100
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref101
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref101
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref101
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref102
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref102
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref102
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref102
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref103
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref103
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref103
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref104
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref104
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref105
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref105
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref106
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref106
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref106
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref107
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref107
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref108
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref108
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref108
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref108
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref109
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref109
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref109
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref109
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref110
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref110
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref110
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref110
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref111
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref111
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref111
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref112
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref112
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref112
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref113
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref113
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref113
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref114
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref114
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref114
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref114
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref115
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref115
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref115
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref115
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref116
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref116
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref116
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref116
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref117
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref117
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref117
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref118
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref118
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref118
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref119
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref119
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref119
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref120
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref120
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref120
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref120
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref121
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref121
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref121
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref121
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref122
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref122
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref122
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref123
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref123
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref123
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref124
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref124
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref124
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref124
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref125
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref125
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref125
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref125
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref126
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref126
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref126
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref127
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref127
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref127
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref127
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref128
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref128
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref128
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref129
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref129
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref129
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref129
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref130
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref130
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref130
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref130
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref131
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref131
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref131
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref132
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref132
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref132
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref132
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref133
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref133
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref133
http://refhub.elsevier.com/S0300-9084(25)00267-6/sref133

	Exercise-driven changes in tryptophan metabolism leading to healthy aging
	1. Introduction
	2. Overview of tryptophan metabolism
	2.1. KYN signaling pathway
	2.2. Serotonin pathway
	2.3. Indole pathway

	3. Overview of age-related alteration in KYN metabolites
	4. Exercise as a modulator of IDO1-KYN metabolism
	4.1. Human clinical studies demonstrating modulation of IDO1-KYN metabolism
	4.2. Impact of exercise on kynurenine pathway dynamics across age-related comorbidities
	4.3. Acute and chronic exercise adaptations in tryptophan metabolism

	5. Rodent studies supporting human clinical outcomes
	6. Exercise and serotonin pathway
	6.1. Exercise and serotonin levels in human clinical studies
	6.2. Preclinical evidence for exercise-mediated regulation of serotonin in brain health

	7. Exercise and indole pathway
	8. Conclusion
	9. Future directions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledge
	flink12
	References


