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ABSTRACT: Low levels of the neurotransmitter serotonin have been associated with the onset of depression. While traditional treatments include
antidepressants, physical exercise has emerged as an alternative for patients with depressive disorders. Yet there remains the fundamental
question of how exercise is sensed by the brain. The existence of a muscle-brain endocrine loop has been proposed: according to this scenario,
exercise modulates metabolization of tryptophan into kynurenine within skeletal muscle, which in turn affects the brain, enhancing resistance to
depression. But the breakdown of tryptophan into kynurenine during exercise may also alter serotonin synthesis and help limit depression. In
this study, we investigated whether peripheral serotonin might play a role in muscle-brain communication permitting adaptation for endurance
training. We first quantified tryptophan metabolites in the blood of 4 trained athletes before and after a long-distance trail race and correlated
changes in tryptophan metabolism with physical performance. In parallel, to assess exercise capacity and endurance in trained control and
peripheral serotonin—deficient mice, we used a treadmill incremental test. Peripheral serotonin—deficient mice exhibited a significant drop in
physical performance despite endurance training. Brain levels of tryptophan metabolites were similar in wild-type and peripheral serotonin—defi-
cient animals, and no products of muscle-induced tryptophan metabolism were found in the plasma or brains of peripheral serotonin—deficient
mice. But mass spectrometric analyses revealed a significant decrease in levels of 5-hydroxyindoleacetic acid (5-HIAA), the main serotonin
metabolite, in both the soleus and plantaris muscles, demonstrating that metabolization of tryptophan into serotonin in muscles is essential for
adaptation to endurance training. In light of these findings, the breakdown of tryptophan into peripheral but not brain serotonin appears to be the
rate-limiting step for muscle adaptation to endurance training. The data suggest that there is a peripheral mechanism responsible for the positive
effects of exercise, and that muscles are secretory organs with autocrine-paracrine roles in which serotonin has a local effect.
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Introduction

Through 2 different pathways, the essential amino acid trypto-
phan (TRP) is the precursor of the well-known neurotransmit-
ter serotonin (5-hydroxytryptamine, or 5-HT') and kynurenine
(KYN) metabolites. TRP is hydroxylated by tryptophan
hydroxylase (Tph) into 5-hydroxytryptophan (5-HTP), and
5-HTP is then decarboxylated by 5-HTP decarboxylase for
the synthesis of 5-HT. The 2 Tph isoforms, Tphl and Tph2,
are expressed respectively in peripheral and in brain tissues.?
Hence 5-HT exerts its effects both centrally and in the periph-
ery. While TRP can cross the blood—brain barrier, 5-HT can-
not, and each pool of 5-H'T has a specific set of functions. TRP
is also metabolized through the KYN pathway (see Figure 1A).

Kynurenine can cross the blood-brain barrier and be further
metabolized, in the periphery as well as the brain. A neuropro-
tective branch of the pathway, dependent on the enzyme
kynurenine aminotransferase (KAT), yields kynurenic acid
(KYNA), which cannot pass the blood-brain barrier. There is
also a neurotoxic branch, dependent on kynurenine 3-monoox-
ygenase, which shifts the pathway toward the production of
potentially neurotoxic metabolites, including 3-hydrox-
ykynurenine (3-HK) and quinolinic acid.> We and others have
shown that a tight control of TRP metabolism is critical for
maintaining healthy homeostasis, as changes in TRP concen-
trations are associated with physiological and behavioral pro-
cesses.*7 For instance, low levels of 5-HT and high levels of
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Figure 1. Serotonin synthesis via tryptophan metabolism is essential for intense exercise in trained runners. Tryptophan serum metabolites in 4 trained
runners (designated A, B, C, and D) were quantified using liquid chromatography—tandem mass spectrometry during 2 different long-distance trail races,
as described in Table 1: (A) metabolites that cross the blood—brain barrier are underlined, those having a neuroprotective effect are printed in italic-green,
and those that are neurotoxic are printed in red-bold, (B—G) metabolite concentrations in blood samples taken at different points in the race (expressed as

percentage of total distance covered on the x-axes) are shown for the 4 runners, using a unique symbol for each (see key to the right of panel (G)).
5-HIAA, 5-hydroxyindoleacetic acid; 5-HTP, 5-hydroxytryptophan; IDO, indoleamine 2,3-dioxygenase; KAT, kynurenine aminotransferase; KMO, kynurenine

3-monooxygenase; TDO, tryptophan 2,3-dioxygenase; Tph1, tryptophan hydroxylase 1.

neurotoxic KYN have been associated with depression. There
is much evidence to suggest that physical exercise is an alterna-
tive treatment for patients with a depressive disorder. During
physical exercise, blood TRP levels have been shown to rise,
which leads to higher TRP levels in the central nervous system,
and subsequently, more 5-H'T in the brain and plasma.®? Other
studies demonstrate that exercise enhances muscular expres-
sion of KAT, which reduces depression-like symptoms by con-
version of neurotoxic KYN into neuroprotective KYNA.10
Furthermore, elevated plasma KYNA levels have been observed
after endurance exercise in mice and humans.!*12 These find-
ings suggest that muscle-induced peripheral factors enable
direct communication between the muscles and the brain that
is necessary for adaptation to endurance training.

In this study, we investigated whether a peripheral 5-HT
pathway might be involved in an exercise-dependent muscle—
brain loop. A trained mouse model deficient in peripheral
5-HT and trained athletes were analyzed. Control and 5-HT—-
deficient mice underwent endurance training, consisting of
repeated sessions of endurance exercise, where each session was
a treadmill incremental test that ended when the mouse became

exhausted. We next measured TRP metabolites and used the
5-HIAA/5-HT ratio as an estimator of serotonergic activity.

Results

TRP conversion into 5-HT essential for intense
exercise in trained runners

To examine changes in concentration of TRP metabolites in 4
volunteers (labeled A, B, C, and D), all trained amateur run-
ners, blood samples were collected at several selected time
points during their respective races held in 2017 (Table 1).
There were 2 races, both long-distance races: the 166-km
Diagonale des Fous and 112-km Trail du Bourbon. Serum
concentrations of TRP,KYN, 5-HT, and 5-hydroxyindoleacetic
acid (5-HIAA) were determined using liquid chromatogra-
phy—tandem mass spectrometry. In Figure 1B to G, metabolite
concentrations are shown for each sampling point, and varia-
tion in TRP metabolism is evident. Levels of 5-H'T dropped by
approximately 55% for both runners of the 166-km race, and
by 75% for both runners of the 112-km race (Figure 1B and
Table 1). At the end of each race, there was a striking increase
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Table 1. Runners, races, and tryptophan metabolism.

JOUFFROY ET AL

RUNNERS LONG-DISTANCE
TRAIL RACE

RUNNER SEX AGE HEIGHT  WEIGHT  DISTANCE
(YEARS)  (CM) (KG) (KM)

A M 43 180 80 166

B M 39 178 77 166

C M 37 172 72 112

D F 35 165 56 112

6.468
6.468

METABOLITE VARIATION (%) BEFORE AND AFTER RACE

KYN 5-HT IDO 5-HIAA/5-
ACTIVITY  HT

9.611 -8.4 25 -58.9 32.1 36.5 2214
9.611 121 257 527 40.2 12.2 196.6
-13.7 16 -726 -16.8 34.5 203.3
-346 -376 -77.8 14.9 -4.6 417.5

IDO, indoleamine 2,3-dioxygenase activity is indicated by the kynurenine-to-tryptophan ratio; CEG, cumulative elevation gain; 5-HIAA, 5-hydroxyindolacetic acid; 5-HT,

serotonin; F, female; KYN, kynurenine; M, male; TRP, tryptophan.

Tryptophan metabolites in serum from 4 trained runners were quantified by liquid chromatography—tandem mass spectrometry during 2 long-distance trail races.

in the ratio of 5-HIAA to 5-HT—commonly used as an esti-
mator of serotonergic activity!>*—for all participants: by
approximately 210% for the 166-km race 300% for the 112-km
race (Figure 1C and Table 1). However, there were no varia-
tions in KYN pathway metabolites throughout the race. Except
for runner C, KYN levels were constant, and indoleamine
2,3-dioxygenase (IDO) activity, represented by the ratio of
KYN to TRP, remained stable for all participants (Figure 1D
and E). No significant changes are observed in tryptophan
metabolism toward kynurenine or 5-HT production through-
out the race (Figure 1F). Moreover, no variation in 5-HIAA
concentration was observed throughout the race (Figure 1G).
In summary, serum analyses suggested that both TRP conver-
sion into 5-HT and 5-HT turnover are part of adaptation for
endurance exercise, as represented by long-distance trail races,
in trained runners.

Reduced Physical Performance in 5-HT-Deficient
Mice Undergoing Endurance Training

To further understand how 5-HT plays a role in adaptation to
endurance training, we used a 7phl knockout (peripheral
5-HT—deficient mouse model) (7ps1 KO) and wild-type
(WT) control mice. All mice had treadmill training 3 times a
week (wk) for 10weeks (Figure 2A). First, we determined body
weights and compositions before and after each training ses-
sion. To measure their performance after endurance training,
WT and 7ph1 KO mice were subjected to incremental tread-
mill tests (Figure 2A and B). The maximum speed (S,,,,), that
is, the speed at which the mouse could no longer advance on
the treadmill, was recorded. No difference was observed
between WT and 7phl KO mice after the first endurance
training (week 0) but after 3weeks of endurance training, WT
is higher of 20% (Figure 2C, 3weeks, P=.0045).
Moreover after 6 weeks of endurance training, S, in 7ph1 KO
mice was 21% lower than in WT mice (sixth week: WT,
0.56 =0.12; Tph1 KO, 0.44+0.07, P=.0191) (Figure 2C).
This difference, even if no significant, persisted throughout the

mice S,

period of endurance training (10th week: WT, 0.62 +0.07,
Tph1 KO: 0.48 +0.09, P=.0545). Respiratory exchange ratio
(RER) was recorded and analyzed at the peak of O, consump-
tion (VO,peak) of mice during endurance training. Calorimetric
parameters were measured during the last session of 10 weeks
of training. RER at VO,peak is decreased in Tphl KO mice
compared to WT (Figure 2D, P=.0499) but their consump-
tion of O, (VO,peak) is increased compared to WT (Figure
2E, P=.0104). Moreover, the consumption of O, relative to the
lean mass (VO,peak/lean mass) was increased in Tphl KO
mice after 10weeks of training (Figure 2E, P=.0002). Yet,
throughout the training period, body weights and muscle mass
were similar for both WT and 7ph1 KO mice (Figure 2G-I).
Given these findings, we argue that reduced levels of peripheral
5-HT in Tph1 KO mice might be responsible for their lesser

response to endurance training.

Inadequate response to endurance training in

S5-HT-deficient mice

WEe also considered TRP metabolism in the plasma of WT and
Tph1 KO mice before (steady state) and after endurance train-
ing. Our data revealed a significant increase in TRP for Tph1
KO mice after training despite lower levels of circulating TRP in
the 7phl KO mice before training (Figure 3A, P=.0152).
However, circulating Kynurenine concentration before and after
endurance training did not change (Figure 3B). Endurance
training increased plasma 3-HK and KYNA levels in both WT
and Tph1 KO mice, whereas no change in anthranilic acid con-
centration was observed (Figures 1A and 3C: WT P=.0093 and
Tphl KO P=.0411; Figure 3D: WT P=.046 and Tphl KO
P=.0022; Figure 3E). No difference in IDO activity was noted
(Figure 3F). In Tphl KO mice, circulating 5-HT was lower
before training (Figure 3G, P=.0043) but increased after endur-
ance training until to have a same plasma 5-HT concentration
than WT (Figure 3G, P=.026). In contrast, metabolization of
TRP into 5-HT was impaired in 7phI KO mice. Figure 31
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Figure 2. Reduced physical performance in 5-HT-deficient mice undergoing endurance training: (A) experimental protocol: mice ran 3 times a week for
10weeks, (B) incremental treadmill protocol for each session, (C) maximum speed (m s-') reached by mice at exhaustion, (D) RER at VO,peak reached by
mice at the last training session after 10 weeks of training, (E) VO,peak (L min-') reached by mice at the last training session after 10 weeks of training, (F)
VO,peak/lean mass (L min-' g) reached by mice at the last training session after 10 weeks of training, (G) weight, (H) lean mass, and (I) fat mass of mice

at different time points during training. Body composition was measured by nuclear magnetic resonance.
Wild-type male (WT_M), n=4; wild-type female (WT_F), n=4; peripheral 5-HT—deficient male (Tph7 KO_M), n=4; peripheral 5-HT—deficient female (Tph1 KO_F),
n=4. Mean =+ SD. Variance homogeneity with Levene test, Mann-Whitney tests were performed as appropriate after interactions were observed with 2-way ANOVA:

***P <.0001.

shows that, after endurance training, the ratio of 5-HIAA to
5-HT had increased by 624.7% in WT mice (Figure 3I,
P=.0022), yet no variation of this ratio was seen in 7phI KO
mice. This may be explained by the fact that 5-HIAA levels only

increased slightly in 7p41 KO mice, relative to WT mice (WT:

282.8+50.9; Tph1 KO: 142 = 81; P=.0012) (Figure 3H).
Overall, the data show that, in 5-HT—deficient mice, failure

to respond is not associated with decreased TRP levels or
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Figure 3. Inadequate response to endurance training in Tph7 KO mice. Metabolite concentrations in plasma from wild-type (WT) and peripheral
5-HT-deficient (Tph1 KO) mice were measured by mass spectrometry before and after training, following the last endurance exercise session: (A)
tryptophan, (B) kynurenine, (C) 3-hydroxykynurenine (3-HK), (D) kynurenic acid, (E) anthranilic acid concentrations in plasma, (F) indoleamine
2,3-dioxygenase (IDO) activity (ratio of kynurenine to tryptophan, expressed as percentage), (G) serotonin (5-HT) and (H) 5-hydroxyindoleacetic acid

(5-HIAA) concentrations in plasma, and (1) ratio of 5-HIAA to 5-HT, expressed as percentage.
WT, n=8; Tph1 KO, n=8. Mean =+ SD. Variance homogeneity with Levene test, Mann-Whitney tests were performed appropriate after interactions were observed in
repeated measure 2-way ANOVA. The following significance levels were used: *P <.01. **P <.001.

insufficient production of KYN metabolites. Rather, the ratio
of 5-HIAA to 5-HT suggests that, even though 5-HT is pre-
sent in the plasma of TpA1 KO mice, it is not metabolized. No
decrease in the expression of the Type A or B monoamine oxi-
dase (MAOA or MAOB), which catabolizes monoamine
transmitters including 5-HT, further supports this hypothesis
(data not shown).

Peripheral but not brain 5-HT necessary for

adapz‘az‘ion to endurance exercise session

The findings presented above imply that a decrease in both
peripheral 5-HT levels and serotonergic activity was respon-
sible for the lesser response to endurance training. We next

investigated TRP metabolism in trained mice after 1 endur-
ance exercise session, to mimic the conditions of trained run-
ners after a long-distance trail race. It has been suggested that
exercise triggers the release of muscle-derived factors that
pass through the blood-brain barrier and influence brain
function, constituting a sort of muscle—brain communication.
Previous studies have proposed that exercise may have a neu-
roprotective effect, shifting TRP metabolism away from the
production of neurotoxic KYN, which crosses the blood—
brain barrier, to the production of nontoxic KYNA. To test
this hypothesis, levels of TRP and its metabolites on the
5-HT and KYN pathway branches (Figure 1A) were deter-
mined by mass spectrometry. Specifically, 5-HT, 5-HIAA,
KYN, 3-HK, KYNA, and anthranilic acid concentrations
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Figure 4. Peripheral but not brain 5-HT necessary for adaptation to endurance exercise. Metabolite concentrations in the (A) soleus, (B) plantaris
muscles, (C) brainstem, and (D) brain of wild-type (WT) and peripheral 5-HT—deficient (Tph7 KO) mice, after 10weeks of endurance training, as

determined by mass spectrometry.

3-HK, 3-hydroxykynurenine; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine (serotonin).
WT, n=8; Tph1 KO, n=8. Mean =+ SD. Variance homogeneity with Levene test, Mann-Whitney tests were performed: *P <.01. **P <.001.

were measured in the brain, brainstem, and soleus and planta-
ris muscles. In both muscles, 5-HIAA levels were signifi-
cantly lower in 7phI KO mice (5-HIAA in soleus: WT:
31.5%+20.9; Tph1 KO: 16 £7.6; P=.0207 and 5-HIAA in
plantaris: WT: 35.7 + 11.33; Tph1 KO: 14.5 + 4.9, P=.0011)
while 5-HT levels were identical for 7ps1 KO and WT mice
(Figure 4A and B). However, anthranilic acid is specifically
decreased in plantaris 7phl KO compared to WT mice
(Figure 4B, P=.0499). No variation in TRP metabolism
along the KYN or 5-HT branches was observed in any part of
the brain or brainstem (Figure 4C and D).

No communication between muscle and brain
seems necessary for adaptation to endurance exercise
session

The previous data prompted us to analyze IDO activity and
5-HT turnover (5-HIAA/5-HT, expressed as percentage),
since it has been postulated that exercise prevents depression by
increasing expression of skeletal muscle KAT, which in turn
shifts KYN metabolism away from the production of neuro-
toxic KYN and toward that of neuroprotective KYNA (Figure
1A). As shown in Figure 5, there was no observed variation in
IDO activity within the brain or muscle, in either WT or Tph1
KO mice, and TRP levels were normal. Moreover, no variation
was detected in the ratios of KYNA to KYN and 3-HK to
KYN, indicating no variation in KAT activity (Figure 5A and

B). While the 5-HIAA-to—5-HT ratio did decrease signifi-
cantly in the plantaris and soleus muscles of 7ps7 KO mice
(Soleus: WT: 1.9 £0.74; Tph1 KO: 0.9 =0.43; P=.0398 and
Plantaris: WT 1.3 £0.53, Tph1 KO: 0.9£0.43, P=.0095;
Figure 5C and D), there was no such variation in the brain or
brainstem (Figure SE and F). These and the previous findings
argue against the existence of a muscle—brain endocrine loop;
they instead suggest that physical exercise induces a beneficial
shift, within the soleus and plantaris muscles, toward the use of
peripheral 5-HT for adaptation to endurance training.

Discussion

Our data showed that no communication between muscle
and brain were needed for adaptation to endurance training.
Rather, conversion of TRP into peripheral but not brain
5-HT appears to be the rate-limiting step for the adaptation
of muscle to endurance training. There is growing evidence
that skeletal muscle secretes factors involved in the beneficial
effects of exercise on brain health.1>1¢ It has been hypothe-
sized that TRP metabolites play a role in such a muscle—
brain endocrine loop. We confirmed the importance of TRP
metabolism in adaptation to endurance training that has
been described in the literature. Previous reports have shown
that exercise stimulates the expression of KAT in skeletal
muscle, which converts neurotoxic KYN in the blood to neu-
roprotective KYNA, and reduces depression-like symp-
toms.’? Also, in accordance with published findings, we
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Figure 5. No communication between muscle and brain necessary for adaptation to endurance exercise. Indoleamine 2,3-dioxygenase (IDO),
kynurenine aminotransferase (KAT), and kynurenine 3-monooxygenase (KMO) activity and serotonin (5-HT) turnover in different tissues were evaluated
after 10weeks of training: (A) KAT and KMO activity in plantaris muscle, (B) KAT and KMO activity in brain. IDO activity and 5-HT turnover in (C) plantaris

muscle, (D) soleus muscle, (E) brainstem, and (F) brain.

Degrees of IDO (KYN/TRP), KAT (KYNA/KYN), and KMO (3-HK/KYN) activity and of 5-HT turnover (5-HIAA/5-HT) are given as percentages. Wild-type (WT), n=8;
peripheral 5-HT—deficient (Tph1 KO), n=8. Mean = SD. Variance homogeneity with Levene test, Mann-Whitney tests were performed: *P <.01. **P <.001.

demonstrated that plasma concentrations of KYN in WT
animals significantly increased in response to exercise train-
ing. Enhanced peripheral KYN-to-KYNA conversion may
prevent accumulation of KYN in the brain of WT mice.
However, these changes were not correlated with increased
KAT activity in the muscle. Furthermore, despite the change
in plasma KYN concentrations, no variations along the KYN
metabolic branch were observed in the brain and brainstem

of WT and Tph1 KO mice.

Our findings provide evidence that, although exercise is
sensed by the brain—suggesting that muscle-derived
peripheral factors permit direct muscle—brain communica-
tion—peripheral factors alone may account for reduced
physical performance. For instance, the trained long-dis-
tance runners relied on peripheral 5-HT turnover, rather
than IDO activity, during endurance exercise. We also
observed lesser adaptation to endurance exercise in trained

Tph1 KO mice despite normal levels of 5-HT in the brain.
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Normal degrees of kynurenine 3-monoxygenase and KAT
activity in skeletal muscles of 747 KO mice indicate that
high levels of KYN metabolites did not impact performance.
The KYN-to-TRP ratio, an estimator of IDO activity, was
similar in WT and 7psI KO, implying no difference in
IDO breakdown of TRP. Moreover, mass spectrometric
analysis revealed no influence of muscle-induced factors, as
brain 5-HT consumption and IDO activity were not altered.
After 10weeks of endurance training, the performance of
Tph1 KO mice with normal brain levels of 5-HT dropped
significantly, due to impaired 5-HT turnover in skeletal
muscle. Moreover, the trained long-distance runners relied
on peripheral 5-HT turnover, rather than IDO activity, dur-
ing endurance exercise. Also, the result showing that the
RER is decreased in Tphl KO mice whereas the values for
the VO,peak and VO,peak/lean mass were significantly
increased may underly a deficit in ATP synthesis. Precisely,
the 7pA1 KO animals appear to consume more oxygen, still
they failed to adapt to endurance training associated with a
defect of glucose utilization as energetic substrate. In light
of the above, because skeletal muscle is an endocrine organ
with autocrine-paracrine functions, we may hypothesize the
existence of a muscular microserotonergic system responsive
to endurance training. Yet although the results imply a role
played by 5-HT in the muscle for adaptation to endurance
training, we cannot rule out that the lack of adaptation
might be related to the fact that Tps7 KO mice displayed a
decrease of cardiac contractility.!” In parallel, data from
work by Suidan et al,'® suggested that 5-H'T synthesized by
Tphl may have some impact on the nervous system. The
authors showed that 7ps7 KO animals displayed altered gait
dynamics and deficits in rearing behavior as compared to
WT. In rodents, rearing behaviors provide a measure of anx-
iety and the authors proposed that 5-HT deficient mice may
have a deficit in motivated locomotion. Accordingly, a
potential limitation of our study relates to the use of murine
models: unlike trained human athletes, performance is not
an important parameter for their well-being. Humans may
transcend pain by exercising their will, but it is not known
how the same behavior may be elicited in mice. Concerning
the gait aspect, interestingly in human, alterations in the
fractal properties of gait dynamics have been associated with
disease of the central nervous system (eg, Huntington’s dis-
ease).!” Overall, whether peripheral 5-HT or other factors
are part of a muscle—brain endocrine loop, influence adapta-
tion to physical exercise and can be considered as a treat-
ment for depression will require more studies. Nevertheless,
the results presented provide evidence that further attention
should be given to peripheral factors potentially having
direct or indirect effects on brain function. Such factors
could be novel therapeutic targets for neurodegenerative
diseases and cognitive enhancers for people of all ages.

Materials and Methods
Study design and participants

TRP metabolite measurements are a secondary study based on
Jouftroy et al.20 All human participants gave their full consent as
previously described.?’ Blood samples were collected at 3 or 4
selected time points during the race: start, checkpoint 1, check-
point 2, and end. The runners each participated in 1 of 2 long-
distance trail races held on Réunion in 2017: La Diagonale des
Fous and Trail du Bourbon. Runners A and B participated in La
Diagonale des Fous (from Saint-Pierre to Saint-Denis; dis-
tance: 166 km; cumulative elevation gain: +9611 m). Checkpoint
1 was at Cilaos Stadium (at 65.3km); and Checkpoint 2, at
Possession Stadium (at 143.4km). Runners C and D partici-
pated in the Trail du Bourbon (from Cilaos to Saint-Denis; dis-
tance: 112 km; cumulative elevation gain: +6468m). There was
only 1 checkpoint, at Possession Stadium (at 89 km).

Animals

The study was approved by the Paris Descartes Animal
Experimentation Committee for the
Metabolism in Mice (PMM) research facility, as project no.
2017051916196640. The care and treatment of animals followed
the guidelines of the French Ministry of Higher Education and
Research for the detention, use, and ethical treatment of labora-
tory animals. All procedures were performed in accordance with
the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health (NIH Publication No. 85-23,
revised 1996) and approved by the French Ministry of Agriculture.

In all, 16 mice (C57BL/6) aged 9 weeks were used: 8 7ph1
KO (4 males, 4 females) and 8 WT (4 males, 4 females). They

received food and water ad libitum and exposed to a cycle of

Performance and

12 hours of light and 12 hours of darkness at a temperature of
22°C £5°C. All experiments were performed at the PMM
research facility.

Weight and body composition

Weight and body composition (including lean mass and fat)
were measured before each training session using a nuclear
magnetic resonance system (LF50, Bruker, Germany).

Endurance training protocol and evaluation of

physical performance

All mice underwent treadmill endurance training 3X/weeks.
The treadmill was equipped with an indirect calorimetry sys-
tem (Phenomaster, TSE, Germany). To evaluate performance,
a treadmill incremental test was used: speed was increased by
0.01 m-s™! every 15 seconds. We recorded the maximum speed
(8,20 reached by each mouse before exhaustion, that is, inabil-
ity to advance any further despite 1.2-mA shocks (duration:
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Table 2. Multiple reaction monitoring mode.

COMPOUND NAME

3-Hydroxykynurenin (3-HK) 36
Serotonin (5-HT) 60
Kynurenine (KYN) 20
Tryptophan (TRP) 60
Anthranilic acid 22
Kynurenic acid (KYNA) 16
5-Hydroxyindoleacetic acid (5-HIAA) 26
Tryptophan-d5 28

1second; delay: 1second) received. At the start of each session,
mice warmed up for 5minutes on the treadmill at 0.01m-s™
and an additional 5 minutes at 0.05 m-s-1.21

TRP metabolism measurement

TRP and its metabolites were extracted from tissue with a
buffer made of methanol, acetonitrile, and water, kept at
-20°C. After addition of extraction buffer (4 pL per mg of
tissue), samples were processed with a tissue lyser on ice, with
3 grinding cycles, and centrifuged at 12000rpm at 4°C for
10 minutes. Then, 25 pL of lysate were placed in a 300-pL
vial and kept at -80°C until analysis.

Internal standard tryptophan-d5 (Cambridge Isotope
Laboratories, Inc., MA, USA) was added to samples to reach
a final 1 uM concentration. Determination of TRP metabo-
lite concentrations was performed by liquid chromatography—
tandem mass spectrometry, in accordance with previously
published methods.?223 A 5-pL. sample was injected into an
UPLC BEH C18 column (Acquity, Waters, MA, USA; 1.7-
pm particle size, 2.1 mm X 100 mm) connected to a UPLC
system (Acquity H-Class, Waters) that was interfaced with a
triple quadrupole mass spectrometer (Xevo TQ-S, Waters),
both controlled by MassLynx software (Waters). Aqueous
mobile phase A was water, and organic mobile phase B was
acetonitrile, both with 0.1% formic acid. A programmed
mobile phase gradient was used during 12-minutes runs:
Ominute, 100% A; 6 minutes, 44% B; 6.5 minutes, 98% B;
9 minutes, 98% B; 9.5 minutes, 100% A; 12 minutes, 100% A.
Metabolites were detected and identified in the electrospray
positive ion mode, with the multiple reaction monitoring
mode activated. The most intense multiple reaction monitor-
ing transitions used for integration and quantification are
summarized in Table 2. Quantification was performed using
TargetLynx software (Waters).

CONE VOLTAGE (V)

COLLISION ENERGY (EV) QUANTIFICATION TRACE

16 225>110
20 177>160
20 209> 146
16 205> 145
15 138> 120
28 190> 116
20 192> 146
16 210> 150

Throughout the manuscript, to make it easier to read,
only IDO activity and not TDO is presented. However, the
plasma values reflect both IDO and TDO activities (respec-
tively extrahepatic and hepatic enzymes) unlike for the
remaining tissues where values only for the IDO enzyme are
presented.

Statistical analysis

All statistical analyses were carried out with Prism 6 (GraphPad
Software, CA, USA). We assessed variance homogeneity with
Levene test, Mann-Whitney tests were performed for tissue
measurements as appropriate after interactions were observed
with 2-way ANOVA for performance, and body composition, and
repeated measure 2-way ANOVA for plasma measurement with
Sidék test. The following significance levels were used: *, P<<.01;
**, P<.001; **, P<<.0001. Data were presented as mean = SD.
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