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ABSTRACT

BACKGROUND: The kynurenine pathway (KP) is an important hub in neuroimmune crosstalk that is dysregulated in persons with multiple
sclerosis (pwMS) and modulated by exercise in a modality-specific manner.

OBJECTIVES: To compare changes in the KP metabolite profile of pwMS (1) following combined treatments including either high-intensity
interval training (HIIT) or moderate-intensity continuous training (MICT) during a 3-week multimodal rehabilitation, (2) to evaluate exercise
response in relation to baseline systemic inflammation, and (3) to investigate associations of kynurenines with physical capacity and clinical
outcomes.

METHODS: For this secondary analysis of a randomized controlled trial, serum concentrations of kynurenines at baseline and after 3weeks
were determined using targeted metabolomics (LC-MS/MS). Exercise-induced changes in the KP metabolite profile according to treatment and
baseline systemic inflammation (neutrophil-to-lymphocyte ratio (NLR) <3.12 versus =3.12) were investigated using covariance analyses.

RESULTS: Regardless of treatment, concentrations of tryptophan and most kynurenines decreased over time. Quinolinic acid concentration
increased (p<.001). Participants with low and high NLR revealed differential exercise-induced changes in concentrations of kynurenines
and NLR. The systemic inflammation markers neopterin (p=.015) and NLR (p<.001) decreased in the whole group and in participants with
high NLR, respectively.

CONCLUSIONS: Combined treatments including HIIT or MICT do not differentially modulate the KP metabolite profile, with both reducing
concentrations of most kynurenines. Baseline systemic inflammation may impact exercise-induced changes in the KP metabolite profile and
anti-inflammatory effects of exercise in pwMS.
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Introduction

Multiple sclerosis (IMS) is a chronic inflammatory disease of
the central nervous system (CNS) resulting from aberrant
adaptive and innate immunity. MS represents the leading cause
of non-traumatic neurological disability in young adulthood
and manifests as heterogeneous constellations of motor, sen-
sory, cognitive, and neuropsychiatric symptoms that may pro-
gress over time.! Maintaining independent living in persons

with MS (pwMS) requires rigorous multimodal treatment in
which physical exercise plays an integral role due to its benefi-
cial effects on various MS symptoms, physical capacity, and
health-related quality of life (HRQoL).?3

Physical exercise also exerts immunomodulatory effects.*
Based on preclinical evidence, these immunomodulatory
effects have been proposed to underpin the beneficial effects of
physical exercise on neuroinflammation and neuroaxonal
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damage in MS.> However, the exact molecular mechanisms
remain poorly understood. Among others, the kynurenine
pathway (KP) may contribute to the immunomodulatory
effects of physical exercise in MS. The KP is the major route of
tryptophan (Trp) metabolism which is present in various
organ-specific and systemic peripheral cells, such as hepato-
cytes and immune cells, as well as CNS-resident cells, such as
microglia and astrocytes.®” Due to the immunoregulatory and
neuroactive properties of some Trp downstream metabolites,
referred to as kynurenines, the KP is recognized as an important
hub in neuroimmune crosstalk.”$

Chronic KP dysregulation is a common feature of numerous
inflammation-related diseases and conditions, including MS.%?
Elevated levels of pro-inflammatory cytokines, such as inter-
feron-gamma (IFN-y), activate the enzyme indoleamine
2,3-dioxygenase 1 (IDO1).IDO1 catalyzes the first step of the
KP, leading to an increased formation of kynurenine (Kyn).
Further, inflammation directs Kyn degradation toward down-
stream kynurenines, such as 3-hydroxykynurenine (3-HK) or
quinolinic acid (QA), which in abnormal concentrations exert
neurotoxic effects at the CNS level, rather than neuroprotec-
tive kynurenines, such as kynurenic acid (KA).»1011 KP dys-
regulation is observed at the CNS and systemic level which
mutually interact as some kynurenines readily cross the blood-
brain barrier.® Accordingly, higher QA concentration and QA/
KA ratio have been observed in both cerebrospinal fluid and
blood serum of pwMS compared to healthy individuals,'? and
higher concentration of circulating QA as well as QA/KA ratio
and kynurenine-to-tryptophan ratio (KTR) have been reported
to be associated with greater MS-related disability.!3 Against
this backdrop, the KP has been investigated as a pharmacologi-
cal target in MS™ and has been addressed in research on non-
pharmacological interventions, such as physical exercise.!>16

Exercise is a strong physiological stimulus capable of modu-
lating the KP by affecting both CNS' and systemic concentra-
tions of kynurenines, as has been shown in young healthy
men.'”1® In pwMS, single bouts of high-intensity interval
training (HIIT), but not moderate-intensity continuous
endurance training (MICT), have been shown to induce an
acute increase in plasma KA concentration, accompanied by a
transient reduction in the systemic QA/KA ratio.' This previ-
ous work highlighted intensity as a key factor in exercise-
induced KP modulation and suggests that regular HII'T may
also have a beneficial chronic effect on KP dysregulation in MS.
Studies investigating chronic exercise-induced KP modulation
in pwMS remain scarce and, of the limited research available,
results are ambiguous.'%20

Therefore, the primary aim of this study was to evaluate the
effects of repeated HII'T and MICT bouts, performed as part of
combined treatments during 3 weeks of multimodal rehabilita-
tion, in modulating the serum KP metabolite profile in pwlVIS.
Based on previous evidence highlighting that HIIT but not
MICT provokes acute changes in the KP, we hypothesized

superiority of repeated HIIT compared to MICT bouts in
modulating the serum KP metabolite profile. Secondarily, we
aimed to assess differences in exercise-induced KP modulation
when dichotomizing participants according to baseline systemic
inflammatory status, using the neutrophil-to-lymphocyte ratio
(NLR). We expected that effects of endurance exercise on the
serum KP metabolite profile in pwMS differ dependent on the
baseline inflammatory status of participants, given that systemic
KP activity is stimulated by pro-inflammatory cytokines’ and
regular endurance exercise induces anti-inflammatory effects.
Thirdly, we aimed to explore associations of kynurenines and
ratios of kynurenines with physical capacity and clinical out-
comes at baseline and following the interventions. We hypoth-
esized that kynurenines and ratios of kynurenines are associated
with baseline physical capacity (ie, cardiorespiratory fitness,
peak power output (PPO)) and clinical outcomes (ie, HRQoL,
fatigue), and that changes in the serum KP metabolite profile
over time are correlated with improvements in physical capacity
and clinical outcomes.

Methods
Trial design

This study is a secondary analysis of a parallel-group rand-
omized controlled superiority trial conducted within a 3-week
multimodal inpatient setting at the Valens Rehabilitation
Centre, Valens, Switzerland. The source study was powered to
evaluate superiority of HIIT combined with inpatient energy
management education (IEME) over MICT combined with
progressive muscle relaxation (PMR) (usual care) on change
in HRQoL from baseline until 6-month follow-up (N =106).
Results have been reported elsewhere.?! Changes in serum
concentrations of Trp, Kyn, QA, and KA as well as NLR from
pre (Ty) to post (after 3weeks, T;) were prespecified as sec-
ondary outcomes.?? Ethical approval was obtained from the
regional Ethics Committee of Eastern Switzerland
(EKOS20/050, 1D: BASEC2020-00797, 09 April 2020).
The trial was registered prospectively at ClinicalTrials.gov
(NCT04356248, 22 April 2020). Study procedures were car-
ried out in accordance with the principles of the Declaration
of Helsinki. All participants provided written informed con-
sent. For this secondary analysis, no additional ethical
approval or consent was required. The manuscript was writ-
ten in accordance with the CONSORT 2017 Statement for
Randomized Trials of Nonpharmacologic Treatments.??

Participants

PwMS admitted for inpatient rehabilitation were consecutively
screened and recruited on-site. The main inclusion criteria
comprised age=18years, MS diagnosis according to the
2017-revised McDonald criteria, Expanded Disability Status
Scale (EDSS) score=<6.5, and substantial fatigue (Fatigue
Scale for Motor and Cognitive Functions total score
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(FSMC,,,) = 43).2* The main exclusion criteria were concomi-
tant disease (eg, other autoimmune, neuroinflammatory, and/or
neurodegenerative diseases, cardiopulmonary diseases, acute
infections), cognitive impairment, severe depressive symptoms,
and recent stem cell treatment (<6 months). During the trial,

did not
Participants with the relapsing-remitting MS phenotype were

participants receive  corticosteroid  treatment.
in remission phase.

Concealed stratified randomization (1:1) to 1 of the 2 com-
bined treatments (ie, HIIT combined with IEME or MICT
combined with PMR) was conducted by a researcher not
involved in the study using Randomization in Treatment Arms
software (version 1.5.2, EVIDAT, Kiel, Germany). Strata
included age, sex, MS phenotype, EDSS score, fatigue, PPO,
and HRQoL assessed at baseline. Further details on sample
size calculation and randomization (ie, sequence generation,
allocation concealment, and implementation) are provided in

the study protocol.??

Treatment regimens

Treatments started a maximum of 2 days after randomization.
IEME is an educational group-based approach for fatigue
management covering topics like break management or effec-
tive communication.?> PMR includes muscle relaxation exer-
cises combined with deep breathing. IEME and PMR were
delivered twice weekly and are described in detail elsewhere.??
HIIT and MICT were considered the potent physiological
stimuli to induce modulation of the KP metabolite profile.
Thus, groups are referred to as HII'T and MICT hereafter.
HIIT and MICT sessions were conducted on bicycle
ergometers (Cybex 750C Bike, Cybex International, Medway,
MA, USA) 3 times per week. Individual exercise intensity was
calculated as percentage of peak heart rate (HR,,,,;) determined
during baseline cardiopulmonary exercise testing (CPET).
HIIT sessions included five 1.5-minute intervals at high
cadence (80-100 revolutions per minute), aimed at achieving
95% to 100% HR,,.. High-intensity intervals were separated
by four 2-minute active rests at a reduced cadence (50-60 revo-
lutions per minute) aimed at restoring HR to 60% HR ., The
total session duration of HIIT was 15.5minutes excluding
warm-up and cool-down periods. MICT required participants
to cycle continuously at 60to70revolutions per minute and
65% HR,, for a duration of 24 minutes. HII'T and MICT
sessions were enclosed by a 3-minute warm-up and cool-down
period at 50% HR,.,.. HR was monitored using wristwatches
(Polar M200, Polar Electro Oy, Kempele, Finland) connected
to chest belts (Polar T31, Polar Electro Oy, Kempele, Finland).
Training sessions were conducted under the supervision of
exercise scientists or a physiotherapist, individually (1:1) or in
small groups of up to 3 participants (1:3). The supervising
exercise scientists (n=2) and the physiotherapist (n=1) were
master level clinicians, had received prior training, and were

experienced with the supervision of HIIT and MICT in

pwMS. Supervising personnel monitored HR throughout
exercise sessions and adjusted the pedaling resistance (W)
according to the target HR to ensure compliance with the pre-
scribed exercise protocol. The participants were supported in
getting on and off the ergometer as needed. Blinding partici-
pants or supervising personnel was not possible due to the
study design. Attendance, protocol adherence, and potential
adverse events were documented each session using case report
forms. Relevant concomitant care included physiotherapy (30-
60minutes, 5 times per week), strength training (30-45 min-
utes, 3 times per week), and occupational therapy (30 minutes,
2-3 times per week). Personnel providing concomitant care was
discouraged from including HIIT (and IEME) or MICT (and
PMR) components in respective sessions. No changes were
made to the trial design, recruitment, group allocation, or treat-
ments after the start of the study.

Blood sampling and analytic procedures

Blood sampling was conducted at baseline (T,) and after
3weeks (T;). Blood samples were collected at rest in sitting
position between 08:00 and 09:00 AM after an overnight fast
and at least 24 hours after the last HIIT or MICT session.
Samples were drawn from the antecubital vein using ethylen-
ediaminetetraacetic acid (EDTA)-containing tubes and
serum tubes. After coagulation, serum samples were centri-
fuged at 3000g for 10 minutes at 4°C and the supernatant was
stored at —-80°C until analysis. Targeted metabolomics was
performed using high-throughput liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) at
Bevital AS, Bergen, Norway (https://bevital.no/key-data/#D),
as described elsewhere.26 The lower limit of detection (LOD)
for the assay ranged from 0.01 to 8.00 nmol*L-! and within-
and between-day coefficients of variation (CVs) ranged from
3% to 8% and 4% to 10%, respectively. EDTA samples were
analyzed using an automated hematology analyzer (Sysmex
XN-1000, Norderstedt, Germany) at Dr Risch laboratory,
Buchs, Switzerland, to determine complete blood cell counts.
The personnel conducting LC-MS/MS and hematology

analysis was blinded to group allocation.

Tryptophan downstream metabolites: kynurenines
and ratios of kynurenines

KP metabolite profiling included Trp (pmol*L-1), Kyn
(umol*L-1), KA (nmol*L-1), anthranilic acid (AA, nmol*L-1),
3-HK (nmol*L-"), xanthurenic acid (XA, nmol*L-1), 3-hydroxy-
anthranilic acid (3-HAA, nmol*L-1), QA (nmol*L-'), and pico-
linic acid (Pic, nmol*L-'). Based on that, KTR, KA/Kyn ratio,
QA/Kyn ratio, QA/KA ratio,and 3-HAA/AA ratio were calcu-
lated. KTR (pmol*L-* by mmol*L") is a normalized measure of
overall Trp degradation along the KP,*” and, in combination
with neopterin (Neopt), serves as a marker of adaptive Thi-type
immune system activation.® KA/Kyn ratio and QA/Kyn ratio
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(both nmol*L-! by pmol*L-?) reflect changes in Kyn catabolism
toward an increased/decreased KA and QA formation. QA/KA
ratio (nmol*L-! by nmol*L.-") is considered as a proxy marker of
excitotoxic KP dysregulation.’® 3-HAA/AA ratio (nmol"L-! by
nmol"L-1) has been hypothesized to be a response marker to
inflammatory stimulation and neurotoxic damage.?

Markers of inflammation: neopterin and
neutrophil-to-lymphocyte ratio

Neopt concentration (nmol*L-') was determined within the
LC-MS/MS assay. Neopt is released from macrophages upon
IFN-y stimulation by Th1-type lymphocytes.3? Parallel assess-
ment of Neopt helps to attribute KTR elevation to inflamma-
tory KP stimulation.?

NLR was calculated as absolute neutrophil count (ANC)
divided by absolute lymphocyte count (ALC), as determined
via automated hematology analysis. NLR is a non-specific
marker of innate immune system activation. NLR is chronically
elevated across inflammation-related diseases and conditions,
including MS.3132 In pwMS, NLR is associated with clinical
outcomes, including disease activity,33-3¢ disability,3+%37:38 and
fatigue.38

Physical capacity and clinical outcomes

Measures of physical capacity included cardiorespiratory fit-
ness (peak oxygen consumption divided by body weight in
kilogram (relative VO, peaks mL*min"%kg1)) and relative peak
power output (PPO, maximum W divided by body weight in
kilogram, W*kg!) determined via CPET. CPET was con-
ducted as a ramp-type protocol on a bicycle ergometer (ergo-
metrics er800 S, ergoline GmbH, Bitz, Germany) by a blinded
investigator. The ramp-type protocol consisted of (a) a resting
state measurement without pedaling while the participants
were sitting on the bicycle ergometer (3 minutes); (b) subse-
quent pedaling at 20W (3 minutes); (c) the testing phase with
a progressive increase of 5to10W/minute until subjective
exhaustion (8-12minutes); (d) followed by a cool-down of
unloaded pedaling (3 minutes). HR was monitored continu-
ously. Blood pressure and rate of perceived exertion (Borg
CR-10 scale) were assessed every 2 minutes and within the last
10seconds of the test. VO, was monitored by direct and con-
tinuous measurements (breath by breath) using a Jaeger CPX
CPET system (Jacger, Wiirzburg, Germany). VO, ., was
defined as the highest 15 second averaged VO, value when one
or more of the following criteria were attained: respiratory
equivalent ratio >1.10, HR ., within 10 minutes™! of the age-
predicted maximum, and Borg CR-10 rating >8.5.%

HRQoL was queried using the Medical Outcomes Study
36-Item Short Form Health Survey (SF-36). SF-36 scores
were aggregated into the Physical Component Summary
(PCS) and the Mental Component Summary (MCS) score.

Higher PCS and MCS scores indicate better HRQoL.4
Fatigue was assessed using the FSMC,, score as well as the
FSMC,_).

motor and cognitive subscale scores (FSMC,_,, cog

Higher scores indicate greater fatigue.3

Statistical analysis

Data was screened for missing values. Replacement of miss-
ing values was waived as missing values totaled <5%. For all
blood-derived variables (ie, Trp, kynurenines, Neopt, white
blood cell count, ANC, ALC), reasons for missingness were
determined. Non-imputed data was Z-scored to identify
statistical outliers, defined as values higher or lower than the
mean * 3 SD. Statistical outliers were winsorized by replace-
ment with the maximum or minimum value within 3 SD.
Data distribution was assessed visually using histograms and
0-0 plots. Due to the positive skewness of most blood-
derived variables, loglO transformation was uniformly
applied to blood-derived variables, relative VO, pealo and
relative PPO. Ratios were calculated based on log10-trans-
formed values.

For the main analysis, repeated measures analyses of covari-
ance (ANCOVAs) were computed with the treatment modality
(HIIT versus MICT) and sex (female versus male) as between-
subject factors and Trp, kynurenines, ratios of kynurenines,
Neopt, and NLR as dependent variables. Covariates included
age, body mass index (BMI), EDSS score, and the baseline
value of the dependent variable. Significant time * modality * sex
interactions were specified using Bonferroni-corrected post hoc
tests. A similar ANCOVA model was computed for VO, peak
and PPO as dependent variables, serving as a manipulation
check for the effectiveness of the endurance training protocols.
As no significant time * group interactions were identified, treat-
ment groups were pooled. Participants were then dichotomized
according to baseline systemic inflammatory status, using an
NLR cut-oft value of 3.12 which has been previously described
to predict MS-related disability and disease activity.®
ANCOVAs were repeated with NLR subgroups (low NLR ver-
sus high NLR) and sex (female versus male) as between-subject
factors. Due to NLR dichotomization, baseline adjustment for
NLR was omitted. Significant time*NLR subgroup interac-
tions were specified using Bonferroni-corrected post hoc tests.

Associations between Trp, kynurenines, ratios of kynure-
nines, Neopt, NLR, measures of physical capacity (VO, peako
PPO), and clinical outcomes (PCS, MCS, FSMC scores) at
baseline were calculated using two-tailed Spearman’s correla-
tion analysis. Additionally, correlations of changes in blood-
derived variables with changes in physical capacity and clinical
outcomes were calculated for those metabolites/ratios that
showed significant changes over time. Strength of correlation
was interpreted as weak (r,=%0.10 to *0.29), moderate
(r,=*0.30 to +0.49), or strong (r,= +0.50 to +1.0).*! Results
of ANCOVAs and correlation analyses were considered
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Assessed for eligibility

[ Enrolment ] N= 182

Excluded (n=76)

» Not meeting inclusion criteria (n= 33)
X No substantial fatigue (n=9)
X Spasticity prohibits cycling (n= 7)
X Organizational issues (n=5)
X Cognitive impairment (n= 3)
X Language barriers (n= 3)
X Severe depressive symptoms (n= 2)
X Abnormal CPET (n=2)
X Insufficient knee joint ROM (n= 1)
X Relapse (n=1)

Randomized

« Declined to participate (n=43)

\4

)

Allocation

) v

Allocated to HIIT + IEME (n= 53)

* Received allocated intervention (n= 52)

« Did not receive allocated intervention
due to organizational issues (n= 1)

Allocated to MICT + PMR (n= 53)
* Received allocated intervention (n= 53)

A4

—

Follow-up

) v

Lost to follow-up (n= 1)
* Declined post-intervention test
due to organizational issues (n= 1)

Lost to follow-up (n= 0)

A4

—

Analysis ]

A 4

Forwarded to analysis (n= 48)

Excluded from analysis (n= 5)

« Did not receive allocated intervention (n= 1)
* Declined post-intervention test (n= 1)

+ Organizational issues (n= 1)

* Blood draw not feasible at T, and/or T/ (n= 2)

Figure 1. CONSORT flow diagram.
Source: This CONSORT flow diagram was created with biorender.com.

Forwarded to analysis (n= 53)

Abbreviations: CPET, cardiopulmonary exercise testing; HIIT, high-intensity interval training; IEME, inpatient energy management education; MICT, moderate-intensity
continuous training; PMR, progressive muscle relaxation; ROM, range of motion; T,, baseline assessment; T, follow-up assessment after 3weeks of intervention.

significant if p=<.05. All statistical analyses were computed
using IBM SPSS Statistics 29 (Armonk, NY, USA). Charts
were created using GraphPad Prism (version 10 for Windows,

GraphPad Software, San Diego, CA, USA).

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Results

Participants were recruited between July 13, 2020 and
October 19, 2021. The intervention phase was completed on
November 5, 2021 (last blood sampling). Participants were
randomized equally (HIIT: n=53, MICT: n=53) as intended.
Participant flow for the period considered in this secondary
analysis is illustrated in Figure 1. During the study period, no
changes were made to the protocol design, intervention deliv-
ery, or outcome assessment. On average, participants com-
pleted 97.25% of the prescribed HIIT sessions and 97.85% of
the prescribed MICT sessions. No adverse events occurred.

Participant characteristics are reported in Table 1. Blood
samples were available for 105 participants at T, as in one
participant, blood collection was not feasible. Among the 105
available samples at T forwarded to analysis, hematology
analysis (n=1) and LC-MS/MS (n=1) failed due to insuffi-
cient sample quantity. At T}, blood samples were available for
101 participants. Reasons for missing blood samples at T}
included administrative issues (n=2), non-feasible blood col-
lection (n=2), and dropout (n=1). Among the 101 available
samples at T; forwarded to analysis, LC-MS/MS failed in
n=1 due to an insufficient sample quantity. Concentrations of
AA, 3-HK, 3-HAA, and Neopt could not be determined in
n=3atTj,and in n=2 at T, due to severe hemolysis. Missing
values amounted to 4.48% and were considered “missing at
random”. Statistical outliers totaled 1.40% of individual blood-
derived variables and 1.72% of subsequently calculated ratios.
Baseline NLR was available for n=104. Dichotomization
according to the cut-off value of NLR =3.12 classified 76 par-
ticipants as having a /ow VLR and 28 participants as having a
high NLR at baseline.
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Table 1. Demographic, anthropometric, and MS-related characteristics of participants at baseline.

OVERALL SAMPLE LOW NLR HIGH NLR
N=106 EN(]
Sex
Male 35 (33.0%) 19 (35.8%) 16 (30.2%) 25 (32.9%) 9 (32.1%)
Female 71 (67.0%) 34 (64.2%) 37 (69.8%) 51 (67.1%) 19 (67.9%)
Age [y] 49.8 (9.9) 50.0 (10.9) 49.5 (8.8) 49.7 (9.7) 49.2 (10.5)
BMI [kg*m-2] 24.91 (5.46) 24.33 (5.22) 25.48 (5.68) 25.04 (5.71) 24.40 (4.97)
MS phenotype
RRMS 53 (50.0%) 27 (50.9%) 26 (49.1%) 35 (46.1%) 17 (60.7%)
SPMS 38 (35.8%) 20 (37.7%) 18 (34.0%) 30 (39.5%) 7 (25.0%)
PPMS 15 (14.2%) 6 (11.3%) 9 (17.0%) 11 (14.5%) 4 (14.3%)
EDSS score 4.64 (1.32) 4.61 (1.41) 4.67 (1.23) 4.65 (1.37) 4.54 (1.19)

TSD [months]

159.38 (109.12)

179.32 (112.51)

139.43 (102.82)

157.51 (113.34)

152.36 (91.87)

Current DMT
No DMT 38 (35.8%) 16 (30.2%) 22 (41.5%) 32 (42.1%) 6 (21.4%)
DMT 68 (64.2%) 37 (69.8%) 31 (58.5%) 44 (57.9%) 22 (78.6%)
Ocrelizumab 28 (26.4%) 15 (28.3%) 13 (24.5%) 20 (26.3%) 7 (25.0%)
Natalizumab 10 (9.4%) 3 (5.7%) 7 (13.2%) 10 (13.2%) 0 (0.0%)
Fingolimod 10 (9.4%) 8 (15.1%) 2 (3.8%) 0 (0.0%) 9 (32.1%)
Dimethyl fumarate 7 (6.6%) 4 (7.5%) 3 (5.7%) 4 (5.3%) 3 (10.7%)
Rituximab 5 (4.7%) 4 (7.5%) 1 (1.9%) 4 (5.3%) 1 (3.6%)
Interferon beta 2 (1.9%) 0 (0.0%) 2 (3.8%) 2 (2.6%) 0 (0.0%)
Ofatumumab 2 (1.9%) 1 (1.9%) 1(1.9%) 2 (2.6%) 0 (0.0%)
Siponimod 2 (1.9%) 1(1.9%) 1(1.9%) 1 (1.3%) 1 (3.6%)
Alemtuzumab 1 (0.9%) 1(1.9%) 0 (0.0%) 0 (0.0%) 1 (3.6%)
Teriflunomide 1 (0.9%) 0 (0.0%) 1(1.9%) 1 (1.3%) 0 (0.0%)
Baseline NLRa 2.97 (2.22) 3.54 (2.60) 2.41 (1.62) 1.93 (0.64) 5.79 (2.52)
Rel. VO, ey [ML"Min-1"kg-"] 19.03 (6.04) 19.67 (5.82) 18.39 (6.25) 19.10 (6.04) 19.09 (6.26)
Rel. PPO [W*kg-'] 1.33 (0.57) 1.41 (0.55) 1.26 (0.58) 1.33 (0.58) 1.38 (0.56)
Current smoker 28 (26.4%) 12 (22.6%) 16 (30.2%) 22 (28.9%) 5 (17.9%)

Abbreviations: BMI, body mass index; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale; HIIT, high-intensity interval training; MICT, moderate-
intensity continuous training; MS, multiple sclerosis; NLR, neutrophil-to-lymphocyte ratio (low NLR: NLR < 3.12; high NLR: NLR = 3.12); PPMS, primary progressive
multiple sclerosis; rel. PPO, peak power output during cardiopulmonary exercise testing divided by kilogram body weight; rel. VO, peaks P€2K OXygen consumption during
cardiopulmonary exercise testing divided by kilogram body weight; RRMS, relapsing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; TSD,
time since diagnosis.

Categorical data are given as total number and percentage (%). Continuous data are given as Mean (SD). Blood-derived measures have been winsorized.

aBaseline NLR was available for n=104. Winsorized NLR values are presented.

Kynurenines are associated with neopterin but not

. . positive correlations with Neopt concentration. KA/Kyn ratio
neutrophil-to-lymphocyte ratio

and QA/Kyn ratio showed moderate inverse correlations with
Concentrations of most kynurenines, including Kyn, KA, AA,
3-HK, XA, 3-HAA, and QA, and KTR revealed weak to strong

Neopt concentration. No significant correlations were observed
between Neopt and Trp concentration, Pic concentration, QA/
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Figure 2. Exercise-induced changes in the kynurenine pathway metabolite profile and inflammation markers according to time (baseline, 3weeks) and

modality (HIIT, MICT).

Abbreviations: AA, anthranilic acid (d); HIIT, high-intensity interval training; KA, kynurenic acid (c); KA/Kyn ratio, kynurenic acid-to-kynurenine ratio [nmol*L-" divided by
pmol*L-"] (k); KTR, kynurenine-to-tryptophan ratio [umol*L-" divided by mmol*L-"] (j); Kyn, kynurenine (b); MICT, moderate-intensity continuous training; Neopt, neopterin
(0); NLR, neutrophil-to-lymphocyte ratio (p); Pic, picolinic acid (i); QA, quinolinic acid (h); QA/KA ratio, quinolinic acid-to-kynurenic acid ratio [nmol*L-" divided by
nmol*L-"] (m); QA/Kyn ratio, quinolinic acid-to-kynurenine ratio [nmol*L-" divided by pmol*L-"] (I); Trp, tryptophan (a); XA, xanthurenic acid (f); 3-HAA, 3-hydroxyanthranilic
acid (g); 3-HK, 3-hydroxykynurenine (e); 3-HAA/AA ratio, 3-hydroxyanthranilic acid-to-anthranilic acid ratio [nmol*L-" divided by nmol*L-"] (n).

Line charts illustrate exercise-induced changes in kynurenines, ratios of kynurenines, and inflammation markers from pre (T,; baseline) to post (T; after 3weeks) per
exercise modality (HIIT or MICT). Non-transformed winsorized data are presented as Mean (SEM). Hash signs indicate significant time effects at a 0.05 level (#), 0.01
level (##), or 0.001 level (###), as determined by ANCOVA performed on log10-transformed values (main analysis, Table 2).

KA ratio, or 3-HAA/AA ratio. Neither concentrations of
kynurenines or ratios of kynurenines, nor Neopt correlated sig-

nificantly with NLR (Supplemental Figure 1).

Endurance exercise modulates the serum kynurenine

pathway metabolite profile

Both endurance training protocols proved effective in improv-
ing VO, peak (7 <.001, Supplemental Figures 2a and 4a) and
PPO (p=.025, Supplemental Figures 2b and 4b) over time

(Table 2). No significant time'group interactions were observed

when comparing the effects of HIIT versus MICT on concen-
trations of Trp, kynurenines, ratios of kynurenines, Neopt con-
centration, and NLR. Significant reductions in concentrations
of Trp (p<<.001, Figure 2a), KA (p<<.001, Figure 2c), AA
(p<<.001, Figure 2d), 3-HK (p<.001, Figure 2¢), XA (p=.005,
Figure 2f), 3-HAA (p<.001, Figure 2g), and Pic (»<<.001,
Figure 2i) as well as in 3-HHAA/AA ratio (p=.019, Figure 2n),
and Neopt concentration (p=.015, Figure 20) were observed
over time. QA concentration (p <.001, Figure 2h) and QA/KA
ratio (p<.001, Figure 2m) increased significantly. No signifi-

cant time effects were observed for Kyn concentration (Figure
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Figure 3. Significant sex differences in kynurenine pathway modulation according to time (baseline, 3weeks) and modality (HIIT, MICT).

Abbreviations: HIIT, high-intensity interval training; KA, kynurenic acid (b); MICT, moderate-intensity continuous training; Pic, picolinic acid (e); QA/KA ratio, quinolinic
acid-to-kynurenic acid ratio [nmol*L-" divided by nmol*L-"] (f); Trp, tryptophan (a); XA, xanthurenic acid (c); 3-HAA, 3-hydroxyanthranilic acid (d). Interaction plots illustrate
significant sex-specific changes in Trp, KA, XA, 3-HAA, and Pic concentration and QA/KA ratio from pre (T,; baseline) to post (T,; after 3 weeks) per exercise modality
(HIIT or MICT). Log10-transformed delta (A) values of winsorized data are presented as Mean (SEM). Time*group*sex interactions were computed using ANCOVA

on log10-transformed values (main analysis, Supplemental Table 1) and specified using Bonferroni-corrected post hoc tests. Asterisks indicate significant differences

in changes of metabolites/ratios in female and male persons with multiple sclerosis per exercise modality (HIIT, MICT) at a 0.05 level (*), as determined by ANCOVA.

Interaction plots for all variables are provided in Supplemental Figure 3.

2b), KTR (Figure 2j), KA/Kyn ratio (Figure 2k), QA/Kyn ratio
(Figure 21), or NLR (Figure 2p) (Table 2). Individual changes in
the KP metabolite profile and inflammation markers in HII'T
and MICT participants according to time are presented in
Supplemental Figure 2c-r.

Significant time *group *sex interactions were observed for
Trp (p=.037), KA (p=.018), XA (p=.006), 3-HAA (p=.021),
and Pic (p=.027) concentrations and QA/KA ratio (p=.032)
(Supplemental Table 1). Bonferroni-corrected post hoc tests
revealed that reductions in Trp (padj =.011, Figure 3a), 3-HAA
(pq;=-035, Figure 3d), and Pic (p,4;=.016, Figure 3¢) concen-
trations and the increase in QA/KA ratio (p,4;=.046, Figure
3f) were greater in female compared to male HIIT partici-
pants. Reductions in KA (padj= .040, Figure 3b) and XA con-
centrations (padj =.027, Figure 3¢) were greater in male
compared to female MICT participants (Supplemental Table
2). Interaction plots for non-significant results can be found in
Supplemental Figure 3.

Participants with low and high neutrophil-to -
lymphocyte ratio respond differently to endurance

exercise

Significant time'group interactions were observed between low
NLR and high NLR participants for Kyn concentration
(p=.033, Figure 4b), KTR (p=.025, Figure 4j), and NLR

(p=.001, Figure 4p) (Table 3). Kyn concentration (p,4;=.016),
KTR (Padj =.018),and NLR (padj <.001) significantly decreased
in participants with high NLR but not in those with low NLR
(Supplemental Table 3). Individual changes in the kynurenine
metabolite profile and inflammation markers in low NLR and
high NLR participants according to time are presented in
Supplemental Figure 4.

Kynurenines are not or weakly associated with
physical capacity and clinical outcomes

At baseline, QA concentration was inversely correlated with
VO, pea (r,=-.236, p=.016) and PPO (r,=-.239, p=.015). A
positive correlation was observed between Pic concentration
and VO, peak (7,=.225, p=.022). 3-HAA concentration corre-
lated positively with FSMC,, subscale core (7,=.236, p=.017).
NLR correlated inversely with FSMC,_  subscale score
(r,=-.228, p=.020). All significant correlations were weak. No
significant correlations of Trp, kynurenines, ratios of kynure-
nines, or inflammation markers were observed for FSMC,,,
PCS, or MCS (Supplemental Table 4).

Change in AA concentration over time was positively
correlated with change in VO, peak (7,=:217, p=.034) whereas
change in Pic concentration was inversely correlated with
change in PPO (7,=-.222, p=.026). Change in QA concen-

tration was positively correlated with change in both
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Figure 4. Exercise-induced changes in the kynurenine pathway metabolite profile and inflammation markers according to time (baseline, 3weeks) and

baseline systemic inflammation (low NLR, high NLR).

Abbreviations: AA, anthranilic acid (d); KA, kynurenic acid (c); KA/Kyn ratio, kynurenic acid-to-kynurenine ratio [nmol*L-" divided by pmol*L-"] (k); KTR, kynurenine-to-
tryptophan ratio [pmol*L-" divided by mmol*L-"] (j); Kyn, kynurenine (b); Neopt, neopterin (0); NLR, neutrophil-to-lymphocyte ratio (p); Pic, picolinic acid (i); QA, quinolinic
acid (h); QA/KA ratio, quinolinic acid-to-kynurenic acid ratio [nmol*L-" divided by nmol*L-'] (m); QA/Kyn ratio, quinolinic acid-to-kynurenine ratio [nmol*L-' divided by
pmol*L-1] (I); Trp, tryptophan (a); XA, xanthurenic acid (f); 3-HAA, 3-hydroxyanthranilic acid (g); 3-HK, 3-hydroxykynurenine (e); 3-HAA/AA ratio, 3-hydroxyanthranilic acid-
to-anthranilic acid ratio [nmol*L-" divided by nmol*L-"] (n).

Line charts illustrate exercise-induced changes in kynurenines, ratios of kynurenines, and inflammation markers from pre (T,; baseline) to post (T; after 3weeks of HIIT/
MICT (combined)) per NLR subgroup (low NLR: NLR < 3.12; high NLR: NLR = 3.12). Non-transformed winsorized data are presented as Mean (SEM). Asterisks indicate
significant time*group interactions at a 0.05 level (*), 0.01 level (**), or 0.001 level (***). Hash signs indicate significant main effects of time at a 0.05 level (#) or 0.001 level
(#1##), as determined by ANCOVA performed on log10-transformed values (exploratory analysis, Supplemental Table 3).

FSMC,,, (r,=.203, p=.043) and FSMC,,, (r, = .240, p = .016)

(Supplemental Table 5). KP metabolite profile did not differ significantly. However, par-

ticipants in both treatment groups revealed an exercise-induced
Discussion modulation of the serum KP metabolite profile over time, as
Principal findings indicated by significant reductions in serum concentrations of

most kynurenines (ie, Trp, KA, AA, 3-HK, XA, 3-HAA, Pic)
This secondary analysis of a parallel-group randomized con- and 3-HAA/AA ratio and significant increases in QA concen-
trolled trial aimed to compare the effects of repeated HII'T and tration and QA/KA ratio. We also observed a significant
MICT bouts, both delivered as part of combined treatments decrease in Neopt concentration over time. Within the HIIT
during 3-weeks of inpatient rehabilitation, on the serum KP and MICT groups, female and male persons with MS revealed
metabolite profile in pwMS. Contrary to our primary hypothe- some significant differences in exercise-induced KP modula-
sis, the effects of repeated HII'T and MICT bouts on the serum tion. For example, reductions in Trp, 3-HAA, and Pic and the
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Table 3. (Continued)

g increase in QA/KA ratio were greater in female compared to
12} . . ., . .
N 5 .8 3 .3 male HIIT participants. Additionally, we also aimed to evaluate
S S g2s2v P . . . . .
b= S f<z¢ B 8 differences in exercise-induced KP modulation as a function of
\ X o5 22 .. . . . .. ..
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in KP flux in favor of NAD™ production, given the primary role
of the hepatic KP in the de novo synthesis of NAD™, which is an
indispensable co-substrate in cellular energy metabolism. QA is
formed sequentially from 3-HK and 3-HAA and is degraded to
NAD* via the rate-limiting enzyme quinolinic acid phosphori-
bosyltransferase (QPRT). In contrast, all other kynurenines are
formed alternatively from Kyn (ie, KA, AA), 3-HK (ie, XA), and
the QA precursor metabolite 2-amino-3-carboxymuconic acid-
6-semialdehyde (ie, Pic) and do not or only to a limited extent
contribute to NAD* synthesis.® Reductions in KA, AA, XA,
and Pic concentrations in parallel to an increase in QA concen-
tration may therefore represent an endogenous mechanism to
meet the increased energy requirements due to the numerous
physical stimuli participants were exposed to during the multi-
modal rehabilitation stay. To support the above hypotheses, the
additional investigation of key KP enzymes, such as QPRT, and
NAD™* metabolite concentrations on a systemic and cellular
level would have provided additional insight. Moreover, the
identification of sex-specific responses to HIIT and MICT,
including the greater increase in QA/KA ratio in female com-
pared to male HIIT participants, underscores the necessity to
design investigations that primarily aim to explore sex-specific
differences in KP modulation in cohorts with an equal distribu-
tion of female and male participants.

The impact of baseline inflammatory status on
exercise-induced kynurenine pathway modulation

Considering the well-described anti-inflammatory effects of
regular endurance exercise,* the reductions in concentrations of
several kynurenines could be considered as a preliminary indi-
cation that exercise may induce KP downregulation due to a
reduced inflammatory KP activation. Consistent with this
hypothesis, we show a significant reduction in 3-HAA/AA
ratio, considered as a counterregulatory mechanism against
inflammatory stimulation,” and Neopt concentration over
time. Neopt serves as a measure of inflammatory stimulation
by Th1-type lymphocytes®® and was correlated with concentra-
tions of most kynurenines and ratios of kynurenines at baseline.
Contradicting this hypothesis, no significant reduction in NLR
was observed when studying the cohort as a whole.

However, when pooling exercise groups and dichotomizing
participants according to baseline NLR, we unveil a highly sig-
nificant exercise-induced reduction in NLR among participants
with high NLR at baseline. In participants with low baseline
NLR, NLR remained constant. We also observed differences in
exercise-induced KP modulation according to low and high NLR
baseline status, despite NLR not being related to the KP meta-
bolic profile at baseline. Thus, while changes in NLR and the KP
metabolite profile appear to be independent of each other, endur-
ance exercise likely induces metabolic and immunological effects

that affect both the NLR and the KP metabolite profile.

Strengths and limitations

Strengths of this study include the comprehensive KP metabo-
lite profiling in a well-characterized cohort of pwMS using
reliable state-of-the-art methodology. Statistical analyses were
controlled for BMI, age, and EDSS score, factors known to
influence the KP metabolite profile.!3434 Nevertheless, addi-
tional control for other potential confounding variables, such as
diet and renal function, would have increased the validity of the
results. HII'T and MICT were part of combined treatments,
and, for ethical reasons, were delivered in addition to relevant
concomitant care. We cannot rule out any additional physio-
logical stimuli induced by treatments other than HIIT and
MICT that caused acute effects on the serum KP metabolite
profile within the 24-hour time window between the last exer-
cise session and T, blood sampling. The changes in the KP
metabolite profile over time in both the HIIT and MICT
group are likely a result of combined effects, induced by the
respective endurance training modality and several relevant
concomitant care interventions, such as strength training, that
were equally prescribed for both groups. The design of com-
bined treatments (ie, HIIT combined with IEME versus
MICT combined with PMR) was reasonable considering the
primary aim of the source study, but may have introduced bias
in between-group comparisons when investigating exercise-
induced KP modulation. In this regard, also the absence of
intensity *session duration matching between HIIT and
MICT (ie, HR,,,; * minutes) and the short intervention period
of 3weeks may have obscured any potential superiority of
HIIT over MICT. Both the inclusion of a control/usual care
group receiving only concomitant care and a comparison of
two single interventions with matched workloads would have
been preferable. Lastly, controlling for individual disease-mod-
ifying therapies would have been optimal. Differences between
the NLR subgroups in response to HII'T and MICT may not
only have depended on systemic inflammation per se but may
also have involved interactions with disease-modifying therapy.
For example, all fingolimod-treated participants (32.1%) were
part of the high NLR group. Fingolimod induces pronounced
monocytosis and lymphopenia, thereby increasing NLR.3%45
Concurrently, all natalizumab-treated participants (13.2%)
were part of the low NLR group. Natalizumab increases sys-
temic counts of lymphocyte subpopulations which causes a
reduction in NLR.34 Although preferred, controlling for
individual disease-modifying therapies was not feasible due to
large heterogeneity among participants. While the present
study is not without its limitations, the authors endeavored to
have an ecologically valid approach to the research question,
with a study located in a real-world inpatient rebabilitation set-
ting incorporating interdisciplinary multimodal care that
reflects best practice in MS management.*’ The results of this
study are generalizable to pwMS with similar characteristics
who are admitted to MS inpatient rehabilitation.
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Conclusions
Results of this secondary analysis show that treatment combi-
nations including repeated bouts of HII'T or MICT, embedded
into a multimodal 3-week rehabilitation, modulate the serum
KP metabolite profile in pwMS. Baseline systemic inflamma-
tion, as indicated by NLR, may have a significant impact on KP
modulation and anti-inflammatory effects of exercise.
Findings from this analysis highlight the potential com-
plexity of the KP, exercise-induced KP modulation, and inter-
actions with pathophysiology and treatment response in
inflammation-related diseases and conditions. Future studies
investigating mechanistic effects of exercise in pwlMS should
complement KP metabolite profiling with comprehensive
immunophenotyping and measures of neuroinflaimmation
and neuroaxonal damage, taking into account the potential
impact of baseline systemic inflammation and disease-modi-

tying therapy.
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