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Introduction

Abstract

Objective: The goal of this exploratory study was to evaluate the effects of an
exercise intervention — progressive resistance training (PRT) on the metabolome
of people with MS (pwMS) and to link these to changes in clinical outcomes.
Methods: 14 pwMS with EDSS <4.0 and 13 age- and sex-matched healthy con-
trols completed a 12-week in-person PRT exercise intervention. Outcome mea-
sures included: plasma metabolomics analysis, cardiovascular fitness tests,
EDSS, timed 25-foot walk (T25FW), six-minute walk test (6MWT), hip
strength, and modified fatigue impact scale (MFIS). We identified changes in
the metabolome with PRT intervention in both groups using individual
metabolite abundance and weighted correlation network defined metabolite
module eigenvalues and then examined correlations in changes in metabolite
modules with changes in various clinical outcomes. Results: In both groups
PRT intervention improved hip strength, distance walked in 6WMT, speed of
walking, while fatigue (MFIS) was improved in pwMS. Fatty acid, phospholipid,
and sex steroid metabolism were significantly altered by PRT in pwMS but not
in controls. Changes in fatigue (MFIS score) were strongly inversely correlated
and hip strength was moderately correlated with change in sex steroid metabo-
lite module in pwMS. A similar relationship was noted between change in
dehydroepiandrosterone sulfate abundance (sex steroid metabolite) and fatigue
in pwMS. We also noted an inverse correlation between changes in fatty acid
metabolism and cardiovascular fitness in pwMS. Interpretation: PRT-induced
metabolic changes may underlie improved clinical parameters in pwMS and
may warrant investigation as potential therapeutic targets in future studies.

Exercise has beneficial effects on various aspects of MS
disease. Exercise training improves strength and mobility

Multiple sclerosis is a chronic autoimmune neurological
disorder that has both inflammatory and degenerative
components.' Genetic and environmental factors play a
role in conferring risk for MS. The circulating metabo-
lome provides unique insights into the pathophysiology
of disease and can identify prognostic and diagnostic
biomarkers.>® Multiple studies have demonstrated that
the metabolome is altered in MS patients and may be
linked to disease severity and course.»> The precise mech-
anism by which various altered metabolic pathways affect
the disease is unknown.
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in healthy controls as well as individuals with MS.®” For
example, walking ability in pwMS is affected by hip weak-
ness,® which we have shown can be improved through
targeted progressive resistance training (PRT).” Exercise
studies also show functional benefits in mood,'® cardio-
vascular fitness,® fatigue'"'? and cognition."”” However,
the benefits of exercise extend beyond symptomatic
improvements, positively affecting brain volume in the
hippocampus,'* reducing oxidative stress,'> and poten-
tially increasing the production of neurotrophic factors
such as brain-derived neurotrophic factor (BDNF),'¢
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which offer the potential for immunomodulation and
neuroprotection: However, the degree to which an indi-
vidual with MS responds to exercise can vary widely’ and
the precise mechanisms by which interventions such as
PRT produce these beneficial effects is not known.

Exercise has effects on the metabolome both acutely
and in a more chronic fashion.'"””" Changes, however,
vary depending on the population studied and the exer-
cise paradigm utilized. The effects of exercise on metabo-
lism in people with MS (pwMS) are not known. We
hypothesized that some of the beneficial effects of exercise
in pwMS may be mediated by changes in the metabolome
and hence in this exploratory study we sought to deter-
mine the effects of a progressive resistance training (PRT)
exercise program on the metabolome of pwMS and to
determine whether these changes were related to improve-
ment in strength, mobility and fatigue.

Methods

Study participants

We recruited participants with relapsing-remitting MS
(RRMS) who satisfied the inclusion and exclusion criteria
as follows. Participants were adults with a confirmed
diagnosis of RRMS, not on a disease-modifying therapy
(DMT) or on the same DMT for the past 6 months,
EDSS score <4.0, and no co-morbid medical conditions
that would prevent exercise. Exclusion criteria included
other neurological diseases, MS exacerbation in prior
8 weeks, pregnancy, congestive cardiac failure, peripheral
artery disease, cancer, pulmonary or renal failure, unstable
angina, uncontrolled hypertension, orthopedic or pain
conditions limiting exercise or use of medications that
could increase the risk for cardiovascular fitness testing.
We also recruited age-, race and sex-matched healthy
control (HC) participants. All participants provided
informed consent prior to participation in the study and
the study was approved by the Johns Hopkins University
Institutional Review Board.

Study intervention

All participants underwent a 12-week intervention target-
ing hip strengthening by a progressive resistance training
(PRT) program.’ This involved three sessions a week in-
person and participants were asked to attend a minimum
of 33 sessions. The rehabilitation program selectively iso-
lates and targets large muscle groups acting on the hip.
This intervention was chosen as we have previously
shown hip weakness is a major contributor to walking
dysfunction in MS. Details of the exercise intervention
have been previously published.” For the analysis,
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compliance with the intervention was defined as a com-
pletion of a minimum of 20 sessions over 10—14 weeks.
The minimum compliance was established based on our
prior study showing a significant change in 8 weeks of
strength training and given the allowance to miss two ses-
sions / month. The range of total weeks duration was
provided to participants to allow for missed visits due to
vacation or illness and because the demand is high for
participants to come in person three times a week who
are working full time.

Study outcome measures

This study was a pretest—posttest controlled design. Out-
come measures were obtained within 2 weeks of starting
or stopping the exercise intervention. Demographic infor-
mation including age, sex, height, and weight were also
collected.

Metabolomics assays
Blood draw

All participants underwent phlebotomy at baseline and
end-of-study visits. Time of day and time of last meal
were recorded at sample collection. While no uniform
protocol was enforced across participants, individual par-
ticipant circumstances at the baseline visit were repeated
at the end-of-study (same time of day and time from last
meal). Blood was processed using a standardized protocol
and plasma was separated, aliquoted, and stored at —80°C
until it was utilized for metabolomics analyses at the end
of the study.

Metabolomics analysis

Global metabolomics analyses were performed at Metabo-
lon Inc. as previously described.”® In brief, recovery stan-
dards were added before the extraction process for quality
control. To remove protein and recover chemically
diverse metabolites, proteins were precipitated with
methanol under vigorous shaking for 2 min, followed by
centrifugation. The resulting extract was divided into five
fractions: analysis by ultra-high-performance liquid chro-
matography-tandem mass spectrometry (UPLC-MS/MS)
(positive ionization); UPLC-MS/MS (negative ionization);
UPLC-MS/MS polar platform (negative ionization); gas
chromatography-mass spectrometry; and one aliquot
reserved for backup. Metabolite identification was per-
formed by automated comparison of the ion features in
the study samples with a reference library of standard
metabolites. Quantification of peaks was performed using
the AUC. Raw values for the area counts for each
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metabolite were normalized (correcting for variation
resulting from instrument inter-day tuning differences) by
the median value for each run day.

Overall impairment

An expanded disability status scale (EDSS) was conducted
at baseline and end of study visits on each participant to
assess overall impairment related to MS. These were per-
formed by the study neurologist - PB.

Participant reported measures
Fatigue

The Modified Fatigue Impact Scale (MFIS) was used to
assess the impact of fatigue on everyday life and hence
provide a measure of severity of MS-related fatigue.”!

Physical activity

The self-report of the Godin Shephard Leisure-Time
Physical Activity Exercise Questionnaire was used to
assess average weekly physical activity.**

Quantitative performance measures
Strength

Per protocol in [9], hip flexor strength was measured by
hand-held dynamometry using a Microfet2 (Hoggan
Health Industries). An average of two trials of maximal
effort for each hip was calculated and the sum of both
sides was used in the analysis. Changes in summed
strength were used to identify responders (>5.1 lbs) and
non-responders (<5.1 lIbs) based on a calculation of the
95% minimal detectable change from our previous
strength training study.’

Walking

Walking speed was measured by the Timed 25 Foot Walk
Test (T25FW). Participants are asked to walk 25’ feet as
quickly and safely as possible. The time in seconds is
reported.”

Physical fitness

Two measures were used to assess physical fitness. The
distance obtained from the six-minute walk test (6MWT)
during which participants walked back and forth on a 20-
m track attempting to cover the maximum distance possi-
ble.* The second measure was the estimated VO, max,
following NHANES protocol,” participants walked on a
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treadmill at fixed exercise workloads and heart rate
response was assessed. VO, max was estimated by vali-
dated formulae. Two participants (1 MS 60 year and 1
HC 66 years) did not perform the VO, max estimate test
as resting vital signs at the pretest excluded their partici-
pation (SBP > 180 mmHg, DBP > 100 mmHg; HR >
100 bpm): one female with MS, 60 years (resting BP
144/97; HR 94); one female HC, 66 years (resting BP
145/101; HR 95). Both subjects were cleared by their
physicians for participation in the exercise intervention
and vital signs were monitored daily.

Statistical analysis
Metabolomics data analysis

The metabolite abundance data generated by global meta-
bolomics analysis were subjected to quality control and
pre-processing as follows. We first removed metabolites
that were missing in more than 30% of the samples, fol-
lowed by the imputation of missing values using a k-near-
est neighbors (kNN) method. We then normalized
metabolite concentrations by log transformation followed
by autoscaling of these values. This processed data was
then used to run Sign-rank (non-parametric) tests to
determine which metabolites changed over the course of
the study. We set a False-discovery rate (FDR) adjusted p
value of 0.2 as the threshold to determine significance.
We also utilized an alternative strategy of using weighted
correlation network analysis (WGCNA) for dimension
reduction,™*® by generating 17 modules of highly corre-
lated metabolites and used the eigen-metabolite values for
each module in downstream analyses. We utilized Wil-
coxon signed-rank test to compare WGCNA derived
eigen-metabolite values to determine which modules were
altered with PRT intervention. We adjusted for multiple
comparisons using a Benjamini—-Hochberg FDR correction
with a Q value of 0.2 to generate FDR-adjusted p values.

Self-reported and quantitative performance
measures analyses

Non-parametric tests were used for all measures due to
the small sample size. Differences between the groups
were assessed using the Kruskal-Wallis Test. To assess
within-group changes pre-post training the Wilcoxon
matched-pair signed-rank test was used.

Responders/non-responders

Assignment of participants as responder or non-responder
to the intervention was determined by changes in the
summed strength after training. A participant was labeled
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a responder if the change exceeded the minimal detectable
change (MDC) of 5.1 pounds. The Minimal Detectable
Change based on a 95% confidence interval using the for-
mal MDC = 1.96 X Standard Error of Measurement
(SEM) x v/2 (Shirley Ryan Ability Lab; https://www.sra
lab.org/statistical-terms-use). The SEM used was assessed
from a combination of the MS participants in this study
and those with an EDSS <4.0 from our prior PRT study’
for a total group of pwMS with n = 28, mean change in
summed hip strength = 8.6 £ 1.94 (SEM).

Relationships between training-induced changes
and changes in the metabolome

To assess the relationship between changes in the metabo-
lome and changes in performance measures we used
Spearman’s Rank-Order correlations. Significance was set
at p < 0.05. Given the exploratory nature of the study
and these analyses, we did not perform corrections for
multiple hypothesis testing for these analyses.

Data availability

Deidentified data are available from the corresponding
author on reasonable request.

Results

Cohort characteristics

We enrolled 20 MS participants of which 14 completed
the exercise intervention and 18 healthy controls of which
13 completed the exercise intervention. Compliance was
high with only three participants having less than 33 ses-
sions. The demographic characteristics of participants that
completed the PRT intervention are shown in Table 1.
Baseline differences between the two groups were not sig-
nificant (p > 0.05) for any demographic or outcome mea-
sure except for walking speed (T25FW, p < 0.01) with
the pwMS walking slower than the age-matched controls.

Effects of exercise program on the
metabolome in pwMS and HCs

We identified 51 metabolites that changed in pwMS (us-
ing FDR-adjusted p value cut-off <0.2) and no metabo-
lites that changed significantly in HCs (using the same
cutoff) following the PRT intervention. The top 25
metabolites are shown in Table 2 for the MS group. The
majority of metabolites that changed belong to fatty acid
and phospholipid metabolic pathways.

Of the 17 metabolite modules identified by WGCNA,
six modules changed significantly with PRT in the MS

Exercise and Metabolism in Multiple Sclerosis

Table 1. Demographic characteristics of study participants.

Multiple

sclerosis Healthy control
Characteristic (n=14) (n=13)
Age (mean =+ SD), years 42 +£13 39+ 14

Sex (M:F) 2:12 2:11

BMI (mean + SD), kg/m? 26.5+59 256 + 43

Godin-Shephard exercise activity 29 + 17 37 +£ 30
scale (mean + SD)

EDSS [median (range)] 1.5 (0-3) -

Days of exercise completed 31 +£5 334 +£1
(mean + SD), days

Exercise intervention duration 124 +2.2 11.7 £ 09

(mean + SD), weeks

Table 2. Metabolites altered by PRT intervention in pwMS.

FDR adjusted p
Metabolite'

p value value
1-palmitoleoyl-GPC 0.000122 0.059001
Myristate 0.000244 0.059001
3-hydroxyisobutyrate 0.000366 0.059001
Linolenate 0.000366 0.059001
1-palmitoyl-GPC 0.00061 0.059001
1-stearoyl-GPC 0.00061 0.059001
Hydantoin-5-propionate 0.00061 0.059001
Margarate 0.00061 0.059001
Palmitate 0.00061 0.059001
1-1-enyl-stearoyl-GPE 0.000854 0.067583
10-nonadecenoate 0.000854 0.067583
1-1-enyl-palmitoyl-GPC 0.001221 0.075858
Arachidonate 0.001221 0.075858
Oleate/vaccinate 0.001221 0.075858
Dihomolinoleate 0.001709 0.08746
Linoleate 0.001709 0.08746
Stearidonate 0.001709 0.08746
Tetradecanedioate 0.002319 0.1121
5-dodecenoate 0.003052 0.13275
Glycerol 0.003052 0.13275
3-3-hydroxyphenylpropionate 0.004028 0.14603
sulfate

5,6-dihydrouridine 0.004028 0.14603
indole-3-carboxylate 0.004028 0.14603
Stearate 0.004028 0.14603
3-aminoisobutyrate 0.005249 0.15222

"Top 25 metabolites are shown.

group (Table 3). The top metabolites in the modules,
derived from the WGCNA analysis that changed in the
MS group with PRT, are also shown in Table 3. Consis-
tent with the analysis of individual metabolites, the mod-
ules that changed were primarily related to fatty acid,
phospholipid, and sex steroid metabolism.
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Table 3. Modules altered by PRT in pwMS with primary metabolites included in the modules

Module

Metabolites

p value FDR adjusted p value

Black (Acylcarnitine metabolism) Laurylcarnitine
5-dodecenoylcarnitine
Myristoleoylcarnitine
Decanoylcarnitine
Octanoylcarnitine

Hexanoylcarnitine

3-hydroxydecanoylcarnitine

Nonanoylcarnitine
3-hydroxyoleoylcarnitine
3-hydroxysebacate
Dodecanedioate
Tetradecanedioate
Hexanoylglutamine
3-hydroxyoctanoate
3-hydroxyhexanoate
Palmitate
10-nonadecenoate
Dihomolinoleate
Myristate

Linoleate

Oleate

Margarate

Pink (Fatty acid metabolism)

Yellow (Fatty acid metabolism)

Docosapentaenoate (DPA)
Dehydroepiandrosterone sulfate (DHEAS) 0.03 0.13

Brown (Steroid metabolism)

0.018 0.10

0.013 0.11

0.0076 0.13

Androstenediol-3beta, 17beta-monosulfate

Pregnenetriol sulfate
Pregnenediol sulfate
Pregnenetriol disulfate

Androstenediol-3alpha, 17alpha-monosulfate
Androstenediol-3beta, 17beta-disulfate

Tan (Ether lipid metabolism) 1,1-enyl palmitoyl GPE
1,1-enyl stearoyl GPE

1,1-enyl oleoyl GPE

0.03 0.13

1,1-enyl stearoyl-2-arachidonoyl GPE
1,1-enyl stearoyl-2-oleoyl GPE
1,1-enyl palmitoyl-2-linoleoyl GPE
1,1-enyl stearoyl-2-linoleoyl GPE

Salmon (Phospholipid metabolism) 1-stearoyl GP
Oleoylcholine
Palmitoylcholine
Linoleoylcholine
1-palmitoyl GPI

Arachidonoylcholine

0.03 0.13

Exercise program leads to changes in fitness
and disability metrics in pwMS

We examined the effect of the PRT on measures of
strength, cognition, fatigue, and overall disability. We
noted that in MS participants the PRT intervention led to
significant increases in hip strength, distance walked dur-
ing the 6MWT, faster walking speed (on timed 25-foot
walk [T25FW]), and reduced fatigue (based on MFIS
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scores) (Table 4). Healthy controls also had significant
changes in hip strength, distance walked during the
6MWT and walking speed (Table 4). The effects of PRT,
however, were not uniform within all pwMS and utilizing
the MDC for change in hip strength of 5.1 lbs, we noted
that 8/14 pwMS demonstrated a response to the PRT
intervention in terms of a meaningful increase in hip
strength. In comparison, 12/13 healthy controls demon-
strated strength improvement above the MDC reference.
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Table 4. Effect of PRT intervention on clinical outcomes in pwMS and HCs.

Exercise and Metabolism in Multiple Sclerosis

Multiple sclerosis

Healthy control

Outcome Pre-PRT Post-PRT p value Pre-PRT Post-PRT p value
Hip strength (pounds) 88.5 + 18 96 + 24 0.008 93.6 + 20 107 + 23 0.002
6MWT (meters) 589 + 81 616 + 85 0.01 613 £ 59 632 + 71 0.03
T25FW (seconds) 3.76 + 0.39 3.46 + 0.5 0.008 34+04 32+05 0.02
EDSS 1.5+ 0.15 1.2+03 0.4 - - -

VO, max estimated’ (ml/kg/min) 34.15 + 11.8 353+ 11.8 0.72 354+ 6.8 354 +638 1.0
MFIS total 23+5 14.6 + 4.5 0.0056 - - -

MFIS physical subscale 10.6 +2.3 6.4+ 19 0.005 - - -

MFIS cognitive subscale 103 +2.6 7+26 0.012 - - -
Godin Leisure scale 36 + 29 44 + 17 0.096 29 +£ 17 42 + 21 0.38

'n = 12 for each group since one participant from each group was unable to complete this measurement.

In the pwMS group, there was no difference in baseline
characteristics or training intensity between responders
and non-responders. Compared with non-responders, the
responders also showed significantly greater changes in
other measures (non-responder vs. responder mean
(SD)): 6MWT (20 m £ 32 vs. 31 m + 35), T25FW
(=0.17 s & 0.29 vs. —0.41 s &+ 0.4), MFIS total (-2 £ 5
vs. —13 £ 5), and MFIS physical, (0.5 £ 1 vs. =7 & 4).

Association between the change in the
metabolome and effects on fitness and
disability metrics in MS

We then studied the relationship between change in
metabolite levels and alterations in the various clinical
outcomes. To do this we first calculated Spearman corre-
lation coefficients between change in various clinical out-
comes and the change in eigen-metabolite values for the
various WGCNA derived metabolite modules. We noted
strong inverse correlations between change in the sex ster-
oid metabolite module scores (brown module) and
change in fatigue scores (both MFIS - r = —0.65,
p =0.01 [Fig. 1A] and MFIS physical subscale scores —
r = —0.64, p = 0.01 [Fig. 1B]). We also noted a moderate
correlation between the change in the brown metabolite
module and change in hip strength (r = —0.54, p = 0.03,
Fig. 1E). The eigenmetabolite in this module was dehy-
droepiandrosterone sulfate (DHEAS). As expected, change
in DHEAS abundance over the course of the study was
inversely correlated with change in fatigue scores (Fig. 1C
and D).

Additionally, we noted a significant inverse correlation
between the change in yellow module (fatty acid metabo-
lism) scores and change in estimated VO, max which is a
measure of overall cardiovascular fitness (r = —0.61,
p = 0.025 [Fig. 1F]).

We also analyzed whether changes in the metabolome
differed by status as a responder or non-responder to the
PRT intervention (as defined above). We noted significant
differences in the change in sex steroid module (brown)
eigenmetabolite values between the responder and non-re-
sponder groups (p = 0.028). Similarly, changes in other
metabolite modules (black [acylcarnitine metabolism] and
pink [fatty acid metabolism]) were also noted to be sig-
nificantly different between the responder and non-re-
sponder groups (p = 0.038 and p = 0.029, respectively).

Discussion

We demonstrate that a 12-week PRT intervention led to
significant changes in the metabolome in pwMS. These
changes primarily involved fatty acid, phospholipid, and
sex steroid metabolism and were related to changes in
strength, fatigue, and cardiovascular endurance.

Consistent with prior studies, we demonstrate numer-
ous beneficial effects of an exercise intervention in
pwMS.>*?® ‘We noted improved hip strength, faster
walking speed, and improved fatigue following PRT. The
results of this study provide additional evidence for the
pleiotropic benefits of exercise in pwMS.

We noted significant changes in the metabolome of
pwMS primarily involving fatty acid, phospholipid and
sex steroid metabolism. We noted similar results utilizing
both individual metabolite abundances and metabolite
modules obtained using WGCNA. Previous studies of
exercise interventions in healthy controls have shown
great variability in the changes in the resting metabolome
following exercise'””'*?*?° with some showing minimal
change attributed to the presence of effects of a variety of
additional variables on the metabolome. A recent study
examining effects of exercise in army recruits showed that
the resting metabolome was altered with changes in some
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Figure 1. Relationship between change in the metabolome and clinical measures in pwMS. (A) Scatter plot depicting a strong inverse relationship between
change in sex steroid metabolite module eigenvalue and fatigue (MFIS) scores. (B) Scatter plot depicting a strong inverse relationship between change in sex
steroid metabolite module eigenvalue and score on the physical subscale of MFIS. (C) Scatter plot depicting a strong inverse relationship between change in
DHEAS abundance and fatigue (MFIS) scores. (D) Scatter plot depicting a strong inverse relationship between change in DHEAS abundance and score on the
physical subscale of MFIS. (E) Scatter plot depicting the moderate correlation between change in sex steroid metabolite module eigenvalue and hip strength.
(F) Scatter plot depicting a strong inverse relationship between change in fatty acid metabolism module eigenvalue and cardiovascular fitness (measured by
estimated VO, max). p and r values for A-F are derived from Spearman'’s correlations.
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classes of metabolites that overlapped with our findings—
including certain lipids and products of fatty acid oxida-
tion.?® Several changes, we noted in the metabolome of
pwMS, are compatible with those seen in prior studies of
exercise interventions in other populations. Interestingly,
in our cohort, we did not note similar changes in the
metabolome of healthy controls following PRT. Most
recent studies of exercise modalities used to study pertur-
bations in the metabolome of healthy controls rely on
much higher intensity levels and shorter intervals (hours
not weeks) of exercise with results showing relatively
short decay (24 h) in the changes observed.>' Our results
suggest that pwMS may require a less intense intervention
to see beneficial lasting changes in the metabolome than
health controls. This could potentially point to a specific
effect of the PRT intervention in pwMS or perhaps that
the intervention did not represent a significant/sufficient
metabolic stressor for the healthy control group.

We noted associations between the change in the meta-
bolome with PRT and effects on measures of strength,
endurance, and fatigue in pwMS, suggesting the possibil-
ity that alterations in the metabolome may be mediating
some of the beneficial effects noted on clinical outcomes.
Specifically, changes in sex steroid metabolism were corre-
lated with improvement in fatigue and increase in hip
strength. This effect appeared to be driven by metabolites
like DHEAS—a neurosteroid that has previously been
associated with a multitude of beneficial biological
effects.’>”> Multiple studies have examined the relation-
ship between exercise and levels of sex steroids in healthy
controls, especially DHEA and DHEAS, with the majority
of studies appearing to demonstrate increased levels with
exercise though some studies of resistance exercise
showed discordant results between the two metabolites.”*

In a previous study, low DHEAS levels were noted in
pwMS compared to controls, especially in fatigued
pwMS.?® Similar relationships have also been noted in
other autoimmune diseases like Sjogren’s and Lupus.
Studies have also examined the benefit of supplementa-
tion of DHEA on symptoms in Sjogren’s syndrome’;
however, similar studies have not been conducted in MS.
Side effects associated with DHEA supplementation in tri-
als in other conditions have generally been mild and
included hirsutism, acne, and greasy skin.’®*” Further
studies to assess the effects of interventions such as
DHEA supplementation in fatigued pwMS may be war-
ranted based on our observations.

Another interesting observation in our study was the
inhomogeneity of the response to PRT intervention in
pwMS. Using an MDC cut-off we noted that just over
half of the participants were classified as responders to
PRT based on a change in hip strength. While there was
no difference in training intensity or Dbaseline

Exercise and Metabolism in Multiple Sclerosis

characteristics between the two groups, the responders
also showed greater improvements in several other out-
comes and in particular, in their reduction in fatigue
(MFIS total and physical sub-score). The fact that some
metabolic changes (such as sex steroid metabolism) dif-
fered between responders and non-responders raises the
possibility that metabolic changes may explain the varied
responsiveness of pwMS for beneficial effects of exercise
on clinical outcomes. DHEA supplementation has been
tested as a means to augment the beneficial effects of
exercise on a variety of end points.”®** Our results also
suggest that further research is required to determine
whether supplementation of sex steroids like DHEA may
help augment the benefit derived by pwMS through an
exercise intervention.

The strengths of our study include the fact that the
exercise intervention targeted hip weakness that is a speci-
fic impairment limiting function in pwMS, and that the
PRT was conducted in-person under direct physical ther-
apist supervision thus ensuring an adequate dose of exer-
cise for all participants. We also enrolled a fairly
homogenous cohort of participants with low disability
levels to allow for unrestricted participation in the exer-
cise program. Another strength of the study was that we
utilized quantitative outcome measures to assess exercise
responsiveness and fitness (i.e., dynamometry, estimated
VO, max) to assess associations with changes in the
metabolome. These measures are less subjective compared
to typical rating scales (manual muscle testing, self-re-
ported activity levels) and require minimal equipment
and training to quantify clinical outcomes making the
results of exercise intervention studies more clinically
applicable.

The main limitations are the small sample size of the
study, partly due to early termination due to the COVID-
19 pandemic and the dropout rate (due to inclusion of
low disability pwMS who work full time and are hence
more likely to dropout due to the time commitment)
which may have reduced our ability to identify additional
changes in the metabolome produced by the PRT inter-
vention and may reduce the generalizability of findings by
biasing towards those more likely to be compliant with
intensive intervention. The small sample size may also
increase the risk of identifying false-positive associations
between the various outcomes. An additional limitation
that may reduce the generalizability of the findings is that
we selected participants with RRMS and low levels of dis-
ability to allow for optimal participation in the exercise
intervention.

In conclusion, we demonstrated the pleiotropic benefi-
cial effects of a resistance training intervention in pwMS
and identified changes in sex steroid metabolism (such as
DHEAS) that were associated with changes in hip
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strength and fatigue. Given the exploratory nature of the
current study, future studies to confirm the effects of
PRT on the metabolome are warranted. This will also
provide rationale to investigate sex steroid supplementa-
tion to treat MS-related fatigue and augment response to
exercise interventions.
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