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Abstract

Background Patients with multiple sclerosis (MS) experience reduced exercise tolerance that substantially reduces
quality of life. The mechanisms underpinning exercise intolerance in MS are not fully clear. This study aimed to deter-
mine the contributions of the cardiopulmonary system and peripheral muscle in MS-induced exercise intolerance
before and after exercise training.

Methods Twenty-three patients with MS (13 women) and 20 age-matched and sex-matched healthy controls (13
women) performed a cardiopulmonary exercise test. Muscle fibre type composition, size, succinate dehydrogenase
(SDH) activity, capillarity, and gene expression and proteins related to mitochondrial density were determined in
vastus lateralis muscle biopsies. Nine MS patients (five women) were re-examined following a 12 week exercise
training programme consisting of high-intensity cycling interval and resistance training.

Results Patients with MS had lower maximal oxygen uptake compared with healthy controls (VOzpeak, 25.0 + 8.5 vs.
35.7 = 6.4 mL/kg/min, P < 0.001). The lower gas exchange threshold (MS: 14.5 =+ 5.5 vs. controls: 19.7 * 2.9 mL/kg/
min, P = 0.01) and slope of VO, versus work rate (MS: 9.5 + 1.7 vs. controls: 10.8 + 1.1 mL/min/W, P = 0.01) sug-
gested an intramuscular contribution to exercise intolerance in patients with MS. Muscle SDH activity was 22% lower
in MS (P = 0.004), and strongly correlated with several indices of whole-body exercise capacity in MS patients (e.g.
VOzpeak, Spearman’s p = 0.81, P = 0.002), but not healthy controls (p = 0.24, P = 0.38). In addition, protein levels
of mitochondrial OXPHOS complexes I (—40%, P = 0.047) and II (—45%, P = 0.026) were lower in MS patients versus
controls. Muscle capillary/fibre ratio correlated with VOzpeak in healthy controls (p = 0.86, P < 0.001) but not in MS
(p = 0.35, P = 0.22), and did not differ between groups (1.41 = 0.30 vs. 1.47 = 0.38, P = 0.65). Expression of genes
involved in mitochondrial function, such as PPARA, PPARG, and TFAM, was markedly reduced in muscle tissue samples
of MS patients (all P < 0.05). No differences in muscle fibre type composition or size were observed between groups (all
P> 0.05). VOzpeak increased by 23% following exercise training in MS (P < 0.001); however, no changes in muscle cap-
illarity, SDH activity, gene or protein expression were observed (all P > 0.05).

Conclusions  Skeletal muscle oxidative phenotype (mitochondrial complex I and II content, SDH activity) is lower in
patients with MS, contributing to reduced exercise tolerance. However, skeletal muscle mitochondria appeared
resistant to the beneficial effects of exercise training, suggesting that other physiological systems, at least in part, drive
the improvements in exercise capacity following exercise training in MS.
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Introduction

Multiple sclerosis (MS) is a chronic autoimmune disorder of
the central nervous system and the leading cause of
non-traumatic neurological disability among young adults.
Following leukocyte invasion, multifocal inflammatory demy-
elinating lesions can be observed throughout the central ner-
vous system, culminating in diverse symptoms including sen-
sory, motor, and visual deficits, as well as fatigue, cognitive
impairments, and depression. In most patients, MS initially
manifests as a relapsing—remitting disease and advances into
a secondary progressive phase in which neurodegeneration
reflected by brain atrophy is the best predictor of clinical
disability.

Patients with MS display limited physical capacity, which
may in part be related to their habitually lower voluntary
physical activity.>® Patients with MS therefore have an in-
creased risk for developing chronic diseases related to a sed-
entary lifestyle, such as metabolic and cardiovascular dis-
eases (e.g. type 2 diabetes mellitus, obesity, and heart
failure).* Lower peak O, uptake (VOzpeak) and physical inactiv-
ity in patients with MS have been hypothesized to impact MS
pathology and progression.>> Moreover, disease severity
negatively correlates with markers of exercise tolerance
among ambulatory MS patients.®” Both muscle strength
and aerobic capacity are lower in patients with MS.>*® Exer-
cise training results in improvements in exercise capacity and
markers of health-related quality of life in patients with
MS,”? but the mechanisms underpinning training adaptations
in this population are not well understood.'®*? Understand-
ing the limiting factors contributing to the exercise intoler-
ance observed in MS, the mechanisms underlying their alter-
ations with training, and the most effective intervention to
maximize adherence® will aid increasing the confidence of
health-care providers in prescribing exercise to patients with
MS. Concurrent resistance and high-intensity interval training
is well-tolerated by patients with MS***> and is effective in
improving certain cardiovascular risk factors and exercise ca-
pacity in this population.*>*® The efficacy of concurrent resis-
tance and aerobic exercise training in this population there-
fore deserves further study.*®

Peripheral alterations in the skeletal muscle of patients
with MS likely contribute to their exercise intolerance. Skele-
tal muscles from MS patients may undergo a slow-to-fast
muscle phenotype shift and are prone to atrophy*’*%; how-
ever, this is not consistently observed.®* Moreover, a lower
muscle oxidative capacity has been inferred from slowed
phosphocreatine recovery kinetics,?® impaired muscle meta-
bolic stability,?* slower pulmonary O, uptake (VO,) kinetics,?
and accelerated quadriceps muscle fatigue during electrical
muscle stimulation.?>** Because these alterations also result
from muscle deconditioning, it remains to be determined
whether similar adaptations are direct consequences of the
pathophysiology of MS per se*®?! or are indirectly driven by

deconditioning. If deconditioning is the primary driving force
for these skeletal muscle impairments then they should be al-
leviated by an exercise training intervention.

In order to determine limitations to exercise tolerance in
MS, we simultaneously studied whole-body exercise capacity
and skeletal muscle characteristics in MS patients. Patients
with MS and age-matched and sex-matched healthy controls
underwent cardiopulmonary exercise testing to determine
contributing factors to exercise tolerance. Additionally, in
skeletal muscle biopsies, we assessed important structural
and metabolic components of exercise capacity. To determine
whether exercise training improves skeletal muscle structure
and function in patients with MS, a subgroup was tested again
after a 12 week combined high-intensity cycling interval and
resistance exercise training intervention. We hypothesized
that patients with MS display a lower VOzpeak compared with
healthy controls, with concomitant intramuscular differences
in fibre oxidative capacity, size and capillary density compared
with controls. We also hypothesized that a 12 week combined
high-intensity cycling interval and resistance exercise training
programme improves exercise tolerance and cellular variables
of aerobic function in patients with MS.

Methods
Participants

Twenty-three patients with MS (10 men and 13 women) and
20 healthy controls (7 men and 13 women) were recruited via
local advertisement. Participants were excluded if they were
<18 years, participated in another study, had contraindica-
tions to perform physical exercise, and, in patients with MS,
suffered a relapse within 6 months prior to the study or
had an EDSS > 6 (non-ambulatory). All participants gave
written informed consent. Ethical approval was obtained
from the local Ethical Committee of the Jessa Hospital and
Hasselt University. All study procedures were performed in
accordance with the Declaration of Helsinki (trial registration
number NCT02466165).

Body weight and height were measured and participants
completed the Physical Activity Scale for Individuals with
Physical Disabilities (PASIPD). Maximal voluntary muscle
strength was measured as previously described (supporting
information).*®

Exercise capacity

A maximal cardiopulmonary exercise test was performed on a
braked cycle ergometer (eBike BasicVR, General Electric
GmbH) with a metabolic cart (Jaeger OxyconVR, Erich Jaeger
GmbH) to determine gas exchange and ventilatory variables
breath-by-breath. Participants cycled at a frequency of
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~70 rpm throughout and started the test at 20 (women) or
30 W (men) for 1 min. Thereafter, power output increased
in steps of 10 (women) or 15 (men) W/min until task failure,
defined as the point at which cadence dropped below
60 rpm. Heart rate was monitored using a 12-lead ECG device
(custo cardio 400, Custo med). A detailed analysis procedure
is described in the supporting information.*

Muscle sampling

Resting muscle biopsies from the mid-section of the vastus
lateralis muscle were obtained using the Bergstrom needle
technique. In patients, biopsies were taken from the weakest
leg based on isokinetic dynamometry measurements (System
3, Biodex, ENRAF-NONIUS). In healthy controls, biopsies were
taken from a random leg. Visible connective tissue was care-
fully removed, and part of the biopsy was immediately
snap-frozen in liquid nitrogen for molecular techniques. A
part of the biopsy was aligned longitudinally, embedded in
Tissue Tek O.C.T. compound, and frozen in liquid
nitrogen-cooled isopentane for histology. All samples were
stored at —80°C until further analysis.

Muscle fibre type composition and fibre size

Transverse sections (10 pum, Microm HM 550 cryostat,
Thermo Scientific) were stained against myosin heavy chain
isoform 1, lla, 1Ix, and cell membranes (with laminin). Detailed
description of the immunohistochemistry protocol is pre-
sented in the supporting information. Sections were imaged
at x10 magnification using a Leica DM4000 B LED microscope
and a Leica EL6000 external light source (Leica
Microsystems). Muscle fibre type composition, fibre
cross-sectional area (FCSA, um?), and fibre minimal Feret’s di-
ameter (um) were quantified manually using ImagelJ software
(National Institutes of Health, NIH). No pure type lIx fibres
were observed, therefore type |, lla, and lla/x fibres were
quantified. On average, 326 * 161 muscle fibres were
analysed per biopsy.

Muscle succinate dehydrogenase activity

Under conditions of unlimited oxygen supply, succinate dehy-
drogenase (SDH) activity is linearly related to the maximum
rate of O, uptake by the muscle fibre.>®> Maximal SDH activity
was determined in muscle sections by histochemistry as pub-
lished previously®® and detailed in the supporting informa-
tion. SDH activity was analysed using Image) (NIH), pooled
per fibre type, via serial sections stained for fibre type, and
also weighted for muscle fibre type composition. SDH activity
was expressed in AAggo per um tissue thickness per second of
staining time (AAggo/1tm/s). A minimum of 10 fibres per fibre

type was included per participant (on average: 41 + 24 type |,
38 + 26 type lla, and 23 + 13 type lla/x fibres).

Muscle capillarity

To determine muscle capillarity, muscle sections were stained
against laminin (cell membranes) and CD31 (endothelial
marker). Details of the immunohistochemistry protocol can
be found in the supporting information. Capillary/fibre ratio
and capillary density (expressed per mm?) were calculated
from a random area (1.02 + 0.45 mm?) containing at least
100 fibres (ImagelJ, NIH).

Protein concentrations

Detailed description of the western immuno-blot protocols to
determine protein levels of PGC-1a and five subunits of mito-
chondrial complexes in snap-frozen muscle tissue are pre-
sented in the supporting information.

Gene expression analysis

Detailed description of the RNA isolation, cDNA synthesis and
guantitative polymerase chain reaction (qPCR) protocols are
presented in the supporting information. Gene expression
of mitochondria-related gene transcripts (Table S1) was cal-
culated with the 2724 method, normalized to the geometric
mean of RPLI3A and GAPDH expression, and expressed as
fold changes.

Exercise training intervention

Following baseline muscle biopsy sampling and exercise test-
ing, a subgroup of MS patients (n = 9; four men and five
women) were enrolled in a 12 week exercise training
programme consisting of high-intensity cycling interval and
resistance training. Patients attended five sessions every
2 weeks with one-on-one supervision from a physical thera-
pist. Cycle interval training progressed from five 1 min bouts
to five 2 min bouts at the highest power output attained dur-
ing the incremental exercise test, as described previously.*
Machine-based upper and lower body resistance exercises
progressed from 1 x 10 to 2 x 20 repetitions at an individual
maximal attainable load for each subject.*® Lower limb exer-
cises were performed separately with each leg.

Statistical analysis

Data are presented as mean + SD. Normality of the data was
tested by Shapiro—Wilk tests (for intervention effects, the dif-
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ference scores were used). Baseline characteristics of both
groups were compared with independent t-tests and y? tests,
where appropriate. Muscle fibre type, size, and fibre
type-specific SDH activity were analysed by a repeated
measures fibre type x group (3 x 2) mixed model with
Bonferroni-adjusted post hoc tests. Differences in fibre type
composition was assessed by independent t-tests. For all
other outcomes, MS patients and healthy subjects were com-
pared by means of independent t-tests or Mann—-Whitney U-
tests when data were not normally distributed. Correlational
analyses were run with Spearman correlation coefficients.
Multiple linear regression analysis was used to compute the
contribution of different muscle parameters to exercise capac-
ity in each group. Multicollinearity was assessed by the vari-
ance inflation factor (VIF) diagnostic. The effects of the train-
ing intervention were assessed by paired t-tests or Wilcoxon
matched pairs signed-rank tests, where appropriate. Statistics
were performed with IBM SPSS Statistics v25 (NY, USA) and
the significance level was set at o = 0.05.

Results

Maximal exercise capacity and aerobic function are
impaired in MS

Participant characteristics are given in Table 1. Patients with
MS had a significantly lower peak oxygen uptake (VOzpeak)
compared with healthy controls (—27%; P = 0.009,
Figure 1A, Tables S2 and S3), which correlated negatively with
the Expanded Disability Status Scale (EDSS, Spearman’s
p = —0.639, P = 0.003, Figure 1B). Peak minute ventilation
(VEpeak) as a proportion of predicted maximal voluntary ven-
tilation (VE%MVV) was lower in patients with MS, indicating
no respiratory limitation at peak exercise. This is confirmed
by the lack of difference in other variables related to
respiratory function, such as VEpeak, tidal volume (Vrpeak),
breathing frequency (Bgpeak) and the slope of VE versus CO,
output (VCO,; all P> 0.05, Table S2). Peak heart rate (HRpeak;
P = 0.014) and peak O, pulse (i.e. VO,pear/HRpeal; P = 0.043)
were both significantly lower in MS compared with controls
(Figure 1C,D, Table S2), indicative of impaired maximal car-
diac function in patients with MS. Because peak O, pulse con-
flates both maximal peripheral O, extraction and cardiac
stroke volume, both lower cardiac output and muscle O, ex-
traction at maximal exercise potentially contributed to the
lower VOzpeak observed in patients with MS.

Submaximal aerobic function is impaired in MS
despite normal cardiac and pulmonary function

The gain of the VO,/power output relationship (in mL/min/
W) was lower in patients with MS compared with healthy

Table 1 Baseline subject characteristics

Controls MS MS intervention
(n = 20) (n =23) study (n = 9)
Age (year) 49 + 12 53+8 52 +8
Gender (m/f) 7/13 10/13 4/5
Weight (k%) 68 = 12 72 =12 68 = 15
BMI (kg/m?) 239+ 2.2 245 + 3.5 23.0 = 3.4
Smoking (yes/no) 2/18 5/18 0/9
PASIPD 21.6 +11.7 163 =119 209+ 134
EDSS / 3.1+1.6 2615
Type MS / 17/4/1/1 6/3/0/0
(RR/SP/PP/
unknown)

Baseline subject characteristics of healthy controls and patients
with MS (whole group and those who participated in the training
intervention). BMI, body mass index; EDSS, Expanded Disability
Status Scale; MS, multiple sclerosis; PASIPD, Physical Activity Scale
for Individuals with Physical Disabilities; PP, primary progressive;
RR, relapsing remitting; SP, secondary progressive. No significant
differences were found for any variable (MS vs. controls, all
P > 0.05).

controls (P = 0.013, Figure 1E, Table S2), indicating a blunted
oxidative metabolic response for a given external workload.
The gas exchange threshold and respiratory compensation
point (i.e. submaximal indices of whole-body blood acid—base
homeostasis during submaximal exercise) were both lower in
patients with MS (P = 0.011 and P = 0.027, respectively;
Figure 1F,G, Table S2). The cardiovascular and respiratory
responses to submaximal exercise, indicated by the VO,-HR
and VE-VCO, slopes respectively, were not different between
MS and controls (P > 0.05, Table S2). As submaximal exercise
was associated with impaired oxidative metabolism without
altered cardiovascular or respiratory function in patients with
MS, an impaired skeletal muscle metabolic response must be
implicated.

Skeletal muscle fibre type composition and size

Vastus lateralis fibre type composition and size were com-
pared between groups using immunohistochemistry
(Figure 2A). No differences in the relative composition of type
I, lla, or lla/x fibre types between groups were observed (all
P > 0.05, Figure 2B). Moreover, FCSA (Figure 2C) or minimal
Feret’s diameter (Figure S1) did not differ between groups for
any fibre type (P > 0.05). Hence, exercise intolerance in MS
could not be explained by differences in muscle fibre type
composition or size.

Impaired exercise capacity in MS is related to
reduced muscle fibre oxidative capacity

In patients with MS, SDH activity (Figure 3A) was lower in type
1 (—23%; P =0.012) and type lla fibres (—25%; P = 0.008), but
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Figure 1 Lower exercise capacity in MS. Variables determined during cardiopulmonary exercise testing in MS patients and healthy controls. Black
circles represent individual participant values. (A) Peak oxygen uptake (Vozpeak) in MS patients versus controls. (B) Relationship between Vozpeak
and score on the expanded disability status scale (EDSS) within the MS patients. (C) Peak heart rate (HRye,) in MS patients versus controls. (D) Peak
0, pulse (O, pulsepeai), determined as VOzpeak/HRpeak in MS patients versus controls. (E) Gain of the relationship between \702 and change in external
power output in MS patients versus controls. (F) Gas exchange threshold (GET) in MS versus controls. (G) Respiratory compensation point (RCP) in MS

versus controls. *P < 0.05; **P < 0.01. Mean % SD.

not in type lla/x fibres (—13%; P = 0.21, Figure 3B). The overall
SDH activity, weighted for muscle fibre type composition, was
lower in patients with MS compared with healthy controls
(—22%; P =0.004, Figure 3C), indicating a lower overall oxida-
tive capacity in skeletal muscle tissue of patients with MS.
Weighted fibre SDH activity correlated strongly with VOzpeak
(Spearman’s p = 0.81, Figure 3D), the gain of the VO, versus
power output relationship (Spearman’s p = 0.85, Figure 3E),
and with O, pulsee,k (Spearman’s p = 0.65, Figure 3F) in pa-
tients with MS. The correlations between SDH activity and
VOzpeak were also observed separately in each fibre type in
MS (Spearman’s p = 0.78-0.90, Figure 3G-l). No significant
correlations between SDH activity and any exercise-related
variable were observed in healthy controls, suggesting that a
lower muscle oxidative capacity constrains exercise tolerance
in patients with MS, but not in healthy controls. Moreover,
protein content of subunits of mitochondrial OXPHOS com-
plexes | (—40%; P =0.047) and Il (—45%; P = 0.026) were lower
in MS patients compared with controls. Protein content of
subunits for complexes Ill, IV and V (Figure 3J,K) and total av-
erage mitochondrial OXPHOS protein content was not differ-
ent between groups (Figure 3L), albeit with large variability
for some complexes. These data suggest specific impairments
in mitochondrial complex | and complex Il content and activity
in skeletal muscle in MS patients, although a lower total mito-
chondrial protein content cannot be completely ruled out.

Additionally, capillary density was significantly lower in
MS muscle tissue (P = 0.026, Figure 4A,B); however, there
were no differences in the capillary/fibre ratio (P = 0.65, Fig-
ure 4C). In contrast to SDH activity, muscle capillarity did not
correlate with any whole-body exercise variable in patients
with MS (Figure S2), suggesting that impaired peripheral
O, supply is not a primary contributor to exercise intoler-
ance in MS. In healthy controls, however, capillary/fibre
ratio showed a strong positive association with VOzpeak
(Figure 4D). Furthermore, while capillary density scaled line-
arly with fibre SDH activity in healthy controls, such a
relationship was absent in patients with MS (Figure 4E). This
indicates that the tight coupling between muscle O, supply
and oxidative capacity in healthy controls is absent in
patients with MS.

A multiple linear regression analysis was conducted to
investigate which skeletal muscle variables were the major
contributors to exercise capacity (VOzpeak) in both groups.
The combination of weighted SDH activity, percentage
type | fibre composition, type | fibre size, capillary density,
and capillary/fibre ratio explained 64% of the variability in
VOzpeak in healthy controls (P = 0.017) and 71% in patients
with MS (P = 0.036). In healthy controls, only the capillary/
fibre ratio contributed significantly to the model
(P = 0.045), whereas in MS, SDH activity (P = 0.020) was the
only significant contributor.
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Collectively, our data therefore indicate that intramuscular
impairments in skeletal muscle oxidative capacity, rather than
capillarity, are the primary constraint to exercise tolerance
and aerobic function in MS; even when muscle fibre type
composition and fibre size are preserved.

Subtle changes in mitochondrial signalling in
muscle tissue of MS patients

No overall differences between patients with MS and
healthy controls were observed in protein and gene expres-
sion levels of PGC-1a (PPARGCIA), a transcriptional co-acti-
vator involved in skeletal muscle mitochondrial biogenesis
and capillarity/angiogenesis (Figure 5A-D). Gene expression
of the transcription factors PPARA (—64%; P < 0.001),
PPARG (—45%; P = 0.024) and TFAM (—46%; P < 0.001)
was lower in skeletal muscle of MS patients (Figure 5D).
PPARA gene expression positively correlated with SDH ac-
tivity of type | and lla fibres and overall weighted SDH ac-
tivity (Spearman’s p = 0.63-0.65, P < 0.05). Such associa-
tions were absent for the other tested genes or PGC-la
protein levels. Gene expression of COX4l1, CS, and SDHB,
genes involved in mitochondrial metabolism, were not dif-
ferent between groups (Figure 5E). Thus, lower exercise tol-
erance and muscle SDH activity in patients with MS cannot

be explained by alterations in PGC-1a protein or gene ex-
pression but possibly by lower PPARA, PPARG, and TFAM
signalling.

Exercise training improves exercise capacity and
strength in patients with MS

In the subset of MS patients that completed the exercise
training programme (n = 9, EDSS < 5, Table 1), \'/ozpeak im-
proved following exercise training (P = 0.001, Figure 6A,
Table S4). Improvements in markers of submaximal aerobic
function, that is, the gas exchange threshold (P = 0.048,
Figure 6B, Table S4) and respiratory compensation point
(P = 0.008, Figure 6C, Table S4), were also observed. More-
over, O, pulseyea (P = 0.004, Figure 6D, Table S4), VEpeak
(P =0.003, Figure 6E, Table S4), Brgeak (P = 0.022, Figure 6F,
Table S4), and the VE-VCO, slope (P = 0.005, Figure 6G,
Table S4) were all improved after exercise training. The gain
of the VO, versus power output relationship, however, was
unchanged following training (P = 0.079, Figure 6H,
Table S4). Hence, improvements in both cardiac output and
respiratory function contributed to the enhanced exercise
capacity and aerobic function following exercise training. In
addition, MS patients were able to improve muscle strength
(+19%; P = 0.0028, Table S3).
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Figure 3 Lower muscle fibre SDH activity and mitochondrial complex | and Il protein levels in MS. (A) Grey-scale images stained for SDH activity from
representative MS and control subjects. Scale bar: 100 um. (B) Fibre SDH activity in type |, type Ila, and type Ila/x muscle fibres of MS patients (blue
bars) and controls (clear bars). (C) SDH activity weighted for muscle fibre composition in MS patients (blue bars) compared with controls (clear bars).
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(J) Representative Western immunoblot with subunits for complex (C.) I, Il, Il, IV, and V protein bands at different molecular weights, and Ponceau S
loading control. (K) Quantification of subunits of mitochondrial complex protein levels, relative to controls. (L) Total mitochondrial OXPHOS protein
levels in MS and controls, calculated as the sum of individual complexes. *P < 0.05, **P < 0.01. Mean % SD.
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Exercise training does not improve skeletal muscle
characteristics in MS

This subgroup of MS patients had significantly lower SDH
activity at baseline (Table S5). Surprisingly, SDH activity
(P = 0.753; Figure 7A) and protein levels of mitochondrial
OXPHOS complexes (all P> 0.100; Figures 3) and 7B) did not
increase in response to the training intervention. Similarly,
no changes in muscle fibre type, size, and capillary density
were observed (Figure 7C—E). In addition, there were no dif-
ferences in gene and protein expression following exercise
training, as PGC-1lo. protein levels (Figure 7F) and gene
expression of various mitochondria-related transcription
factors and enzymes (Figure 7G) did not change following
exercise training. Moreover, no significant correlation existed
between changes in \'/ozpeak and molecular outcomes
(e.g. SDH activity and RNA levels). Thus, despite an improved
whole-body exercise capacity, skeletal muscle of patients with
MS did not respond to the applied exercise training regimen.

Discussion

This study demonstrates that patients with MS have a lower
exercise capacity when compared with their healthy coun-
terparts with similar levels of subjectively measured physi-
cal activity. This is associated with reductions in key vari-
ables of aerobic function and a blunted aerobic response
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to exercise training. MS patients had lower mitochondrial
oxidative capacity and capillary density compared with
healthy controls, and mitochondrial oxidative capacity
explained a large proportion of the variation in \'/ozpeak in
patients with MS. Twelve weeks of exercise training
substantially improved whole-body exercise capacity, but
surprisingly, no improvements in mitochondrial oxidative
capacity or capillary density were observed, suggesting that
skeletal muscles from patients with MS appear somewhat
resistant to the beneficial effects of exercise training. By
extension, these findings suggest that skeletal muscle dys-
function is an intrinsic aspect of MS pathophysiology, rather
than primarily related to deconditioning. Instead, improve-
ments in the cardiovascular and ventilatory systems under-
lie the improvement in whole-body exercise capacity follow-
ing exercise training.

Exercise capacity and intramuscular impairments
in MS patients

Consistent with previous studies, our data demonstrate that
VOzpeak and peak power output are substantially impaired
in MS.%” We found no evidence for impaired pulmonary
function at maximal exercise, but a lower central O, trans-
port capacity at maximal exercise. However, because most
daily life activities are conducted at submaximal intensities,
submaximal parameters of aerobic function likely possess
more relevance to daily activities of patients with MS.?>%’
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Figure 6 Improved exercise capacity following exercise training in MS. Whole-body exercise capacity was assessed before (pre, blue bars) and after
(post, red) a 12 week exercise training intervention in a subset of patients with MS. (A) Peak oxygen uptake (VOzpeak), (B) gas exchange threshold
(GET), (C) respiratory compensation point (RCP), (D) peak oxygen pulse (O, pulsepeai), (E) peak ventilation (VEpeak), (F) peak breathing frequency
(Bepeak), (G) slope of the relationship between ventilation and carbon dioxide output (VE-VCO, slope), and (H) gain of the relationship between

VO, and external power output. *P < 0.05, **P < 0.01.
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Figure 7 Skeletal muscle fibre composition, fibre size, oxidative capacity, mitochondrial OXPHOS protein levels, capillarity and mitochondrial signalling
did not respond to exercise training in MS. Vastus lateralis biopsies were obtained from patients with MS before (pre, blue) and after (post, red) a
12 week exercise training intervention. No significant differences were observed in (A) SDH activity weighted for muscle fibre type, (B) mitochondrial
OXPHOS protein levels (complex [C.] | to V), (C) fibre cross-sectional area (FCSA) for type I, lla and lla/x fibres, (D) fibre type composition, (E) capillary
density, (F) PGC-1a protein content, and (G) mRNA expression of various mitochondrial transcription factors and genes.

We observed that the gain of the VOZ response (i.e. AVOZ/
AWatts) was constrained in patients with MS, consistent with
slower pulmonary VO, kinetics.??> The lower gas exchange
threshold, respiratory compensation point, and higher peak
RER in MS patients support the notion that these patients
become more reliant on non-oxidative metabolism at
lower metabolic rates, likely leading to greater depletion of
intramuscular  phosphocreatine  stores and lactate
accumulation.?%2%%7

Submaximal cardiac and pulmonary function did not differ
between groups. As the derangements in submaximal aerobic
function in MS could not be attributed to cardiovascular or
ventilatory deficiencies, we reasoned that an impaired
muscle metabolic response must be contributory. Indeed,
SDH activity (reflective of muscle oxidative capacity®'>>%°)
was lower in type | and lla fibres of MS patients, and
weighted SDH activity was strongly correlated with VOzpeak
and the gain of the VO, versus power output relationship in
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MS patients. The strong correlation between capillarity and
VOzpeak in the present study in healthy controls is consistent
with the general consensus that VOzpeak is constrained by
convective and diffusive O, delivery in healthy humans.?®
The absence of such a relationship in MS and the presence
of a strong correlation between SDH activity and \'/ozpeak in
these patients, however, indicate the importance of lower
skeletal muscle oxidative capacity in defining exercise limita-
tion in MS. Moreover, SDH activity was correlated with O,
pulsepeak, Suggesting a role for impaired muscle O, extraction
consequent to reduced muscle oxidative capacity, as opposed
to a reduction in stroke volume, in determining the reduction
in this parameter.

We hypothesized that the lower skeletal muscle oxida-
tive capacity in patients with MS was driven by lower mito-
chondrial biogenesis, with a crucial role for the transcrip-
tional co-activator PGC-10.2° However, we did not observe
any basal differences in PGC-1a protein content, mitochon-
drial mRNA transcripts, or total mitochondrial protein con-
tent between groups. Nonetheless, the consistently lower
PPARA, PPARG, and TFAM gene expression (—45% to
65%) suggests that subtle changes in cellular signalling
may contribute to the observed impairment in oxidative ca-
pacity. The lower protein levels of subunits of mitochon-
drial complexes | and Il in MS patients indicate that the
lower skeletal muscle oxidative capacity was due to specific
defects in individual complexes of the electron transport
system, rather than an overt reduction in overall mitochon-
drial content.

Deconditioning versus MS pathology

Skeletal muscle weakness in MS patients is often suggested
to be caused by physical inactivity-induced deconditioning,
as opposed to primary effects of the condition per se.®?!
We tested the hypothesis that skeletal muscle dysfunction
in MS is primarily related to muscle deconditioning (as op-
posed to MS pathophysiology) in the present study by
(i) comparing MS patients with a group of healthy controls
with similar levels of physical activity and by (ii) subjecting
MS patients to an exercise training regimen similar to that
which has previously been shown to result in substantial skel-
etal muscle mitochondrial adaptations and improvements in
muscle size in healthy individuals.2>3! Hence, if the skeletal
muscle alterations that we observed at baseline were due
to physical inactivity and/or deconditioning, we would have
expected an improvement in these variables following the
exercise training intervention. That this was not the case
strongly suggests that MS pathophysiology per se, and not
deconditioning, is the primary mediator of the skeletal mus-
cle myopathy phenotype observed in MS.1821223233 Mgre-
over, the present data demonstrate that muscle mitochon-
drial alterations precede the changes in muscle FCSA and

fibre type composition in MS pathology observed by other
studies.®*’

Despite the lack of skeletal muscle plasticity to exercise
training in patients with MS, however, improvements in the
performance of other systems (i.e. nervous, cardiovascular,
and pulmonary systems) were able to compensate for the
lower oxidative capacity, thereby improving whole-body aer-
obic function. For instance, O, pulsepeak, VEpeak, Bepeak, and
the VE-VCOZ slope all improved following exercise training,
indicating improved cardiovascular and pulmonary perfor-
mance. Another possibility is that motor unit recruitment
was augmented at greater exercise intensities during the in-
cremental test. In support of this latter suggestion, muscle
strength was improved by our training intervention whereas
muscle FCSA was unchanged, suggesting that the improve-
ments in muscle strength were the results of neuromuscular
adaptations. Indeed, a greater capacity for motor unit recruit-
ment at peak exercise would enable a greater VOzpeak and
exercise capacity and retain a consistency with the notion
that mitochondrial oxidative capacity constrained exercise
tolerance at baseline.

Lack of plasticity of skeletal muscle in MS

We found that oxidative capacity constrained exercise toler-
ance in MS at baseline, whereas the cardiovascular and pul-
monary systems were able compensate for the inflexibility
of skeletal muscle oxidative capacity following training, en-
abling an improved aerobic capacity. The causes of the inabil-
ity of skeletal muscle oxidative capacity to adapt appropri-
ately to exercise training, however, are presently unclear.
Adenosine monophosphate-activated protein kinase (AMPK)
activation during repeated contractions increases mitochon-
drial biogenesis via activation of PGC-10.3* As PPARGCIA
MRNA increases following acute and chronic exercise results
in higher PGC-1a protein levels in healthy individuals,®® we
were surprised that gene expression and protein levels of
PGC-1a. were not different after the exercise training inter-
vention in patients with MS. That patients with MS have no
changes in AMPK phosphorylation following endurance
exercise®® suggests that a defective AMPK signalling cascade
could, in part, explain the lack of adaptation to exercise train-
ing in the present study. Alternatively, the lack of adaptations
in MS muscle observed following training herein might be
related to greater levels of systemic inflammation. Training
adaptations are often blunted in patients with chronic
diseases and the elderly, and this blunting of the adaptive
response has been linked with higher levels of inflammatory
markers and/or states of hyperglycaemia (e.g. previous
studies®”~*°). Although dependent on disease stage and activ-
ity, patients with MS may exhibit higher levels of low-grade
systemic inflammation. How low-grade inflammation creates
an inhibitory environment that blunts adaptations to exercise
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training in patients with MS deserves further research.
Because some of the patients in the present study also took
various drugs known to affect skeletal muscle (such as statins
and metformin), we cannot exclude the possibility that
certain medication classes (or other unmeasured lifestyle
factors in these patients, such as nutrition) alter the local
metabolic environment, mitochondrial function and blunt
skeletal muscle training adaptations.

Limitations

A limitation of the present study is that the sample size was
lower for certain comparisons following the training interven-
tion due to limited tissue availability, and lower inclusion of
patients. These patients had relatively low EDSS scores.
Despite this, we did not see a training-induced improvement
in skeletal muscle mitochondrial function or FCSA following
training, similar to the blunted adaptive responses to exercise
training in patients with chronic diseases and the elderly.?”™*°
Post hoc power analysis revealed that 276 patients would
have to be included to observe a significant difference in
SDH activity following training (o = 0.05, 1-f = 0.80, one-
tailed; G*Power 3.1.9.2). Such an unfeasibly high number,
therefore, likely indicates that the true effect of exercise
training on muscle SDH activity in this population is either ab-
sent or physiologically insignificant.

A second limitation of the present study is that the chosen
concurrent resistance and high-intensity interval aerobic
training intervention may have been suboptimal for eliciting
clear improvements in aerobic and mitochondrial function.
Concurrent aerobic and resistance exercise in healthy people
results in substantial upregulation of molecular pathways re-
lated to intracellular metabolism, mitochondrial function and
angiogenesis.>*3* Five weeks aerobic and resistance exercise
training increases endurance capacity, citrate synthase activ-
ity, and PGCI-o/VEGF mRNA content in healthy individuals.3?
Hence, our 12 week training intervention should have pro-
vided ample stimulus to increase skeletal muscle oxidative ca-
pacity; that this did not change highlights the reduced plastic-
ity of skeletal muscle in patients with MS. Although we did
not include functional measures such as a 6 minute walk test,
performance on such functional tests are strongly correlated
with VOzpeak and muscle strength, and thus an improvement
in functional outcomes in the present study may be directly
inferred from training-induced improvements in VOzpeak and
muscle strength (see supporting information).

The lack of a healthy control group undergoing the same
intervention is a limitation of the present study. Concurrent
resistance and high-intensity interval exercise training
interventions have previously been shown to result in clear
improvements in functional outcomes such as \'/ozpeak in un-
trained healthy  elderly  individuals (i,e. ~20%
improvement,*!), as well as robust molecular changes pre-

dicted to impact mitochondrial biogenesis and angiogenesis
(see supporting information for additional literature refer-
ences). These molecular changes in skeletal muscle in healthy
individuals following concurrent rehabilitation training were
not observed in our patients with MS, suggesting that the
functional improvements must have been brought about via
a different mechanism.

The subjective assessment of physical activity using the
PASIPD may be considered a limitation (see reference® and
supporting information). Objectively measuring physical
activity using accelerometry would have provided greater
confidence that both groups were similarly active. However,
the PASIPD indicated that at the group level, MS and healthy
controls did not differ for physical activity, and groups were
matched for age and sex.

Due to the heterogeneous sample population, and cur-
rent best clinical practice, it was impossible to individually
assess the contribution of the different MS phenotypes (e.g.
RRMS and SPMS), disease progression (newly diagnosed vs.
chronic), or medications. This could also have affected our
multiple regression analysis. Our observation that VOzpeak
correlates with EDSS supports the hypothesis that exercise
capacity variables and muscular alterations may differ
among patients and/or fluctuate over time. Controlled ani-
mal experiments have confirmed that skeletal muscle char-
acteristics can change during different disease phases.*?
Studying the individual contributors of the confounding fac-
tors in a such a human patient requires careful future study
designs.

Finally, the lack of functional measurements of skeletal
muscle mitochondria, such as high-resolution respirometry
or muscle [phosphocreatine] recovery kinetics using
31p magnetic resonance spectroscopy, constitutes a limitation
of the present study. Such measurements will provide fruitful
avenues for future research in this area.

In conclusion, patients with MS display a lower maximal
and submaximal aerobic function, when compared with
age-matched and sex-matched healthy controls. At maximal
exercise, there was evidence of a central cardiovascular im-
pairment, however, during submaximal exercise impaired
central O, delivery could not account for the hampered
aerobic function. Skeletal muscle mitochondrial impairments
(mitochondrial complex | and Il content, SDH activity)
appeared to be primarily responsible for the exercise limita-
tion in these patients. Skeletal muscles of patients with MS
possessed an inherently lower plasticity with respect to the
beneficial effects of exercise training, but other physiological
systems compensated to offset the inflexibility of muscle
oxidative capacity following training. As training interventions
similar to the one employed herein have been shown to
cause robust adaptations in skeletal muscle in healthy indi-
viduals, we conclude that the lower oxidative capacity in skel-
etal muscle in MS is not related to deconditioning, but is an
inherent feature of MS pathophysiology or of the effects of
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common drugs prescribed to treat MS patients. A better
understanding of the causes of the inflexibility of skeletal

Muscle.

muscle in MS will provide avenues for future therapies aimed
at optimizing exercise therapy in patients with MS.
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