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Introduction

Abstract

Objective: To assess feasibility, tolerability, and safety of N-acetyl cysteine
(NAC) for fatigue in progressive MS. Secondary objectives evaluated changes in
fatigue and oxidative pathway biomarkers on NAC versus placebo. Methods:
Individuals with progressive MS with Modified Fatigue Impact Scale (MFIS)
> 138 were randomized 2:1 to NAC 1250mg TID or placebo for 4 weeks. The
primary outcome was tolerability and safety. The secondary outcome to evalu-
ate efficacy was MFIS change from baseline to week 4 between groups. Explora-
tory biomarker outcomes included change in blood GSH/GSSG ratio (reduced-
to-oxidized glutathione (GSH)) and in vivo relative GSH using 7T MR spec-
troscopy (MRS) between groups. Fisher exact test was used for categorical and
rank sum for continuous outcomes. Results: Fifiteen were randomized (10
NAC, 5 placebo; mean age 56.1 years, 80% female, median EDSS 6.0). At least
one adverse event (AE) occurred in 60% on NAC versus 80% on placebo
(p = 0.75). There were two AEs attributed to NAC in one patient (abdominal
pain and constipation), with 94% adherence to NAC. MFIS decreased in both
groups at week 4, with the mean improvement of 11-points on NAC versus 18-
points on placebo (p = 0.33). GSH/GSSG ratio decreased on placebo (—0.6)
and NAC (—0.1) (p = 0.18). Change in GSH levels to total creatine in anterior
and posterior cingulate cortex, insula, caudate, putamen, and thalamus did not
differ between groups. Interpretation: NAC was well-tolerated in progressive
MS, although reduction in fatigue on NAC was similar to placebo. Antioxidant
blood and MRS biomarkers were not significantly altered by NAC, which could
be due to dose, route of administration, time of sample collection, short half-
life, or lack of effect. Registered: clinicaltrials.gov NCT02804594.

10,11 and

cytokine changes,9 neuroendocrine abnormalities,
. 12,13
neurotransmitter levels such as glutamate.

It is unknown whether oxidative stress contributes to

Fatigue is a disabling and common symptom of multiple
sclerosis (MS) and involves a subjective lack of physical
or mental energy with usual activities,' with a negative
impact on quality of life.>” The underlying pathophysiol-
ogy of fatigue in MS is poorly understood, with no
approved treatments.* Pathophysiologic processes that
may contribute to primary fatigue in MS include CNS
injury with regional atrophy,”” peripheral inflammation,®

fatigue. However, disequilibrium between oxidants and
antioxidants could contribute to neurodegenerative pro-
cesses,* !¢ and lower brain glutathione (GSH), a major
endogenous antioxidant, was observed in MS compared
to healthy controls using MR spectroscopy (MRS).!>!7!8
Additionally, clinical worsening was associated with

greater decline in frontal GSH in progressive MS,'
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NAC for MS Fatigue

suggesting oxidative stress may play a role in neurodegen-
eration in MS. The potential role of oxidative stress in
neurodegeneration prompted this study, specifically evalu-
ating oxidative stress in progressive MS. Reduced GSH on
MRS has also been detected in chronic fatigue syndrome,
with lower GSH associated with worse fatigue,'® but it
remains unknown whether GSH level is associated with
fatigue in MS. This prompted the current pilot study to
assess the efficacy of an antioxidant for treating fatigue in
progressive MS, and to evaluate biomarkers related to
oxidative stress.

N-acetyl cysteine (NAC) is an antioxidant, serving as
a glutathione substitute, with direct scavenging of free
radicals and restoration of neuronal GSH by providing a
source of cysteine, which is a rate-limiting substrate for
GSH synthesis, thus increasing intracellular GSH.** NAC
is approved for acetaminophen-induced hepatotoxicity,”'
with adverse events associated with high NAC doses
most commonly including gastrointestinal (GI) side
effects and rash, as well as bronchospasm and tachycar-
dia.*® TIts use in MS is appealing since it is safe with
neuroprotective properties.”>2* A study of NAC com-
bined with glatiramer acetate in seven persons with
relapsing-remitting MS (age range 28-46 years) appeared
safe (6 reports of headache, 5 of GI symptoms, 1 of
rash), but did not assess fatigue.”” While general safety
data are available for NAC, there are no safety data in
older populations of progressive MS who may be on dis-
ease-modifying therapies (DMT) other than glatiramer
acetate, and this is relevant as the future study of neuro-
protective agents such as antioxidant therapies may tar-
get those with progressive MS.

We aimed to evaluate associations of oxidative path-
ways and fatigue in MS through a pilot randomized pla-
cebo-controlled trial evaluating an antioxidant, NAC, for
patients with progressive MS and fatigue. We aimed to
evaluate the feasibility, tolerability, and safety of NAC
compared to placebo over 4 weeks, as well as to obtain
preliminary data on changes in fatigue and oxidative
pathway biomarkers on NAC versus placebo. Given
reported safety and tolerability in other populations, we
hypothesized a similar safety profile in our study. We
hypothesized that NAC may reduce level of fatigue.
Biomarkers included the use of 7T MRS to evaluate
changes in relative GSH in brain regions associated with
fatigue,”” with the hypothesis that GSH would increase
in response to NAC. We also evaluated the association
between GSH and glutamate levels on MRS with the pres-
ence of fatigue at baseline. We hypothesized that fatigue
would be associated with decreased GSH and glutamate,
the latter supported by two studies demonstrating
worsening MS fatigue with NMDA glutamate receptor
antagonist treatment.'*
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Methods

Trial design

This was a phase 2 randomized, placebo-controlled, paral-
lel-group, double-blind single-center 4-week pilot study
of NAC compared to placebo on fatigue in progressive
MS. Individuals who did not meet the criteria for fatigue
as defined by the Modified Fatigue Impact Scale (MFIS)
level at screening and who were otherwise eligible partici-
pated in a baseline visit and served in a nonfatigued MS
control comparison group that did not receive the study
drug.

Participants

Participants were recruited from November 2016 to April
2018 through clinic and physician referrals from the
University of California San Francisco (UCSF) Multiple
Sclerosis Center. Individuals were eligible for the random-
ized portion of the study if they were 18-75 years in age,
met 2010 McDonald criteria®® for MS of progressive’>
subtype (primary or secondary progressive) with at least
1 year since symptom onset, Expanded Disability Status
Scale (EDSS) score 2.0 to 6.5, and had self-reported fati-
gue with MFIS > 38 at the screening visit. This EDSS
range was required to capture individuals with at least
some MS-related disability and to allow measurement of
all study outcomes, some of which required ambulation.
If they otherwise met these criteria, but MFIS < 38 at
screening, they were eligible to participate as a nonfa-
tigued control.

Exclusion criteria included MS relapses in the previous
3 months, steroid treatment within the prior month,
pregnancy or breastfeeding, history of bleeding disorders,
asthma requiring treatment, active gastrointestinal ulcers,
secondary causes of fatigue, aspartate aminotransferase
(AST) or alanine aminotransferase (ALT) > 2 times upper
limit of normal, current treatment for active malignancy
or metastatic malignancy treated in the past year, alcohol
or substance use disorder, depression with Hospital Anxi-
ety and Depression Scale (HADS) > 15, allergy to NAC,
or planned surgery or move within 10 weeks. Individuals
were also excluded if receiving or about to start inter-
feron-beta or immunosuppressive medications as these
can be associated with fatigue, or if starting or changing
the dose of MS DMT within 3 months of baseline to
avoid additional factors that could affect symptoms over
the short study period. They were also excluded if on
medications/supplements with glutamatergic or antioxi-
dant properties or medications used for fatigue within
2 weeks of baseline, if starting or changing the dose of
benzodiazepines, antidepressants, antipsychotics,
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antihistamines, or stimulants within a month of screen-
ing, or if on an anticoagulant.

The study was approved by the institutional review
board at UCSF (16-19826). All participants provided writ-
ten informed consent. The trial was registered on clinical-
trials.gov (NCT02804594).

Interventions

Individuals entering the randomized phase of the study
received NAC 1250 mg (2 capsules of 625 mg each) or
placebo three times per day (TID) for 4 weeks, taken with
breakfast, lunch, and dinner. The total daily dose of
3750 mg per day was chosen since a similar dose of
35 mg/kg twice daily resulted in a detectable increase in
CSF NAC concentration in Parkinson’s disease (PD).>*
The placebo capsules had identical shape, size, and color
to capsules containing NAC. Both NAC and placebo cap-
sules were supplied by Wellspring Compounding Phar-
macy (Berkeley, California). NAC is FDA-approved for
non-neurologic indications, and FDA Investigational New
Drug (IND) status was obtained for this study in progres-
sive MS (IND number: 127814). Study medication bottles
were collected at the end of the study to assess adherence.
Those participating as nonfatigued MS controls did not
receive any study interventions.

Randomization and blinding

Eligible individuals were randomized 2:1 to NAC or pla-
cebo, with more assigned to NAC to improve recruitment
and evaluate safety in a larger number of individuals
compared to if equally allocated. A concealed randomized
allocation schedule was generated by a team member not
participating in the assessment of participants, and this
was sent to the study pharmacy, which prepared and dis-
tributed blinded study drug to the UCSF research coordi-
nator based on the randomization schedule. Patients,
treating physicians, study personnel, and radiologists
remained blinded to treatment assignment throughout
the study.

Outcomes

The primary outcome was feasibility, safety, and tolerabil-
ity of NAC for 4 weeks, measured by differences in
reported adverse events (AE) between NAC and placebo
groups. AEs included the development or worsening of
any undesirable symptom, sign, or medical condition
occurring after starting the study drug and were graded
according to the Common Terminology Criteria for
Adverse Events (CTCAE). Serum creatinine, AST, and
ALT were measured at screening and week 4. Expected

NAC for MS Fatigue

AEs included GI side effects based on prior reports,*
although there was no specific protocol-defined action in
the setting of these.

The main secondary outcome to assess efficacy was
change in fatigue as measured by MFIS at week 4 com-
pared to baseline on NAC versus placebo. The MFIS is a
21-item validated questionnaire evaluating fatigue over
the last 28 days, including domains of physical (9 items),
cognitive (10 items), and psychosocial (2 items) fatigue.*®
The score ranges from 0 to 84, with higher scores indicat-
ing more severe fatigue, and has an estimated minimal
clinically important difference of four points.”*

Other secondary efficacy outcomes included the Fatigue
Severity Scale (FSS) as another validated measure of fati-
gue. This includes nine questions on a 7-point Likert
scale, with the total score being the mean of item scores,
with higher scores indicating more severe fatigue.”
Another secondary outcome included the validated Qual-
ity of Life in Neurological Disorders (Neuro-QOL) fatigue
item bank,”® with higher scores indicating worse fatigue-
related quality of life. Additional tertiary outcomes
included the 9-hole peg test (9-HPT) and timed 25-foot
walk (T25FW), both timed, measured in duplicate and
averaged.37 The Symbol Digits Modalities Test (SDMT)
was administered to evaluate processing speed, with
higher scores indicating faster-processing speed.’®

Exploratory outcomes included laboratory evaluation of
oxidative stress and MRS measures as detailed below.
Blood samples were collected at baseline for all partici-
pants and at week 4 for randomized participants, with
whole blood mixed with 3% phosphoric acid. Samples
were stored at —80°C and sent on dry ice to Integrated
Analytical Solutions, where reduced GSH to oxidized glu-
tathione (GSSG) ratio was measured.

Disability was measured at baseline with the EDSS
score.” Depression and anxiety at baseline were measured
with the HADS.*

Study procedures

There were three in-person visits for randomized partici-
pants, including screening, baseline, and week 4 visits.
There were two phone visits, at week 2 and week 6
(2 weeks after completing the last study drug dose). Tol-
erability of the study drug and AEs was assessed at week
2, 4, and 6. Clinical, laboratory, and MRS outcomes were
measured at baseline and week 4. MFIS and FSS were re-
evaluated 2 weeks after discontinuation of the study drug
by phone call (week 6). Visits were performed in the
morning to maximize consistency of assessments and to
allow measurement of the main outcomes (MFIS, FSS,
labs, MRS) within 2 h of the morning study drug dose.
Those not randomized but participating as nonfatigued
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MS controls participated in screening and baseline visits
and had questionnaires, research laboratories, and MRS
performed at baseline. Study data were entered and man-
aged using REDCap (Research Electronic Data Cap-
ture). 142

MR acquisitions

All MR scans were performed using a 32-channel receive-
only array with a volume transmit head coil (NOVA
Medical, Wilmington, MA, USA) on a GE 7T MR950
scanner (GE Healthcare, Waukesha, WI, USA). Anatomi-
cal imaging consisted of a sagittal scout (repetition time
[TR]/echo time [TE] = 6/2 msec), T1-weighted magneti-
zation-prepared rapid gradient echo method (MPRAGE)
(TR/TE/inversion time [TI] = 4/2/1350 msec, matrix
size = 256 x 256, field of view (FOV) = 256 x 256 mm?,
176 slices, voxel size=1 x 1 x 1 mm®), T2-weighted
Cube-FLAIR images (TR/TE/TI = 8000/140/2272 msec,
matrix = 256 x 256, FOV = 256 x 256 mm®, 196 slices,
voxel size =1 x 1 x 1 mm’), and MR spectroscopy.
Two MRS acquisitions were obtained in order to obtain
relative glutathione and glutamate levels in the regions of
interest (ROI). 3D MR spectroscopic imaging (MRSI)
data were obtained parallel to the anterior commissure—
posterior commissure line with full coverage of the thala-
mus (TE/TR = 20/2000 msec, matrix = 16-20 x 22 x 8,
spatial resolution = 1 cm’, interleaved flyback echo-pla-
nar trajectory applied in the anterior/posterior direction,
total acquisition time ~10 min).*> GSH-edited semi-
LASER***> MR spectra were obtained using VAPOR
water suppression®® and semi-LASER localization***> with
the TE/TR being 72/3000ms. The editing pulses were
placed at 4.5 ppm and 10 ppm in the two cycles. The
voxels were located at the anterior cingulate cortex (ACC)
and posterior cingulate cortex (PCC) with the voxel size
being 25 x 25 x 25 and 30 x 20 x 20 mm’, respec-
tively.

MR postprocessing

First, brain extraction and N4 bias field correction®” were
performed on the T1-weighted images. Next, FAST seg-
mentation algorithm*® was used to generate masks of gray
matter, white matter, and cerebral spinal fluid.*” Segmenta-
tion of cortical (ACC, PCC, insula) and subcortical (cau-
date, putamen, thalamus) brain ROIs were performed
using the Harvard-Oxford cortical and subcortical struc-
tural atlas.”® The segmented masks were then resampled to
the orientation of the 3D MRSI data, and the percentage of
each brain structure within each spectral voxel was calcu-
lated. Quality control involved manual review of images to
exclude misplaced voxels and those containing MS lesions.

K. M. Krysko et al.

Postprocessing of the 3D MRSI datasets was performed
using a previously published methodology.**' Spectral
arrays were processed with phase and frequency correc-
tions individually for each coil and combined with
weighting by coil sensitivities. For each ROI, spectral vox-
els that overlapped by at least 20% with the anatomical
ROI (confirmed with manual location checking) and did
not contain demyelinating lesions were averaged after
phase and frequency corrections and then quantified
using the LCModel®® using a simulated basis set. Only
those voxels with relative Cramer—Rao lower bounds
(CRLBs) <10 % for total creatine (t:Cr) and <20 % for
glutamate and glutathione were included in the analysis.

The GSH-edited semi-LASER data were processed with
phase and frequency corrections individually for each coil,
and then combined with weighting by coil sensitivities.
The difference spectra, the subtraction of edited from
nonedited spectra, and nonedited spectra were quantified
by LCModel’* using simulated basis sets. GSH with CRLB
lower than 20% was included, and GSH:tCr was used in
the analysis.

Statistical analysis
Randomized participants

Those randomized to NAC and placebo were compared
qualitatively at baseline to evaluate for balance on demo-
graphic and disease characteristics, as well as baseline fati-
gue, EDSS, HADS, and SDMT.

Safety and tolerability analyses included all individuals
who received at least 1 dose of the study medication. The
frequency of adverse events was compared between NAC
and placebo groups with Fisher exact test. Moderate and
serious adverse events were also compared between
groups.

Analyses of efficacy outcomes were performed with
intention-to-treat principles (excluding 1 participant
randomized to placebo who withdrew consent prior to
receiving study drug). For the main efficacy outcome,
change in MFIS score from baseline to week 4 was
compared between NAC and placebo groups with rank
sum test. Similarly, secondary and tertiary outcomes
including change in FSS, Neuro-QOL fatigue item
bank, 9-HPT, T25FW, and SDMT, as well as change
in physical, cognitive, and psychosocial components of
the MFIS, from baseline to week 4 were compared
between NAC and placebo groups with rank sum test.
Change in MFIS and FSS from week 4 to 6 were also
compared between NAC and placebo groups with rank
sum test.

Analyses of exploratory MRS outcomes included analy-
sis of change in GSH:tCr in ROIs including the insula
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and deep gray structures (caudate, putamen, thalamus)
using 3D MRSI and ACC and PCC using GSH-edited
MRS from baseline to week 4 between NAC and placebo
groups with rank sum test. GSH/GSSG ratio change from
baseline to week 4 was also compared between NAC and
placebo groups with rank sum test. Evaluation of whether
change in GSH/GSSG ratio in blood was associated with
change in GSH:tCr on MRS in the same ROIs over the 4-
week period was performed with Spearman correlation.
Associations between change in total MFIS with GSH/
GSSG ratio change and MRS GSH:tCr change were evalu-
ated with Spearman correlation. Associations between the
timing of the last study drug dose and research blood
sampling and MRS with biomarkers were evaluated with
Spearman correlation.

Baseline comparisons in fatigued versus
nonfatigued groups

Baseline characteristics of the group categorized as fati-
gued (screening MFIS > 38) and nonfatigued (screening
MFIS < 38) were compared qualitatively at baseline on
demographic and disease characteristics, as well as base-
line fatigue, EDSS, and HADS.

Fatigue level as measured by MFIS at baseline was eval-
uated for association with GSH/GSSG ratio and MRS
GSH:tCr and glutamate:tCr in the same ROIs as above
with Spearman correlation. The GSH/GSSG ratio and
MRS GSH:tCr and glutamate:tCr values were also com-
pared between those with versus without fatigue using
rank sum test. Glutamate:tCr on MRS was quantified with
3D MRSI for all ROIs.

This was a pilot trial, and no data were available to
inform power calculations, so these were not performed,
and the sample size was limited by available resources.
Due to the exploratory nature of these analyses, we did
not correct for multiple comparisons. All analyses were
two-sided, and alpha of 0.05 was used. Analyses were per-
formed with STATA 15 (College Station, TX).

Results

Participants

Thirty-one individuals with MS were evaluated for eligi-
bility from November 2016 to April 2018, and 20 had
screening MFIS > 38. Four of these did not meet inclu-
sion criteria for the randomized portion of the study, so
16 were randomized. One randomized to placebo did not
receive the study intervention, and data were not analyzed
as this participant withdrew consent, so five of six indi-
viduals allocated to placebo completed treatment and
were analyzed. Ten individuals were allocated to NAC,

NAC for MS Fatigue

and all completed follow-up and were analyzed (Fig. 1).
Nine on NAC and 5 on placebo completed MRS at base-
line and week 4.

One additional participant with MFIS > 38 completed
baseline questionnaires and laboratory tests, but was not
eligible for randomization due to new DMT initiation,
and was retained in comparison of fatigued and nonfa-
tigued groups. Of 11 individuals with screening
MFIS < 38, eight were eligible and included as controls,
of whom six completed MRS assessments. Thus, 16 fati-
gued and eight nonfatigued patients were compared at
baseline.

Randomized participants: NAC versus
Placebo

Baseline characteristics and baseline measures of out-
comes of those randomized to NAC (n = 10) and placebo
(n = 5) were well-balanced except age, which was higher
in the placebo group (Tables 1 and 2).

Safety and tolerability

There was no difference in the number of AEs between
NAC and placebo groups (p = 0.75). Overall, there were
16.8 AEs per person-year on NAC compared to 20.7
on placebo (Table 3). There were no serious AEs, and
there was one moderate AE in each group. Most AEs
were not attributed to the study drug. Only two AEs
in one patient on NAC were attributed to the study
drug and included abdominal pain and constipation,
which both resolved upon dose interruption and did
not recur with drug resumption, which occurred after
6 days. One patient on NAC had a headache. No par-
ticipants suspended treatment due to an AE. Serum
creatinine, AST, and ALT were within normal limits for
all patients at week 4. Mean adherence was 97% on
placebo and 94% on NAC, including doses missed due
to a suggested dose interruption, to follow intention-to-
treat principles.

Efficacy

There was improvement in fatigue on both NAC and pla-
cebo, with an 11-point improvement in MFIS on NAC
(95% CI —22.0 to —0.8) and an 18-point improvement
on placebo (95% CI —37.2 to 1.2) (p = 0.33) (Table 4,
Fig. 2). Both groups had improvements in the physical
(p =0.62), cognitive (p=0.27), and psychosocial
(p = 0.52) components of the MFIS with no statistically
significant difference. Fatigue as measured by FSS
(p = 0.76) and Neuro-QOL (p = 0.50) also improved to a
similar extent on NAC and placebo.
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Assessed for eligibility (n=31)

/‘

MFIS<38
Assessed for control eligibility (n=11)

MF1S>38

Assessed for randomization eligibility (n=20) 4——[

Enrollment }

Excluded (n=3)
» 4 Not meeting inclusion criteria (n=2)
+ Declined to participate (n=1)

Included as a control (n=8)

Excluded (n=4)
+ Not meeting inclusion criteria (n=4)
+ Completed baseline questionnaires

and labs so included in comparison with
controls but not randomized due to DMT
initiation (n=1)

Controls (n=8)
+ Completed all assessments (n=6)

Randomized (n=16)

+ Did not complete MRS (n=2)

A 4 (
L

Allocation

]

Allocated to N-acetyl cysteine (n=10)
+ Received allocated intervention (n=10)
+ Did not receive allocated intervention (n=0)

Allocated to placebo (n=6)

+ Received allocated intervention (n=5)

«+ Did not receive allocated intervention (withdrew
consent after randomization) (n=1)

Follow-Up J

Lost to follow-up (n=0)
Discontinued intervention (n=0)

Lost to follow-up (n=0)
Discontinued intervention (n=0)

Analysis

]

J

Analysed (n=10)
+ Excluded from MRS analysis (n=1)
(unable to tolerate MRI)
+ Excluded from analysis (n=0)

Analysed (n=5)
+ Excluded from analysis (consent withdrawn
to use of data) (n=1)

Figure 1. CONSORT diagram of participant enrollment. DMT disease-modifying therapy, MFIS Modified Fatigue Impact Scale; MRS MR

spectroscopy.

From week 4 to 6, after being off the study drug for
2 weeks, fatigue worsened in both groups, but to a
greater extent in the placebo (14-point worsening) com-
pared to NAC (2-point worsening) group, although this
did not reach statistical significance (p = 0.18). This

pattern  was noted across domains of fatigue,

particularly the psychosocial MFIS domain, where the
placebo group worsened after discontinuing the study
drug, but the NAC group did not (p = 0.04). On the
FSS, both NAC and placebo groups had increased fati-
gue after 2 weeks off the study drug to a similar extent
(p = 0.42).
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Table 1. Baseline characteristics of participants.

NAC for MS Fatigue

Characteristic All Fatigue (n = 16)" NAC (n = 10) Placebo (n = 5) Nonfatigue MS (n = 8)

Age, mean years (SD) 56.4 (10.5) 51.3(9.2) 65.7 (6.8) 65.1 (6.7)

Female sex, n (%) 12 (75%) 8 (80%) 4 (80%) 5 (62.5%)

Disease duration, median years (IQR) 13.3 (6.9-19.8) 14.9 (8.0-20.8) 12.3(5.8-16.2) 20.6 (13.6-26.9)

White race, n (%) 14 (87.5%) 8 (80%) 5 (100%) 7 (87.5%)

Hispanic or Latino ethnicity, n (%) 1(6.3%) 1(10%) 0 (0%) 0 (0%)

MS subtype, n (%)

Primary progressive 11 (68.8%) 6 (60%) 4 (80%) 3 (37.5%)
Secondary progressive 5(31.3%) 4 (40%) 1(20%) 5(62.5%)

DMT use, n (%) 10 (62.5%) 7 (70%) 3 (60%) 3 (37.5%)
Ocrelizumab 7 (43.8%) 4 (40%) 3 (60%) 2 (25%)
Rituximab 2 (12.5%) 2 (20%) 0 (0%) 0 (0%)
Alemtuzumab 1(6.3%) 1(10%) 0 (0%) 0 (0%)

Dimethyl fumarate 0 (0%) 0 (0%) 0 (0%) 1(12.5%)

Biotin use, n (%) 4 (25%) 3 (30%) 1(20%) 3 (37.5%)

EDSS, median (IQR) 6.0 (4.0-6.0) 6.0 (4.0-6.0) 6.0 (3.5-6.0) 5.0 (3.25-6.5)

HADS depression, median (IQR) 7 (5-8) 7 (6-8) 7 (3-7) 1.5 (1-2.5)

HADS anxiety, median (IQR) 6.5 (4-7) 7 (4-7) 5 (5-6) 1 (0-3.5)

The bold columns of data demonstrate the fatigue versus nonfatigue MS comparisons.

DMT disease-modifying therapy; EDSS Expanded Disability Status Scale; HADS Hospital Anxiety and Depression Scale; IQR interquartile range; NAC
N-acetyl cysteine; MS multiple sclerosis; SD standard deviation.

"This includes patients randomized to NAC and placebo, and 1 additional patient with fatigue who was not randomized.

Table 2. Baseline outcome measures.

Characteristic All Fatigue (n = 16)" NAC (n = 10) Placebo (n = 5) Nonfatigue MS (n = 8)
MFIS, median (IQR) 50 (45.5-56.5) 48.5 (46-56) 50 (45-52) 21.5 (14.5-35)

FSS, median (IQR) 5.7 (4.3-6.3) 5.8 (5.0-6.2) 5.4 (3.6-5.6) 2.9 (1.6-4.1)
Neuro-QOL fatigue, median (IQR) 58 (53.5-64) 59.5 (54-66) 53 (50-57) 27.5 (23-35)

26.9 (21.5-34.7)
31.4 (25.1-38.5)
6.8 (5.1-10.2)
39 (26.5-45)

29.3 (22.5-38.9)
35.1 (28.8-40.1)
9.1 (5.6-10.2)
38 (29-43)

25.3(21.2-26.9)
25.0 (23.9-26.6)
6.0 (5.1-6.8)

42 (42-47)

28.0 (23.5-33.0)
29.0 (25.2-32.7)
9.9 (5.1-15.0)

42.5 (38.5-55.5)

9-hole peg test (dominant), median (IQR)
9-hole peg test (nondominant), median (IQR)
25-foot walk, median seconds (IQR)
SDMT, median (IQR)
GSH:tCr ratio on MRS, median (IQR)

ACC (by GSH-edited MRS)?

PCC (by GSH-edited MRS)?

Insula (by 3D MRSI)?

Caudate (by 3D MRSI)?

Putamen (by 3D MRSI)?

Thalamus (by 3D MRSI)?
GSH/GSSG blood ratio, median (IQR)

0.124 (0.098-0.254)°
0.136 (0.111-0.149)°
0.317 (0.182-0.381)°
0.272 (0.181-0.426)°
0.260 (0.207-0.301)°
0.258 (0.223-0.537)°
2.54 (2.26-2.95)*

0.177 (0.147-0.208)
0.133 (0.106-0.167)
0.378 (0.321-0.536)
0.381 (0.364-0.521)
0.384 (0.322-0.601)
0.206 (0.183-0.302)
2.37 (1.55-2.94)

0.187 (0.096-0.201)
0.130 (0.114-0.154)
0.37 (0.324-0.402)
0.374 (0.262-0.900)
0.401 (0.322-0.419)
0.281 (0.204-0.313)
2.41(1.48-3.31)

0.151 (0.148-0.191)
0.167 (0.105-0.180)
0.499 (0.374-0.578)
0.364 (0.058-0.521)
0.604 (0.209-0.674)
0.192 (0.117-0.281)
2.39(1.87-2.42)

The bold columns of data demonstrate the fatigue versus nonfatigue MS comparisons.

ACC anterior cingulate cortex; FSS Fatigue Severity Scale; GSH glutathione; GSSG glutathione disulfide; IQR interquartile range; NAC N-acetyl cys-
teine; MFIS Modified Fatigue Impact Scale; MRS MR spectroscopy; MS multiple sclerosis; PCC posterior cingulate cortex; QOL quality of life; SDMT
Symbol Digit Modalities Test; tCr total creatine.

"This includes patients randomized to NAC and placebo, and 1 additional patient with fatigue who was not randomized.

2Sample size by brain region: ACC: NAC n = 6, placebo n = 4, fatigue n = 11, nonfatigue MS control n = 3; PCC: NAC n = 8, placebo n =5,
fatigue n = 14, nonfatigue MS control n = 5; Insula: NAC n = 6, placebo n = 4, fatigue n = 11, nonfatigue MS control n = 5; Caudate: NAC
n = 3, placebo n = 3, fatigue n = 9, nonfatigue MS control n = 4, Putamen: NAC n = 6, placebo n = 3, fatigue n = 11, nonfatigue MS control
n = 5; Thalamus: NAC n = 6, placebo n = 4, fatigue n = 12, nonfatigue MS control n = 4.

3Fatigue versus nonfatigue comparison rank sum by brain region: ACC: p = 0.70; PCC: p = 0.71; Insula: p = 0.16; Caudate: p = 0.28; Putamen:
p = 0.079; Thalamus: p = 0.43.

“Fatigue versus nonfatigue comparison rank sum p = 0.46.
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Table 3. Adverse events in NAC and placebo groups.

NAC (n = 10) Placebo (n = 5)
Number of adverse events' 12 6
Number of adverse events  16.8 20.7

per person-year
Number of adverse events by patient, n (%)

None 4 (40%) 1(20%)
1 1(10%) 2 (40%)
2 4 (40%) 2 (40%)
3 1(10%) 0 (0%)
Number of moderate 1 1
adverse events
Number of serious adverse 0 0

events

Specific adverse events (n)  Abdominal pain (1) Urinary tract

infection (1)

Constipation (1) Increased
fatigue (1)
Common cold (1) Gait

disturbance (1)
Arthralgia (1)
Depression (1)
Back pain (1)

Sialadenitis (1)
Muscle weakness (1)
Gait disturbance (1)
Headache (1)

Anxiety (1)

Agitation (1)

Insomnia (1)

Injury to back (1)

Injury to face
secondary to fall (1)

NAC N-acetyl cysteine.

"Number of adverse events did not differ in NAC and placebo groups,
with p = 0.75 for Fisher exact test for difference in number of adverse
events between groups.

Other clinical measures, including 9-hole peg test, 25-
foot walk speed, and SDMT, did not show a meaningful
change over the 4-week treatment period, with no differ-
ence between NAC and placebo groups (Supplementary
Table).

Exploratory oxidative pathway biomarkers

Exploratory evaluation of change in GSH:tCr from
in vivo 7T MRS did not show a significant difference
between NAC and placebo groups in the ACC (p = 0.39)
or PCC (p = 1.00) by GSH-edited MRS (Fig. 3), or in the
insula  (p =0.20), caudate (p =0.28), putamen
(p =0.80), or thalamus (p=1.00) by 3D MRSI
(Table 4). While the timing of MRS from the last study
drug dose at week 4 did not differ between NAC and pla-
cebo groups, there was a median of 133 min (IQR 117-
152) from the last dose to MRS. The time between the
last dose of the study drug and MRS was strongly

K. M. Krysko et al.

associated with GSH:tCr in the ACC in the NAC group
(Spearman rho (p) —0.83, p = 0.042), with higher values
in those with a shorter interval from the last NAC dose
(Fig. 3), although this relationship was not as strong in
other ROIs (PCC p —0.26, p = 0.53; insula p —0.26,
p = 0.62; caudate p —0.50, p = 0.67; putamen p —0.39,
p = 0.38), and there was no relationship in the thalamus
(p 0.036, p = 0.94).

In blood, GSH/GSSG ratio declined in both groups
over 4 weeks, with a slightly greater decline on placebo
(—0.6) than NAC (—0.1), although this did not reach sta-
tistical significance (p = 0.18). Median time from the last
dose of the study drug to blood sample at week 4 was
11 min (IQR 5-21) and did not differ between groups.
The time from the dose to blood sample was not associ-
ated with GSH/GSSG ratio, although there was a narrow
range in timing.

There was no significant consistent association between
change in blood GSH/GSSG with change in GSH:tCr on
MRS in the ROIs (Table 5). No significant association
was found between change in MFIS and change in MRS
GSH:tCr in the ROIs of interest on NAC (Table 5). In
the placebo group, a decline in the blood GSH/GSSG
ratio over 4 weeks was associated with increased fatigue
(p —1.0, p <0.001), whereas on NAC there was no
strong relationship.

Baseline comparisons in fatigued versus
nonfatigued

Compared to patients with progressive MS without signif-
icant fatigue, those with fatigue in this study were
younger with shorter disease duration, more likely to have
primary progressive MS, and more likely to be on DMT.
The fatigued group had a similar level of disability, but
higher levels of anxiety and depression as measured by
the HADS (Tables 1 and 2).

The level of GSH:tCr from in vivo MRS in the ACC,
PCC, insula, caudate, putamen, and thalamus, as well as
the blood GSH/GSSG ratio were similar in the fatigued
and nonfatigued groups (p > 0.05) (Table 2). There were
also no strong relationships between the baseline fatigue
level as measured by MFIS and GSH:tCr in the ROIs, or
with GSH/GSSG in the blood (Table 5). Similarly, gluta-
mate:tCr in the same ROIs with 3D MRSI did not differ
between the fatigued and nonfatigued groups (data not
shown), and was not associated with baseline MFIS (ACC
p —0.43, p = 0.082; insula p —0.13, p = 0.64; caudate p
—0.14, p = 0.64; putamen p —0.01, p = 0.97; thalamus p
—0.13, p =0.63), except in the PCC in which higher
MFIS was associated with lower glutamate (p —0.48,
p = 0.032).
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Table 4. Change in clinical, MRI, and laboratory measures in NAC and placebo groups.

NAC for MS Fatigue

NAC (n = 10) Placebo (n = 5) p
Modified fatigue impact scale (MFIS)'

MFIS mean change baseline to week 4 —11.4 (95% Cl —22.0 to —0.8) —18.0 (95% CI —37.2t0 1.2) 0.33
Physical MFIS change —5.9(95% Cl —11.8 to 0.0) —8.4(95% Cl —19.3 to 2.5) 0.62
Cognitive MFIS change —4.4 (95% Cl —9.4 to 0.6) —7.8(95% Cl —15.0 to —0.6) 0.27
Psychosocial MFIS change —1.1(95% Cl —2.3t0 0.1) —1.8(95% Cl —3.8t0 0.2) 0.52

MFIS mean change week 4 to week 6 +1.8 (95% Cl —8.1 to 11.7) +13.8 (95% Cl —5.2 to 32.8) 0.18
Physical MFIS change +2.4 (95% Cl —3.3 10 8.1) +6.6 (95% Cl 1.6 to 14.8) 0.22
Cognitive MFIS change —0.3(95% Cl —4.1 to 3.5) +5.6 (95% Cl —5.0 to 16.2) 0.24
Psychosocial MFIS change —0.4 (95% Cl —1.2 t0 0.4) +1.6 (95% Cl —0.7 to0 3.9) 0.04

Fatigue severity scale (FSS)'

FSS mean change baseline to week 4 —0.8(95% Cl —2.3t0 0.7) —0.7 (95% Cl —3.0 to 1.6) 0.76

FSS mean change week 4 to week 6 +0.6 (95% Cl —0.5to 1.7) +0.8 (95% Cl —0.4 to 2.0) 0.42
Neuro-QOL fatigue item bank’

Neuro-QOL mean change baseline to week 4 —12.9(95% Cl —22.4 to —3.4) —8.6 (95% Cl —23.8 t0 6.6) 0.50
GSH concentration on MRS

GSH:tCr ratio median change baseline to week 4, IQR
ACC (by GSH-edited MRS)? +0.029 (0.005-0.034) —0.001 (—0.063-0.033) 0.39
PCC (by GSH-edited MRS)? +0.002 (-0.065-0.037) 0.000 (—0.029-0.008) 1.00
Insula (by 3D MRSI) +0.033 (—0.082-0.147) —0.108 (—0.171-0.006) 0.20
Caudate (by 3D MRSI)? —0.118 (—0.601- —0.094) —0.082 (—-0.201-0.311) 0.28
Putamen (by 3D MRSI) —0.067 (—0.177-0.000) —0.101 (-0.312-0.146) 0.80
Thalamus (by 3D MRSI)? +0.009 (—0.007-0.098) +0.004 (—-0.036-0.111) 1.00

GSH/GSSG ratio in blood
GSH/GSSG ratio mean change baseline to week 4 —0.1 (95% Cl —0.5 to0 0.4) —0.6 (95% Cl —1.4 10 0.2) 0.18

ACC anterior cingulate cortex; Cl confidence interval; FSS Fatigue Severity Scale; GSH glutathione; GSSG glutathione disulfide; IQR interquartile
range; NAC N-acetyl cysteine; MFIS Modified Fatigue Impact Scale; MRS MR spectroscopy; PCC posterior cingulate cortex; QOL quality of life; tCr

total creatine.

"Higher scores on the MFIS, FSS, and Neuro-QOL indicate worse fatigue, so a negative change indicates improvement, whereas a positive change

indicates worsening compared to prior.
2Rank sum test comparing change between NAC and placebo groups.

3 Sample size by brain region: ACC, Insula, Thalamus: NAC n = 6, placebo n = 4; PCC: NAC n = 8, placebo n = 5; Caudate: NAC n = 3, placebo

n = 3; Putamen: NAC n = 6, placebo n = 3.

Discussion

In this pilot randomized, blinded placebo-controlled trial
of NAC for fatigue in progressive MS, NAC was well-tol-
erated and appeared safe. There were occasional gastroin-
testinal side effects and headaches, as previously reported
in MS and other populations.*>***>>* Adherence to NAC
was high over 4 weeks despite TID dosing, further sup-
porting tolerability and feasibility. Improvement in fatigue
over 4 weeks was clinically meaningful,>* but did not dif-
fer significantly between NAC and placebo groups. Inter-
estingly, there appeared to be less rebound in the
psychosocial domain of fatigue at the end of the treat-
ment period in the NAC than placebo group, although
this was not seen for the overall MFIS. GSH level on
MRS was not changed by NAC and did not differ
between those with and without fatigue. While the
hypothesis that NAC was safe and tolerable was met,
hypotheses of a beneficial effect of NAC on fatigue or
MRS GSH biomarkers of oxidative stress were not met.

The hypothesis of a difference in GSH between fatigued
and nonfatigued groups was also not met.

At the oral NAC dose of 1250 mg TID, there was no
significant increase in GSH in cortical or deep gray matter
structures studied on MRS or blood GSH/GSSG ratio at
week 4 compared to baseline, without a difference in
change in these values from the placebo group. This is in
contrast to a study in PD and Gaucher disease, in which
a higher dose of intravenous NAC (150 mg/kg over
1 hour = 10,500 mg for a 70 kg individual) led to
increased GSH in the occipital cortex on MRS, maximally
at 90-110 min from the start of infusion, and increased
blood GSH/GSSG, maximally at 60-75 min from the start
of the infusion.”” A study of oral NAC in PD showed a
detectable increase in CSF NAC levels 90 min after
35 mg/kg (2450 mg for a 70 kg individual) and 70 mg/kg
doses, although that study did not evaluate for biological
effects of NAC on intracellular GSH.>* Oral administra-
tion of a lower NAC dose (~18 mg/kg per dose for a
70 kg individual) and the longer time to MRS acquisition
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Figure 2. Modified Fatigue Impact Scale (MFIS) score at baseline,
week 4 and week 6 in NAC and placebo groups. Higher MFIS
indicates greater fatigue. MFIS score improved after 4 weeks on both
NAC and placebo. At week 6, 2 weeks after stopping the study drug,
there was more sustained improvement in fatigue on NAC than
placebo, although this did not reach statistical significance. NAC N-
acetyl cysteine.

in our study (median 133 min), as well as the blood sam-
pling at a median of only 11 min after NAC dosing, may
have led to lack of detection of a biological effect of NAC
on GSH concentration. Blood samples may have been col-
lected too soon after a dose since peak NAC concentra-
tion occurs 1-2h from an oral dose®* Poor oral
absorption, short half-life, low dose, and timing of mea-
surements all could have contributed to a lack of biologi-
cal effect of NAC on GSH on MRS and blood measures
in this study.

Without the hypothesized biological effect of NAC on
GSH, it is not surprising that we did not detect an effect
of NAC on fatigue. It remains unknown whether a higher
dose of NAC may affect neuronal GSH level or fatigue.
However, a recently published study of 24 individuals
with MS randomized to NAC or standard of care, also
did not detect an effect of NAC on fatigue.”> On the
other hand, their treatment with intravenous 50 mg/kg
NAC weekly with oral NAC 500 mg twice daily other
days was associated with improved cerebral glucose meta-
bolism in several brain areas compared to controls, as
well as improved cognition and attention,” although this
study was unblinded without a placebo, making it diffi-
cult to draw conclusions.

In patients with progressive MS with and without sub-
stantial fatigue, we did not find differences in GSH ratio
on MRS or GSH/GSSG ratio in the blood. While GSH
has been reported to be reduced in MS compared to
healthy controls,''”'® it did not appear to be associated
with fatigue level in this study. However, the small sample
size with a limited range of fatigue severity precludes
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definitive conclusions on the contribution of oxidative
stress to fatigue in progressive MS. Glutamate:tCr ratio
on MRS also did not differ between those with and with-
out fatigue, and higher fatigue severity was only associ-
ated with decreased glutamate ratio in the PCC. It is
possible that low glutamate concentrations may be associ-
ated with fatigue, as two studies demonstrated worsening
of MS fatigue with an NMDA glutamate receptor antago-
nist (memantine).'**® Purther studies are required to
assess the association of low glutamate concentrations
with fatigue as we observed this association in the PCC,
but not in other brain regions.

This study demonstrates the feasibility of using 7T
MRS to measure relative GSH levels in gray matter struc-
tures of individuals with progressive MS. This adds to the
growing literature of the use of MRS to measure glu-
tathione as a marker of oxidative stress in MS.'>'”'® Fur-
ther longitudinal evaluation and validation of gray matter
GSH measured by 7T MRS as a marker of oxidative stress
in progressive MS would be valuable, with the potential
of this measure to serve as a biomarker in future trials of
neuroprotective agents targeting oxidative stress.

Limitations of this study include the small sample size
given the pilot nature of the study. This led to a baseline
imbalance between NAC and placebo groups in age,
which could confound findings. Another limitation is the
lack of evaluation of different doses, frequencies, or
routes of administration of NAC, since a lack of effect of
oral NAC 1250 mg TID on antioxidant biomarkers in this
study could be due to dose and/or route of administra-
tion. In our study, GSH:tCr concentrations were higher
in the ACC in those with MRS performed closer in time
to the NAC dose, suggesting a potential effect that might
be detectable with the acquisition of MRS at peak NAC
serum levels. However, the optimal dose, frequency, and
route of administration to maintain steady NAC serum
levels, and thereby continuous antioxidant effects, has yet
to be determined. Furthermore, the reproducibility of
blood and MRS measurements was not evaluated, intro-
ducing potential bias from measurement error.

Further study is needed to better understand oral dos-
ing and frequency of NAC that could achieve an effect on
neuronal GSH before pursuing a larger study evaluating
the effect on clinical markers of disease progression or
fatigue in MS. A dose-finding study of different doses and
frequencies of NAC and associated effects on MRS GSH
could be a useful next step. This study also highlights the
strong placebo effect in evaluating treatment for fatigue,
with substantial and clinically meaningful improvements
in fatigue in both NAC and placebo groups. This can
make it difficult to detect a treatment-specific effect of a
medication or behavioral intervention for fatigue,
although strategies to harness the placebo effect for
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Figure 3. GSH-edited MR spectroscopy in anterior and posterior cingulate cortex in NAC and placebo groups. GSH:tCr in placebo and NAC
groups at baseline and week 4 in anterior cingulate cortex (ACC; A) and posterior cingulate cortex (PCC; B). Association between time of last
study drug dose from MRS and GSH:tCr on MRS at week 4 in NAC group in ACC (C) and PCC (D). GSH glutathione; MRS MR spectroscopy; NAC

N-acetyl cysteine; tCR total creatine.

clinical treatment may prove useful if an ethical balance
can be achieved.”

Overall, while NAC was safe and well-tolerated, we did
not find a benefit of oral NAC 1250 mg TID on fatigue
in individuals with progressive MS. In this small study,
we also did not find an association between markers of
oxidative stress and fatigue in progressive MS. Further
larger studies should explore whether oxidative stress con-
tributes to primary fatigue or neurodegeneration in MS
to determine whether this could be targeted for the treat-
ment of this disabling and common symptom or neu-
rodegenerative aspects of the disease.
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Table 5. Relationship between Modified Fatigue Impact Scale (MFIS), GSH:tCr on MRS, and GSH/GSSG ratio on blood at baseline, and changes
in these measures over 4 weeks in NAC and placebo groups using Spearman correlation with p-value in brackets.

MRS GSH:tCr'-2

ACC? pcC3 Insula® Caudate® Putamen® Thalamus® Blood GSH/GSSG'2
Randomized (n = 10 NAC, n = 5 placebo)
Change in MFIS®
NAC —0.20 (0.70)® 0.29 (0.49)’ 0.03 (0.96)°  0.50 (0.67)"3 0.14 (0.79)° 0.71 (0.11)° 0.21 (0.56)
Placebo  —0.20 (0.80)8 —0.50 (0.39)° 0.80 (0.20®  —1.00 (<0.001)"* —0.50 (0.67)"> 0.40 (0.60)® —1.0 (<0.001)
Change in blood GSH/GSSG?
NAC 0.43 (0.40)° —0.52 (0.18)  —0.20 (0.70)°* —1.00 (<0.001)'®> —0.37 (0.47)®  0.43 (0.40)° —
Placebo  0.20 (0.80)® 0.50 (0.39)° —0.80 (0.20)® 1.00 (<0.001)"*  0.50 (0.67)'®>  —0.40(0.60)® —
Baseline (n = 24)
MFIS® —0.013(0.96)"° —0.11(0.67)"" 0.17(0.53)'>  0.27 (0.38)"* 0.44 (0.084)'2  —0.17 (0.53)"> —0.20 (0.34)

ACC anterior cingulate cortex; GSH glutathione; GSSG glutathione disulfide; NAC N-acetyl cysteine; MFIS Modified Fatigue Impact Scale; MRS MR

spectroscopy; PCC posterior cingulate cortex; tCr total creatine.

"For rows of data from randomized portion of the study, these reflect change values between week 4 and baseline, whereas measured values

were compared at baseline.

2Higher values of GSH:tCr and GSH/GSSG indicates higher GSH, an antioxidant. Higher values of change in these ratios indicate an increase in

GSH over the 4 weeks.
3Measured by GSH-edited MR spectroscopy.
“Measured by 3D MRSI.

°Higher MFIS indicates a greater fatigue level. Higher values of change in MFIS indicate an increased level of fatigue over the 4 weeks.

SAvailable data in n = 6.
’Available data in n = 8.
8Available data in n = 4.
Available data in n = 5.
"Available data in n = 14.
" Available data in n = 19.
2Available data in n = 16.
BAvailable data in n = 3.
4Avialable data in n = 13.

the conduct of the study. Khang Nguyen reports no dis-
closures. Amit Akula reports no disclosures. Yan Li
reports no disclosures. Emmanuelle Waubant reports per-
sonal fees from DBV, Jazz Pharmaceuticals, Emerald, out-
side the submitted work.

Authors’ Contributions

KMK participated in the design of the study and analysis;
conducted statistical analysis; acquired data; drafted the
manuscript. AB participated in the design and perfor-
mance of MRI analyses; revised the manuscript for intel-
lectual content. BN participated in the conception and
design of the study; revised the manuscript for intellectual
content. RGH participated in the conception and design
of the study; revised the manuscript for intellectual con-
tent. NR participated in the design of the study; major
role in acquisition of data; revised the manuscript for
intellectual content. MM participated in the design of the
study; major role in acquisition of data; revised the
manuscript for intellectual content. KN participated in

the design and performance of MRI processing; revised
the manuscript for intellectual content. AA participated
in the design and performance of MRI processing; revised
the manuscript for intellectual content. YL had a major
role in the design and performance of MRI acquisition/
processing/analyses; revised the manuscript for intellectual
content. EW had a major role in the conception and
design of the study; major role in acquisition of data;
revised the manuscript for intellectual content.

REFERENCES

1. Bakshi R. Fatigue associated with multiple sclerosis:
diagnosis, impact and management. Mult Scler
2003;9:219-227.

2. Janardhan V, Bakshi R. Quality of life in patients with
multiple sclerosis: the impact of fatigue and depression. J
Neurol Sci 2002;205:51-58.

3. Nourbakhsh B, Julian L, Waubant E. Fatigue and
depression predict quality of life in patients with early
multiple sclerosis: a longitudinal study. Eur J Neurol
2016;23:1482—-1486.

822 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association



K. M. Krysko et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

. Braley TJ, Chervin RD. Fatigue in multiple sclerosis:

mechanisms, evaluation, and treatment. Sleep
2010;33:1061-1067.

. Calabrese M, Rinaldi F, Grossi P, et al. Basal ganglia and

frontal/parietal cortical atrophy is associated with fatigue
in relapsing-remitting multiple sclerosis. Mult Scler
2010;16:1220-1228.

. Wilting J, Rolfsnes HO, Zimmermann H, et al. Structural

correlates for fatigue in early relapsing remitting multiple
sclerosis. Eur Radiol 2016;26:515-523.

. Nourbakhsh B, Azevedo C, Nunan-Saah J, et al.

Longitudinal associations between brain structural changes
and fatigue in early MS. Mult Scler Relat Disord
201655:29-33.

. Morris G, Berk M, Walder K, Maes M. Central pathways

causing fatigue in neuro-inflammatory and autoimmune
illnesses. BMC Med 2015;13:28.

. Sharief MK, Hentges R. Association between tumor

necrosis factor-alpha and disease progression in patients
with multiple sclerosis. N Engl ] Med 1991;325:467-472.
Gottschalk M, Kiimpfel T, Flachenecker P, et al. Fatigue
and regulation of the hypothalamo-pituitary-adrenal axis
in multiple sclerosis. Arch Neurol 2005;62:277-280.
Téllez N, Comabella M, Julia E, et al. Fatigue in
progressive multiple sclerosis is associated with low levels
of dehydroepiandrosterone. Mult Scler 2006;12:487-494.
Villoslada P, Arrondo G, Sepulcre J, et al. Memantine
induces reversible neurologic impairment in patients with
MS. Neurology 2009;72:1630-1633.

Nourbakhsh B, Revirajan N, Waubant E. Association
between glutamate blockade and fatigue in patients with
multiple sclerosis. JAMA Neurol 2015;72:1374—-1375.
Gilgun-Sherki Y, Melamed E, Offen D. The role of
oxidative stress in the pathogenesis of multiple sclerosis:
the need for effective antioxidant therapy. J Neurol
2004;251:261-268.

Choi I-Y, Lee P, Adany P, et al. In vivo evidence of
oxidative stress in brains of patients with progressive
multiple sclerosis. Mult Scler 2017;24:1029-1038.
Gonsette RE. Neurodegeneration in multiple sclerosis: the
role of oxidative stress and excitotoxicity. ] Neurol Sci
2008;274:48-53.

Choi 1Y, Lee SP, Denney DR, Lynch SG. Lower levels of
glutathione in the brains of secondary progressive
multiple sclerosis patients measured by 1H magnetic
resonance chemical shift imaging at 3 T. Mult Scler
2011;17:289-296.

Srinivasan R, Ratiney H, Hammond-Rosenbluth KE, et al.
MR spectroscopic imaging of glutathione in the white and
gray matter at 7 T with an application to multiple
sclerosis. Magn Reson Imaging 2010;28:163—170.

Shungu DC, Weiduschat N, Murrough JW, et al.
Increased ventricular lactate in chronic fatigue syndrome.
III. Relationships to cortical glutathione and clinical

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

NAC for MS Fatigue

symptoms implicate oxidative stress in disorder
pathophysiology. NMR Biomed 2012;25:1073-1087.
Samuni Y, Goldstein S, Dean OM, Berk M. The chemistry
and biological activities of N-acetylcysteine. Biochim
Biophys Acta 2013;1830:4117—4129.

Smilkstein MJ, Knapp GL, Kulig KW, Rumack BH.
Efficacy of oral N-acetylcysteine in the treatment of
acetaminophen overdose. Analysis of the national
multicenter study (1976 to 1985). N Engl ] Med
1988;319:1557-1562.

Schmidt LE, Dalhoff K. Risk factors in the development of
adverse reactions to N-acetylcysteine in patients with
paracetamol poisoning. Br J Clin Pharmacol 2001;51:87—
91.

Gilgun-Sherki Y, Rosenbaum Z, Melamed E, Offen D.
Antioxidant therapy in acute central nervous system
injury: current state. Pharmacol Rev 2002;54:271-284.
Katz M, Won §J, Park Y, et al. Cerebrospinal fluid
concentrations of N-acetylcysteine after oral
administration in Parkinson’s disease. Parkinsonism Relat
Disord 2015;21:500-503.

Holmay MJ, Terpstra M, Coles LD, et al. N-Acetylcysteine
boosts brain and blood glutathione in Gaucher and
Parkinson diseases. Clin Neuropharmacol 2013;36:103—
106.

Lapidus KAB, Gabbay V, Mao X, et al. In vivo (1)H MRS
study of potential associations between glutathione,
oxidative stress and anhedonia in major depressive
disorder. Neurosci Lett 2014;569:74—79.

Idiopathic Pulmonary Fibrosis Clinical Research N,
Martinez FJ, de Andrade JA, Anstrom KJ, et al.
Randomized trial of acetylcysteine in idiopathic
pulmonary fibrosis. N Engl ] Med 2014;370:2093-2101.
Hoffer ME, Balaban C, Slade MD, et al. Amelioration of
acute sequelae of blast induced mild traumatic brain
injury by N-acetyl cysteine: a double-blind, placebo
controlled study. PLoS One 2013;8:e54163.

Schipper HM, Arnold D, Grand’Maison F, et al.
Tolerability and safety of combined glatiramer acetate and
N-acetylcysteine in relapsing-remitting multiple sclerosis.
Clin Neuropharmacol 2015;38:127-131.

Lovera JF, Frohman E, Brown TR, et al. Memantine for
cognitive impairment in multiple sclerosis: a randomized
placebo-controlled trial. Mult Scler 2010;16:715-723.
Polman CH, Reingold SC, Banwell B, et al. Diagnostic
criteria for multiple sclerosis: 2010 revisions to the
McDonald criteria. Ann Neurol 2011;69:292—-302.

Lublin FD. New multiple sclerosis phenotypic
classification. Eur Neurol 2014;72(Suppl 1):1-5.

Téllez N, Rio J, Tintoré M, et al. Does the Modified
Fatigue Impact Scale offer a more comprehensive
assessment of fatigue in MS? Mult Scler 2005;11:198-202.
Rooney S, McFadyen DA, Wood DL, et al. Minimally
important difference of the fatigue severity scale and

823



NAC for MS Fatigue

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

824

modified fatigue impact scale in people with multiple
sclerosis. Mult Scler Relat Disord 2019;35:158—163.

Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD. The
fatigue severity scale. Application to patients with multiple
sclerosis and systemic lupus erythematosus. Arch Neurol
1989;46:1121-1123.

Cella D, Lai JS, Nowinski CJ, et al. Neuro-QOL: brief
measures of health-related quality of life for clinical
research in neurology. Neurology 2012;78:1860—1867.
Fischer JS, Rudick RA, Cutter GR, Reingold SC. The

Multiple Sclerosis Functional Composite Measure (MSFC):

an integrated approach to MS clinical outcome
assessment. National MS Society Clinical Outcomes
Assessment Task Force. Mult Scler 1999;5:244-250.
Benedict RH, DeLuca J, Phillips G, et al. Validity of the
Symbol Digit Modalities Test as a cognition performance
outcome measure for multiple sclerosis. Mult Scler
2017;23:721-733.

Kurtzke JF. Rating neurologic impairment in multiple
sclerosis: an expanded disability status scale (EDSS).
Neurology 1983;33:1444-1452.

Snaith RP. The hospital anxiety and depression scale.
Health Qual Life Outcomes 2003;1:29.

Harris PA, Taylor R, Minor BL, et al. The REDCap
consortium: Building an international community of
software platform partners. ] Biomed Inform
2019;95:103208.

Harris PA, Taylor R, Thielke R, et al. Research electronic
data capture (REDCap)—a metadata-driven methodology
and workflow process for providing translational research
informatics support. ] Biomed Inform 2009;42:377-381.
Li Y, Larson P, Chen AP, et al. Short-echo three-
dimensional H-1 MR spectroscopic imaging of patients
with glioma at 7 Tesla for characterization of differences
in metabolite levels. ] Magn Reson Imaging 2015;41:1332—
1341.

Scheenen TW, Heerschap A, Klomp DW. Towards 1H-
MRSI of the human brain at 7T with slice-selective
adiabatic refocusing pulses. Magma 2008;21:95-101.
Scheenen TW, Klomp DW, Wijnen JP, Heerschap A.
Short echo time 1H-MRSI of the human brain at 3T with
minimal chemical shift displacement errors using adiabatic
refocusing pulses. Magn Reson Med 2008;59:1-6.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

K. M. Krysko et al.

Tkac I, Starcuk Z, Choi IY, Gruetter R. In vivo 1H NMR
spectroscopy of rat brain at 1 ms echo time. Magn Reson
Med 1999;41:649-656.

Tustison NJ, Avants BB, Cook PA, et al. N4ITK: improved
N3 bias correction. IEEE Trans Med Imaging
2010529:1310-1320.

Zhang Y, Brady M, Smith S. Segmentation of brain MR
images through a hidden Markov random field model and
the expectation-maximization algorithm. IEEE Trans Med
Imaging 2001;20:45-57.

Avants BB, Tustison NJ, Wu J, et al. An open source
multivariate framework for n-tissue segmentation with
evaluation on public data. Neuroinformatics 2011;9:381—
400.

Frazier JA, Chiu S, Breeze JL, et al. Structural brain
magnetic resonance imaging of limbic and thalamic
volumes in pediatric bipolar disorder. Am J Psychiatry
2005;162:1256—1265.

Li Y, Jakary A, Gillung E, et al. Evaluating metabolites in
patients with major depressive disorder who received
mindfulness-based cognitive therapy and healthy controls
using short echo MRSI at 7 Tesla. Magma 2016;29:523—
533.

Provencher SW. Estimation of metabolite concentrations
from localized in vivo proton NMR spectra. Magn Reson
Med 1993;30:672—679.

Monti DA, Zabrecky G, Leist TP, et al. N-acetyl cysteine
administration is associated with increased cerebral
glucose metabolism in patients with multiple sclerosis: an
exploratory study. Front Neurol 2020;11:88.

Holdiness MR. Clinical pharmacokinetics of N-
acetylcysteine. Clin Pharmacokinet 1991;20:123-134.
Colloca L, Barsky AJ. Placebo and Nocebo effects. N Engl
] Med 2020;382:554-561.

Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Table S1. Change in other clinical measures in NAC and
placebo groups.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association



