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Abstract

Background Promotion of myelin repair in the context of demyelinating diseases such as multiple sclerosis (MS)
still represents a clinical unmet need, given that this disease is not only characterized by autoimmune activities but
also by impaired regeneration processes. Hence, this relates to replacement of lost oligodendrocytes and myelin
sheaths—the primary targets of autoimmune attacks. Endogenous remyelination is mainly mediated via activation
and differentiation of resident oligodendroglial precursor cells (OPCs), whereas its efficiency remains limited and
declines with disease progression and aging. Teriflunomide has been approved as a first-line treatment for relapsing
remitting MS. Beyond its role in acting via inhibition of de novo pyrimidine synthesis leading to a cytostatic effect on
proliferating lymphocyte subsets, this study aims to uncover its potential to foster myelin repair.

Methods Within the cuprizone mediated de-/remyelination model teriflunomide dependent effects on oligoden-
droglial homeostasis and maturation, related to cellular processes important for myelin repair were analyzed in vivo.
Teriflunomide administration was performed either as pulse or continuously and markers specific for oligodendroglial
maturation and mitochondrial integrity were examined by means of gene expression and immunohistochemical
analyses. In addition, axon myelination was determined using electron microscopy.

Results Both pulse and constant teriflunomide treatment efficiently boosted myelin repair activities in this model,
leading to accelerated generation of oligodendrocytes and restoration of myelin sheaths. Moreover, teriflunomide
restored mitochondrial integrity within oligodendroglial cells.

Conclusions The link between de novo pyrimidine synthesis inhibition, oligodendroglial rescue, and maintenance
of mitochondrial homeostasis appears as a key for successful myelin repair and hence for protection of axons from
degeneration.

Keywords Multiple sclerosis, Teriflunomide, Oligodendrocyte, Remyelination, Neuroregeneration

*Correspondence: “Brain and Mind Center, University of Sydney, Sydney, Australia
Patrick Kury ° Department of Neurology, Palacky University Olomouc, Olomouc, Czech
kuery@uni-duesseldorf.de Republic

! Department of Neurology, Medical Faculty, Heinrich-Heine-University,
Moorenstrasse 5, 40225 Disseldorf, Germany

2 Department of General Pediatrics, Neonatology and Pediatric
Cardiology, Medical Faculty, Heinrich-Heine-University, Dusseldorf,
Germany

3 Department of Neurology, Section of Developmental Neurobiology,
University Hospital, Wirzburg, Germany

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-022-02686-6&domain=pdf

Gottle et al. Journal of Neuroinflammation (2023) 20:7

Background

The adult central nervous system (CNS) exhibits only
limited regeneration capacities and impaired repair
processes in patients with multiple sclerosis (MS) con-
tribute to neurological disability and diminished quality
of life on a long-term scale. While relapsing MS (RMS)
is amenable to treatment by means of a number of well-
established immunomodulatory drugs, the disease per
se remains incurable and develops into progressive
stages (PMS) with irreversible functional deficits. In
this respect, the primary hallmark is the autoimmune
mediated breakdown of myelin sheaths and the sub-
sequent loss of mature oligodendrocytes associated
with impaired axonal integrity and neurodegeneration
[1]. Beyond immunomodulation the current focus lies
on regenerative aspects and their potential for clinical
translation. Partial replacement of lost oligodendro-
cytes and myelin sheaths following demyelination of
the adult CNS can occur spontaneously as a result of
activation of resident oligodendroglial precursor cells
(OPCs) [2, 3]. Nevertheless, successful cell replace-
ment and remyelination of denuded axons remain
inefficient and should be supported via therapeu-
tic intervention. In such a scenario an active promo-
tion of axonal remyelination will lead to stabilization,
electrical insulation, improved trophic and metabolic
support thereby eventually preventing neurodegen-
eration and restoring axonal function [4, 5]. Hence,
identification of substances exerting positive effects
on oligodendroglial cell differentiation and boosting
the endogenous remyelination capacity are of increas-
ing biomedical interest as it represents an unmet clini-
cal need [6, 7]. In addition to numerous drug screening
approaches that have been conducted for this purpose
(recently summarized in [8]) drug repurposing repre-
sents a promising alternative approach as it is thought
to accelerate substance identification in a cost efficient
manner [9]. Teriflunomide is an approved first line oral
immunomodulatory medication for patients with RMS
[10-12] acting via inhibition of pyrimidine biosynthe-
sis in activated lymphocytes by selective and reversible
blockade of the mitochondrial enzyme dihydroorotate
dehydrogenase (DHODH) [13, 14]. DHODH is an inner
mitochondrial membrane protein that catalyzes the
oxidation of dihydroorotate to orotate, which is further
converted into uridine monophosphate from which all
other pyrimidine ribonucleotides arise [15]. Beyond its
role as an immune modulator we previously described
teriflunomide’s potential role in neuroregeneration as
it promoted primary OPC differentiation and inter-
node formation, particularly when applied early and in
pulses within myelinating neuron/glia co-cultures [16].
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Subsequent studies further revealed an association with
zymosterol accumulation and teriflunomide to exert
promyelinating effects in demyelinated Xenopus laevis
and mouse spinal cord [17]. We here provide additional
evidence for the potential of teriflunomide as a regener-
ative compound as it was applied in a cuprizone medi-
ated demyelination model suitable to study cellular and
subcellular processes leading to axonal remyelination
in vivo [18]. We revealed that oral teriflunomide appli-
cation substantially promotes oligodendroglial differen-
tiation, fosters myelin sheath restoration and restores
mitochondrial integrities within the affected corpus
callosum (CC).

Materials and methods

Ethics statements for animal experiments

Cuprizone mediated demyelination experiments were
approved by the authorities at LANUV (Landesamt
fir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen; Az.: 81-02.04.2019.A203) and were carried
out according to ARRIVE guidelines. These experimental
procedures are characterized by mild severity grade, and
therefore, no interventions to reduce pain, suffering and
distress were needed.

Cuprizone diet and drug-treatment

Eight-week-old female C57BL/6 mice (Janvier Labs,
Paris, France) were used and all experiments were per-
formed in the animal facility of the Heinrich-Heine-
University (Zentrale Einrichtung fiir Tierforschung und
wissenschaftliche Tierschutzaufgaben; ZETT) under
pathogen-free conditions and in accordance with ethi-
cal care. Only mice of the same age and with body weight
between 17 and 19 g (gr) were included and as additional
exclusion criterion>10% weight loss during the experi-
ments was used. Upon delivery, animals were distributed
equally into cages (groups) and were given 1 week as
acclimatization period before the initiation of the experi-
ments. Using the software G*Power a required size of
maximal #n =6 animals per group was predicated (see fur-
ther below for details). This analysis was also necessary to
have animal experiments legally granted by the authori-
ties (The Review Board for the Care of Animal Subjects
of the district Government) (LANUYV, North-Rhine
Westphalia, Germany). For the here presented in vivo
investigations we finally used at least #=4 animals per
experimental group.

Demyelination was induced by feeding 0.2% (w/w)
cuprizone [bis(cyclohexanone)oxaldihydrazone]-con-
taining diet from Envigo (Indianapolis, IN, US Cat#
TD.140803) and SSNIFF Spezialdidten GmbH (Soest,
Germany; maintenance diet pellets 10 mm, V1534
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implemented with 0.2% cuprizone, Sigma-Aldrich, CAS
370-81-0) for 6 weeks. Thereafter animals were given
standard rodent chow (SSNIFF, Cat# V1534).
Teriflunomide (A-771726, Biorbyt, St Louis, US) was
dissolved in autoclaved drinking water containing 0.6%
Tween 80 at 60 pg per milligram and provided ad libitum.
With an approximate consumption of 5 ml per day and
30 gr body weight, this corresponds to a dose of 10 mg/
kg body weight per day. This concentration is based on
previous animal experiments in other laboratories [19,
20] and comparable to doses used for human patients,
when a dose conversion scaling is applied [21]. Non-
treated controls received autoclaved drinking water with
0.6% Tween 80 only previously shown to exert no effect
on neuroinflammation and neural damage [20]. No daily
handling occurred; however, animals (control as well as
teriflunomide treated groups) were handled twice a week

WT (C57BL/6)

B

caudal |
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for weight control. This occurred in parallel (for both
groups) and also drinking water was changed twice a
week (for both groups). Teriflunomide administration
was performed as an early pulse during the fourth week
of cuprizone challenge for 7 consecutive days (Fig. 1;
pulse) or continuously for the final 18 days of cuprizone
treatment (Fig. 1; constant). Following the 6-week demy-
elination period and teriflunomide treatment (see appli-
cation scheme in Fig. 1) mice were fed standard rodent
chow (SSNIFF, Cat# V1534) for another 7 days to allow
newly formed oligodendrocytes (OLs) to remyelinate.
Mice were then deeply anesthetized using isoflurane
inhalation and transcardially perfused with 20 ml ice-
cold PBS followed by 20 ml 4% paraformaldehyde (PFA)
in PBS. Brains were then harvested and post-fixation was
performed overnight in 4% PFA at 4 °C. Following post-
fixation, cryo-protection of mouse brains was performed
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Fig. 1 Cuprizone (CPZ) mediated demyelination and teriflunomide treatment. A Rostro-caudal directed coronal brain slices were collected
between — 1.94 and — 2.34 mm Bregma. B Timeline of (C-C"’) CPZ induced demyelination and of teriflunomide treatment in adult (8 weeks) mice.
CPZ treatment lasted for 6 weeks. Teriflunomide was applied orally by means of two different application schemes: (1) early pulse during the fourth
week of cuprizone challenge for 7 consecutive days (pulse) or (2) continuously for the final 20 days of cuprizone treatment (constant). Mice were

sacrificed after 7 days of remyelination
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in 30% sucrose (in PBS) at 4 °C for 24—48 h. Brains were
embedded in Tissue-Tek OCT medium (Sakura Finetek
Europe, Netherlands), frozen, and stored at — 80 °C until
sectioning with a cryostat (Leica CM3050S, Wetzlar,
Germany). Coronal 10 pm sections were prepared and
stored at — 80 °C. As region of interest the caudal part of
the corpus callosum (Bregma — 1.94 to — 2.34 mm) was
assessed according to mouse brain atlas (Franklin and
Paxinos, 2008).

Immunohistochemical staining

For immunohistochemical staining, sections were thawed
and air-dried for at least 10 min at room temperature
(RT). Rehydration was performed for 5 min in distilled
water, followed by post fixation with 4% PFA for 10 min.
Thereafter sections were transferred to 50% acetone for
2 min at RT, followed by 100% acetone for 2 min at RT,
50% acetone for 2 min and then washed 3 x with Tris-
Buffered Saline supplemented with 0.02% Triton X-100;
pH 7.6 (TBS-T) for 2 min each. Non-specific staining
was blocked with 10% normal goat serum (NGS) (Bio-
zol vector Cat# S-1000, Eching, Germany), 10% normal
horse serum (NHS) (Biozol vector Cat# S-2000, Ech-
ing, Germany) or 10% normal donkey serum (NDS)
(Sigma-Aldrich Cat# D9663, Taufkirchen, Germany) sup-
plemented with 3% biotin-free bovine serum albumin
[BSA (Carl Roth # 0163, Karlsruhe, Germany) in TBS
w/o TX-100 for 30—60 min at RT, followed by primary
antibody solution application and incubation overnight
at 4 °C. The following primary antibodies were used:
mouse anti-APC (CC1, 1:300, Sigma-Aldrich, Cat# OP80,
RRID:AB_ 2057371); rabbit anti-sex determining region
Y-Box 10 (Sox10; 1:100, DCS Immunoline, Hamburg,
Germany Cat# S1058C002, RRID: AB_2313583) and goat
anti-Sox10 (1:200, R&D System, Minneapolis, US Cat#
AF2864; RRID: AB_442208); rat anti-proteolipid protein
(PLP, 1:250, kind gift from B. Trapp and R. Dutta, Dept. of
Neurosciences, Cleveland Clinic, OH, [22]), mouse anti-
mammalian Achaete scute homolog-1 (Mashl, 1:200;
[23, 24]) and rabbit anti-mitochondrial outer membrane
marker (Tom20; Santa Cruz, Heidelberg, Germany Cat#
sc-11415 (FL-145), RRID: AB_2207533). Slices were
then washed twice in 1 x TBS for 5 min each and sec-
ondary antibodies were diluted 1:200 and applied for
30 min along with 4/,6-diamidino-2-phenylindol (DAP],

(See figure on next page.)
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1:50) in PBS. The following secondary antibodies were
used: goat anti-rabbit Alexa Fluor 594 (1:200, Thermo
Fisher Scientific Cat# A-11037, RRID:AB_2534095);
goat anti-rat Alexa Fluor 488 (1:200, Thermo Fisher
Scientific Cat# A-11006, RRID:AB_2534074); goat
anti-rabbit Alexa Fluor 488 (1:200, Thermo Fisher Sci-
entific Cat# A-11008, RRID:AB_143165); goat anti-
mouse Alexa Fluor 488 (1:200, Thermo Fisher Scientific
Cat# A32728, RRID:AB_2633277); donkey anti-goat
Alexa Fluor 488 (1:200, Thermo Fisher Scientific Cat#
A-11055, RRID:AB_2534102); horse anti-mouse IgG
antibody, rat adsorbed (H-+L) (1:200 Vector Scientific
Cat# BA-2001, RRID:AB_2336180); goat anti-rabbit IgG
antibody (H+L) (1:200 Vector Scientific Cat# BA-1000,
RRID:AB_2313606); streptavidin, DyLight"" 594 (1:200
Vector Scientific Cat# SA-5594, RRID:AB_2336418);
streptavidin, DyLight 488 (1:200 Vector Scientific
Cat# SA-5488, RRID:AB_2336405). Two final washing
steps were performed with 1 x TBS-T and 1 x TBS for
5 min prior to mounting with Shandon™ Immu-Mount
(Thermo Fisher Scientific). For image acquisition and
analysis, a Zeiss LSM 510 Confocal Microscope (Zeiss,
RRID:SCR _018062) and the ZEN Digital Imaging soft-
ware for Light Microscopy (Zeiss, RRID:SCR_013672) as
well as Image] software (BioVoxxel, RRID:SCR_015825)
were used, respectively.

Corpus callosum dissection and RNA extraction

Mice were deeply anesthetized using isoflurane inhala-
tion and transcardially perfused with 20 ml PBS before
decapitation and dissection of the brain. Serial 1 mm-
thick coronal slices of the brain containing the CC were
obtained by means of Brain Matrice Stainless Steel device
coronal, 1 mm; Ted Pella, Cat# 15065). To minimize
inclusion of tissue surrounding of the CC, the corpus
callosum were isolated with direct visualization using a
binocular dissecting microscope (Tritech Research Cat#
S 217045664). Caudal samples of the CC were snap-fro-
zen using liquid nitrogen and stored in RNAse free tubes
(Fig. 2A).

RNA extraction from the corpus callosum samples was
performed using TRIzol" ( Thermo Fisher Scientific,
Cat# 15065) reagent according to [25]. Frozen tissue sec-
tions were thawed on ice before 700 pL of TRIzol" rea-
gent were added. Polytron PT2100 cell shredder was used

Fig. 2 Gene expression responses upon teriflunomide stimulation. A Schematic presentation of corpus callosum tissue isolation for gene
expression analysis (as shown here for the rostral CC, which was not analyzed in this study). B-G Quantitative RT-PCR of the dissected caudal corpus
callosum 7d after cuprizone withdrawal (remyelination) indicated that pulsed teriflunomide application led to a significant upregulation of PLR, Myrf,
Mash1 and CNPase transcript levels, whereas MBP and BCAST transcript levels were only mildly or not affected. GAPDH was used as reference gene.
Number of animals per analysis n =6. Data are shown as mean values (horizontal lines), while error bars represent standard error of the mean (SEM;
vertical lines). Plots also show all individual data points. Statistical significance was calculated using one-way ANOVA with Tukey post-test (B-G).
Data were considered statistically significant (95% confidence interval) at *p <0.05, **p <0.01, ***p <0.001
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to break down cells. After an incubation of 5 min at RT
200 pL chloroform were added and the collection tube
was shaken for 10-15 s (sec). Afterward, another incuba-
tion step of 5 min at RT followed, before samples were
centrifuged for 15 min (4 °C, 12.000g). The RNA phase
was carefully transferred to a new collection tube and
1 pL of glycogen was added for pellet visualization. In
addition, 500 pL of isopropanol were added and the tubes
were vortexed for about 5 s. Samples were then incu-
bated for 15 min at RT and centrifuged for 10 min (4 °C,
12.000g). Isopropanol was carefully removed from the
pellet. After washing with 1 mL 75% ethanol, tubes were
vortexed and centrifuged for 5 min (4 °C, 12.000g). The
supernatant was removed and samples were air-dried for
10-15 min until the rest of ethanol evaporated. Finally,
RNA was eluted in 21.5 pL RNAse free water by incubat-
ing it on a heating shaker for 10 min (60 °C, 450 rpm).
RNA concentration was determined using the NanoDrop
ND-1000 spectral photometer (Thermo Fisher Scien-
tific, RRID:SCR_016517) applying RNAse-free water as a
blank. RNA was then stored at — 20 °C until cDNA syn-
thesis was performed.

c¢DNA synthesis, and determination of gene expres-
sion levels by means of quantitative real-time RT-PCR
were all performed as previously described [16]. Primer
sequences were determined using PrimerExpress 2.0 soft-
ware (Life Technologies) and tested for the generation of
specific amplicons (sequences are available upon request).
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and ornithine decarboxylase (ODC) were used as refer-
ence genes, and relative gene expression levels were deter-
mined according to the AACt method (Life Technologies).
Each sample was measured in quadruplicate. Primer
sequences: PLP_fwd: GGGCTCCCGGCCATATAA,
PLP_rev: TCATCACCAGACAAGCAAAGAAA, MBP_
fwd: ACAGAGACACGGGCATCCTT, MBP_rev: CAC
CCCTGTCACCGCTAAAG, BCAS1 fwd: CGCTGG
GAAAGTTGTTTTGG, BCAS1_rev: TCTCCTCTGCAC
CTGTGGAAA, Myrf fwd: GGACCCCAACTACCAATC
CA, Myrf_rev: TGTCTTGACGTACTTGGGCT, Mash1_
fwd: TCGTCCTCTCCGGAACTGAT, Mashl_rev: TAG
CCGAAGCCGCTGAAGT, CNPase_fwd: CTGCCGCCG
GGACAT, CNPase_rev: TCCCGCTCGTGGTTGGTAT,
mfnl.l_fwd: GCAACCGAGAAGCTGCAGAT, mfnl.1_
rev: CTGTACTTGGTGGCTGCAGTT T, mfnl.2_fwd:
CAGTCCGGGCCAAGCA, mfnl.2_rev: GTGCAGGGA
ATCCATGATGAG, drpl fwd: GCGCTGATCCCG
GTCAT, drpl_rev: CCGCACCCACTGTGTTGA, pparg_
fwd: CCCACCAACTTGGGAATCAG, pparg_rev: GGA
ATGGGAGTGGTCATCCA, ppargcla_fwd: TGAAGA
GCGCCGTGTGATT, ppargcla_rev: TTCTGTCCGGGT
TGTGTCA, ppargclb_fwd: GGAAAAGGCCATCGG
TGAA, ppargclb _rev: GCTCATGTCACCGGAGAG
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ATTT, pdpkl_fwd: AATGGTGAGGTCCCAGACTGA,
pdpkl_rev: CCTGCTAACACCACTAGGAATGC, Idha_
fwd: CTGTGTGGAGTGGTGTGAATGTC, Idha_rev:
CAGCTGGGGGTTCAGAGACT.

Electron microscopy

For electron microscopy, mice were transcardially per-
fused with 4% PFA and 2% glutaraldehyde in cacodylate
buffer, then brains were dissected and post-fixed with
4% PFA and 2% glutaraldehyde overnight according to
[26]. Appropriate regions of the corpus callosum were
dissected, tissue sections were osmicated and processed
for light and electron microscopy by dehydration and
embedding in Spurr’s medium. Ultrathin section (70 nm)
were mounted to copper grids, counterstained with lead
citrate, and investigated using a ProScan Slow Scan CCD
camera mounted to a Leo 906 E electron microscope
(Zeiss) and corresponding software iTEM (Soft Imaging
System). Using morphological criteria, identified myeli-
nated axons were counted and related to the total num-
ber of quantified axons.

Analysis of mitochondrial dynamics

Changes in mitochondrial morphology were assessed
from auto segmented images with an Image] macro
“mitochondria analyzer” reporting several measures
including mitochondrial count, length and mean form
factor (FF; inverse “circularity” output value and defines
a mitochondrial shape measure given by: perimeter?/
(4marea)) according to [27, 28]. The value 1 indicates
round objects and this value increases with mitochon-
drial elongation, hence, allowing to distinguish two dif-
ferent morphologies from low (form factor 1) to high
complex (form factor > 1) mitochondrial networks.

Statistical analysis

Data are presented as mean=standard error of the
mean (SEM). Statistical analyses and graph design were
performed using the GraphPad Prism 8.0.2 software
(GraphPad Prism, San Diego, CA, RRID:SCR_002798).
Shapiro—Wilk normality test was used to assess the
absence of Gaussian distribution of all data sets. To deter-
mine statistical significance for normally distributed data
sets one-way analysis of variance (ANOVA) with Turkey
post-test for multiple comparisons was applied to com-
pare three or more groups. For data sets not passing the
Shapiro—Wilk normality test, Kruskal-Wallis test with
Dunn’s post-test for multiple comparisons of three or
more groups was applied. Statistical significance thresh-
olds were set as follows: *p <0.05; **p <0.01; ***p < 0.001

and ns=not significant. “n” represents the number of
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independent experiments. A priori sample size calcu-
lation for the in vivo experiments was performed using
the G*Power 3.1.9.2 software [29] (test family: ¢ tests;
statistical test: means: Wilcoxon—-Mann—Whitney test
(two groups); tails: two; effect size d: 2.6; alpha error 0.05,
power 0.95; allocation ratio N2/N1: 1; resulting maximal
sample size: 6).

Results

Since it was recently demonstrated that teriflunomide
exerts direct effects on oligodendroglial cells in vitro
and in vivo [16, 17] we further examined its potential for
remyelination and restoration of subcellular structures.

Teriflunomide enhances oligodendroglial dynamics and
remyelination in vivo

To assess the extent of fostered remyelination by teri-
flunomide the cuprizone mediated mouse model of
de- and remyelination was used [18]. Demyelination of
the corpus callosum was initiated by feeding mice with
0.2% cuprizone diet for a total of 6 weeks. Based on our
previous in vitro work demonstrating that teriflunomide
signaling only induces its pro-oligodendroglial effects on
OPCs when administered as short and early pulse [16] we
applied two different schemes of teriflunomide adminis-
tration in vivo (Fig. 1). During cuprizone challenge pro-
liferation of parenchymal OPCs begins around week 3
with OPC densities peaking around weeks 4 and 5 [18,
30]. In an attempt to target these newly forming OPCs
we administered the drug orally within drinking water as
an early pulse (during the fourth week of cuprizone chal-
lenge for 4 consecutive days; “pulse”; Fig. 1) and also for a
longer period during the final 12 days of cuprizone treat-
ment (“constant’, Fig. 1).

Analysis and quantification of the proteolipid—protein
(PLP)-positive area in the caudal region of the corpus cal-
losum revealed that both teriflunomide stimuli (constant
and pulse) enhanced spontaneous remyelination as com-
pared with vehicle-treated counterparts (Fig. 3A, A”, F).
Furthermore, oligodendroglial cell dynamics reflected by
the percentage of (Sox10-positive) oligodendroglial cells

(See figure on next page.)
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expressing the mature oligodendroglial marker adeno-
matous polyposis coli protein (APC) clone CC1 (CC1)
supported this finding (Fig. 3B, C”, G). Total numbers of
oligodendroglial lineage cells (as quantified using Sox10
expression) did not change significantly between the
groups (Fig. 3H). Oligodendroglial cells expressing the
essential transcriptional regulator Mash1 [23], previously
described to be involved in teriflunomide’s pro-myelinat-
ing activity [16], were present in significantly increased
numbers in treated animals as compared to vehicle con-
trol (Fig. 3D, E/, I).

Evaluated gene expression responses upon teriflunomide
stimulation

In line with the previous analysis, transcript levels of oli-
godendroglial differentiation-associated markers were
determined by means of quantitative real-time PCR
(qRT-PCR) of dissected CC tissues of the caudal region
1 week after remyelination (Fig. 2). Of note, only an early
teriflunomide pulse (Fig. 1, early pulse) exerted an effect
on myelin genes in that 2/,3"-cyclic-nucleotide 3’-phos-
phodiesterase (CNPase) and PLP transcript levels were
significantly upregulated (Fig. 2B, G). MBP transcript
levels were elevated too, but reached no statistical sig-
nificance and no regulation was observed for breast car-
cinoma-amplified sequence 1 (BCASI) transcript levels
(Fig. 2C, D). This response was further accompanied by
an upregulation in the expression of key oligodendroglial
transcription regulators (Fig. 2E, F) required for proper
differentiation and myelin induction, such as Mashl [23]
and myelin regulatory factor (Myrf) [31].

Teriflunomide enhances axonal remyelination in vivo

To investigate whether the observed transcript and pro-
tein responses correlated with improved remyelination,
the numbers of myelinated axons were quantified in
electron micrographs from the caudal CC (Fig. 4A-E).
One-week post-cuprizone application the corresponding
quantification revealed a significant increase in the num-
ber of myelinated axons following both pulse and con-
stant teriflunomide application as compared to control
animals (Fig. 4E).

Fig. 3 Teriflunomide administration positively affects remyelination-related oligodendroglial dynamics. A-E” Representative images of
oligodendroglial differentiation-associated protein markers in the caudal corpus callosum after 1 week of remyelination. A, A”, F) Degree of
remyelination was determined as the percentage of PLP-positive area in the defined region of interest between CPZ-vehicle treated, CPZ with
teriflunomide constant treatment (CPZ-Teri constant) and CPZ with teriflunomide pulse treatment (CPZ-Teri pulse) groups. The impact on
oligodendroglial cell differentiation and maturation was assessed by the number/mm? of Sox10-positive cells and the relative percentage of double
positive cells (Sox10+/CC1 +; B, C",G, H), (Sox10+/Mash1+; D, E”, 1) along the same area of the corpus callosum. Number of animals per analysis
n=6. Data are shown as mean values (horizontal lines), while error bars represent standard error of the mean (SEM; vertical lines). Plots also show all
individual data points. Statistical significance was calculated using Kruskal-Wallis test with Dunn’s post-test (F, G, H) and Tukey’s range test following
one-way ANOVA (1). Data were considered statistically significant (95% confidence interval) at *p <0.05, **p < 0.01, ***p <0.001. Scale bars: 50 pm,

20 pm
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Fig. 4 A-C Electron micrographs of sagittal corpus callosum (CC) sections from vehicle- and teriflunomide-treated mice showing myelinated axons
(n=3per group). A, B Scale bars: 2 uM and C scale bar (1 uM). D Region of interest: sagittal section of the CC hitting the axons in cross section.
Scale bar 5 uM. E Quantification of myelinated axons in corpus callosum revealed a significant increase upon both stimulation schemes (pulse and
constant teriflunomide application). Data are shown as mean values (horizontal lines), while error bars represent standard error of the mean (SEM;
vertical lines). Plots also show all individual data points. Significance was assessed using Tukey's range test following one-way ANOVA (E). Data were
considered statistically significant (95% confidence interval) at *p <0.05, **p <0.01, ***p <0.001

Teriflunomide restores mitochondrial integrity biosynthesis and maintenance of myelin membranes
in remyelinating oligodendroglial cells [32]. We, therefore, examined whether mitochondrial
All stages of oligodendroglial cell differentiation and homeostasis is affected in our model and in response
especially the myelination process are character- to teriflunomide. We first investigated transcriptional
ized by an extensive mitochondrial demand related to  changes in genes related to mitochondrial homeostasis

(See figure on next page.)

Fig. 5 Mitochondrial gene expression responses upon teriflunomide application. A-H Quantitative RT-PCR of the dissected corpus callosum

7 days after cuprizone withdrawal (remyelination) indicated that both teriflunomide pulse and constant stimulation schemes led to a significant
upregulation of genes catalyzing mitochondrial fusion such as mfni.1, mfn1.2, ppargcia, ppargc1b and to downregulation of genes responsible

for glycolytic pathway, e.g., pdpk1 and Idha transcript levels, whereas drp1 (mitochondrial fission) and pparg were not affected. GAPDH was used

as reference gene. I lllustration depicts mitochondrial dynamics involved in oligodendroglial differentiation, cell maturation and myelin sheath
generation according to [49]. Fragmented and condense mitochondrial morphology is linked to ROS production, mitochondrial DNA damage and
lower ATP synthesis. An elongated mitochondrial network hints to active mitochondrial biogenesis, ATP synthesis and lipid metabolism necessary
for cell differentiation and generation of myelin. Teriflunomide induced the upregulation of mitofusins, and also mitochondrial elongation by
depletion of the cellular pyrimidine pool secondary to DHODH inhibition. Number of animals per analysis n=6. Data are shown as mean values
(horizontal lines), while error bars represent standard error of the mean (SEM; vertical lines). Plots also show all individual data points. Statistical
significance was calculated using Kruskal-Wallis test with Dunn'’s post-test (A—C) and Tukey's range test following one-way ANOVA (D-H). Data were
considered statistically significant (95% confidence interval) at *p <0.05, **p < 0.01, ***p <0.001
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(Fig. 5A—H). It was observed that both pulse and con-
stant teriflunomide stimulation schemes led to signifi-
cant upregulation of peroxisome proliferator activated
receptor gamma coactivator 1 alpha (ppargcla) and
peroxisome proliferator activated receptor gamma coac-
tivator 1 beta (ppargclb) transcript levels which encode
major regulators of mitochondrial biogenesis [33, 34].
Both teriflunomide treatment schemes also increased
the expression of genes mitofusin 1 and 2 (mful.1 and
1.2) which are responsible for inducing mitochondrial
fusion (elongation) and for preservation of mitochon-
drial DNA essential for mitochondrial function [35].
Accordingly, transcript levels of dynamin-related pro-
tein 1 (drpl) which is needed to induce the opposite
process of mitochondrial fission (fragmentation) [36]
were slightly (although not significantly) lowered upon
teriflunomide application. These findings suggest that
teriflunomide treatment promotes mitochondrial bio-
genesis and mitochondrial fusion as processes known
for being associated with oxidative metabolism and
more mature and differentiated cell types [37].

In agreement with an induction of mitochondrial
metabolism, we observed that teriflunomide reduced
the expression of the glycolysis gatekeeper 3-phosph-
oinositide-dependent protein kinase (pdpkl) [38] as
well as of lactate dehydrogenase A (ldha), the terminal
enzyme in the glycolytic pathway responsible for pyru-
vate to lactate conversion [39]. Both genes have been
associated with high proliferation rates [40] and their
levels need to be decreased to enable proper cell differ-
entiation [41].

We next assessed the state of the mitochondrial net-
work morphology in oligodendroglial cells of corpus
callosum after 1 week of teriflunomide withdrawal by
determining the expression of the mitochondrial outer
membrane marker protein Tom20 (Fig. 6A, B”). Herein,
teriflunomide treatment (pulse and constant) increased
the overall Tom20 expression per area (Fig. 6A, B”,
C). Furthermore, morphometric analysis according to
[27, 28] indicated that both teriflunomide treatment

(See figure on next page.)
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schemes significantly increased mitochondrial branch
length and form factor (FF) (Fig. 6D, F). The latter of
which FF indicates an increase in mitochondrial elon-
gation and interconnection, whereas no significant
increase in the number of mitochondria could be
observed (Fig. 6E). Furthermore, teriflunomide treat-
ment decreased the fraction of Sox10-positive cells
containing mitochondria with a fragmented shape
(low), while elongated (complex) mitochondrial mor-
phologies were enhanced (Fig. 6G, G”). Hence, these
results indicate that teriflunomide promotes mito-
chondrial elongation which is in agreement with the
observed upregulation of mfnl.1/mfnl.2- and down-
regulation drpI transcripts (Fig. 5A, B, F).

Discussion

Currently used disease-modifying therapies (DMTs)
mainly act on the immune system and are clinically used
to reduce relapse occurrence and hence to slow down
progression to persistent disability in MS patients. Terif-
lunomide is an approved first-line DMT for RMS and acts
via blocking de novo pyrimidine synthesis thereby exert-
ing a cytostatic effect on proliferating B- and T-cells [42].
However, teriflunomide withholds the potential to be
employed as a regenerative compound operating beyond
immunomodulation due to recent findings revealing teri-
flunomide to promote oligodendroglial cell homeostasis
and myelination in vitro [16] and based on promyelinat-
ing effects in Xenopus laevis and in mouse spinal cords
[17]. Consistent with these observations, we here dem-
onstrate that teriflunomide fosters myelin repair within
a toxin-based de-/remyelination model leading to accel-
erated generation of oligodendrocytes, restoration of
myelin sheaths and amelioration of mitochondrial integ-
rity. Of note, along the boosted oligodendroglial marker
expression teriflunomide also promoted the expression of
the differentiation associated transcription factors Mashl
(Fig. 2F), a gene regulation which was also demonstrated
previously in a stroke model within cells of the subven-
tricular zone [43]. The initially described teriflunomide

Fig. 6 Teriflunomide mediated mitochondrial changes in oligodendroglial cells within the corpus callosum. A, B” Representative images of
Sox10 and Tom20 double positive cells in the caudal corpus callosum after 1 week of remyelination. A, B”, C Extent of mitochondrial changes
was revealed as the percentage of Tom20-expressing area in the defined region of interest (white borders). Further morphometric quantifications
were assessed to determine mitochondrial, D length, E number and F mean form factor (FF). FF =1 indicates round object, hence low length of
mitochondrial networks within cells (form factor 1; low) and increases with elongation, to multiple mitochondria exhibiting elongated tubules
(form factor > 1 complex). G-G” Moreover, the relative percentage of double positive cells (Sox10+/Tom20+) containing few and less-elongated
Tom20+ mitochondria categorized as “low” (blow up; asterix in B) where compared to Sox10-positive cells exhibiting Tom204 mitochondria with
elongated mitochondrial networks categorized as ‘complex” (blow ups; asterix in B/, B”. G’ Individual data points related to the determination

of double positive cells (Sox10+/Tom20 +) categorized as “low” and (G”) individual data points for double positive cells (Sox10+/Tom20+)
categorized as "complex” Number of animals per analysis n=6. Data are shown as mean values (horizontal lines), while error bars represent
standard error of the mean (SEM; vertical lines). Plots also show all individual data points. Significance was assessed using Tukey's range test
following one-way ANOVA (C-G). Data were considered statistically significant (95% confidence interval) at *p <0.05, **p <0.01, ***p < 0.001. Scale

bars: 50 pm, 20 pm, 10 um
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dependent pro-oligodendroglial effect via p73-signaling
might, therefore, also be relevant in vivo [16].

Compared to previous in vitro studies [16] demonstrat-
ing promyelinating effects upon pulsed treatment only,
it was of interest to examine that effects on spontaneous
remyelination activities and gene expression responses
as well as on mitochondrial dynamics occurred upon
both pulsed and long-term teriflunomide application.
Of note, the teriflunomide concentration used in this
study [19, 20], resembles doses used in human patients
and most importantly did not impact cell number/sur-
vival rates (see Fig. 3) as opposed to higher concentra-
tions used in vitro [16]. Likewise, whereas in isolated
OPCs, a prolonged teriflunomide application revealed
to be counterproductive (as opposed to a maturation
inducing pulsed stimulation), treatment of myelinating
neuron/oligodendrocyte co-cultures appeared to be less
sensitive in terms of timing [16]. Thus, this indicates that
an increasingly complex environment supports a repair
effect of this drug. And also, in the here presented in vivo
paradigm long-term (constant) teriflunomide applica-
tion did not negatively affect remyelination indicating
that prolonged application as occurring in the context
of the RMS therapy will not interfere with neuroregen-
eration. It is, therefore, tempting to speculate that the
here described restoration of myelinated axons could in
fact also contribute to the reduced disability progression
in treated patients (TEMSO, ClinicalTrials.gov num-
ber NCT00134563; TOWER, ClinicalTrials.gov number
NCT00751881) [44]. Nevertheless, it has to be taken into
account that teriflunomide was applied orally thus limit-
ing control over the consumed doses.

A growing number of studies suggest that lack of mye-
lin repair and neurodegeneration are often attributed to
a disturbance in mitochondrial homeostasis/metabolic
function [45, 46]. Indeed, mitochondrial integrity has
recently emerged as an essential modulator for neuronal
and oligodendroglial cell differentiation [47, 48]. When
compared with neurons and astrocytes, mitochondria
length in oligodendroglia cell processes are between 0.8
and 2.3 pM and, therefore, approximately half as long
as in astrocytes or neurons [49]. Indeed, in our analysis
we measured mitochondrial lengths between 0.8 and
2.0 uM (Fig. 6D), hence, indicating oligodendroglial ori-
gin. An intact mitochondrial function is imperative for
the increased energy demand during cell differentia-
tion but also for lipid biosynthesis and the maintenance
of myelin membranes [50, 51]. Assuring adenosine
triphosphate (ATP) synthesis by means of oxidative
phosphorylation (OXPHOS) [52, 53] is, therefore, criti-
cal for oligodendroglial cells to differentiate, mature and
to build up myelin sheaths around axons [49]. Hence,
these cells exhibit a high mitochondrial metabolism and
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contain increased densities of long, tubular (complex)
mitochondria (Fig. 6D, F, G) [54]—a mitochondrial mor-
phology that is thought to support high OXPHOS rates
[55]. In the context of demyelination, mitochondria in
both axons and OPCs are impaired, and lipid metabolism
in OPCs within demyelinated lesions is disturbed [46].
Mitochondrial homeostasis and dynamics depend on two
opposing processes, fission and fusion, the imbalance of
which can result in cell damage, disturbed myelin repair
and subsequent neurodegeneration [52, 56]. Fission, a
mechanism promoted by drpl (Fig. 5F), leads to shorter
length, fewer cristae and fragmentation of mitochondria
and is attributed to lower ATP rates in oligodendroglial
cells [47]. Such mitochondria were mainly present within
CPZ-vehicle treated animals following demyelination
(Fig. 6B). Reduction of pyrimidine pools promoted by
dihydroorotate dehydrogenase (DHODH) inhibition via
teriflunomide not only triggers cell-cycle arrest [10, 16],
but was also shown to modulate the expression of two
highly conserved dynamin-related GTPases mfnl.1 and
mfnl.2 (Fig. 5A, B) [57], thereby promoting mitochon-
drial fusion/elongation (Fig. 6B’, B”) [58—60]. Magalon
and colleagues revealed that mitochondrial elongation is
attributed to promoted oligodendrogenesis, as inhibition
of mitochondrial fission/defragmentation fostered oligo-
dendroglial cell maturation [61]. The underlying molecu-
lar mechanism of pyrimidine pool depletion resulting in
altered mitofusin expression yet needs to be elucidated in
future studies as it might be further explored therapeuti-
cally for sustained mitochondrial homeostasis and as an
alternative approach to interfere with neurological dys-
function. Overall, our findings imply that teriflunomide
promotes maturation and differentiation of OPCs also
through a metabolic reprogramming that inhibits glyco-
lysis and activates mitochondrial oxidative metabolism as
well as mitochondrial biogenesis and fusion. Such modu-
lated mitochondrial behavior might also be relevant for
other neurological disorders, where mitochondrial fission
is aberrant, such as, for example, Charcot—Marie—Tooth
disease type 2A, a peripheral polyneuropathy caused
by mfnl.2 mutations [62]. Here, it could be of interest
to examine the role of teriflunomide in suitable mouse
models preceding clinical trials.

The applied toxin mediated demyelination model
allows a precise and temporal analysis of neural cell
responses to teriflunomide but lacks concomitant effects
mediated to or via infiltrating immune cells. This appar-
ent limitation, therefore, makes the translation of such
regenerative effects to humans to be interpreted with cau-
tion. However, a previous study revealed teriflunomide
to impair microglial activation in a mutant PLP mouse
model [26], indicating that also resident immune cells are
tamed further contributing to an overall beneficial effect.
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Accordingly, a recent clinical study indicated that teriflu-
nomide treatment is associated with favorable outcomes
regarding functional optic nerve recovery following optic
neuritis in early multiple sclerosis [63].

Due to the fact that teriflunomide was applied within
the cuprizone-mediated demyelination phase, one can-
not fully exclude additional cytoprotective effects of
teriflunomide to occur in vivo. Specific teriflunomide-
related demyelination effects were not determined as ani-
mals were not killed at corresponding earlier timepoints.
Based on our previous in vitro study [16] demonstrating
a direct pro-oligodendroglial effect by teriflunomide,
we specifically aimed at endpoint 1 week after cupri-
zone treatment to directly study oligodendroglial effects
in vivo. This timepoint is in agreement with many other
studies using this toxin-mediated demyelination model
[64]. Based on the same literature [64] it is also clear
that during the teriflunomide application period most
demyelination already occurred. Hence, the observed
positive effects on remyelination most likely result from
an increased OPC differentiation potential, while minor
additional effects can currently not be fully excluded.

Whether beyond oligodendroglia and microglia also
other neural cells respond along this line needs to be
shown. Nevertheless, teriflunomide was demonstrated
to shift the astrocytic bioenergetic profile from oxidative
metabolism to glycolysis and to attenuate TNFa-induced
inflammatory responses [65]. Future investigations will,
therefore, address to what degree this drug also amelio-
rates neurotoxic profiles of astrocytes as recently shown
in a related mouse model upon medrysone treatment
[66].

Conclusions

The here presented study revealed that teriflunomide
enhances endogenous myelin repair following cuprizone
mediated demyelination. Hence, teriflunomide reflects an
exciting translational candidate combining immunomod-
ulatory and pro-regenerative properties. Moreover, this
study revealed a novel link between de novo pyrimi-
dine synthesis inhibition, stabilization of mitochondrial
homeostasis and functional myelin repair. Thus, drugs
affecting mitochondrial homeostasis could present fur-
ther interesting approaches with clinical relevance for
myelin repair and neuroregeneration.

Abbreviations

OPCs Oligodendroglial precursor cells
NCS Central nervous system

RMS Relapsing MS

PMS Progressive MS

MS Multiple sclerosis

DHODH  Dihydroorotate dehydrogenase

CcC Corpus callosum
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OLs Oligodendrocytes

PFA Paraformaldehyde

NGS Normal goat serum

NHS Normal horse serum

NDS Normal donkey serum

Sox10 Sex determining region Y-Box 10

PLP Proteolipid protein

Mash1 Mammalian achaete scute homolog-1
MBP Myelin basic protein

BCAS1 Breast carcinoma amplified sequence 1

CNPase 2! 3"-Cyclic-nucleotide 3’-phosphodiesterase

Myrf Myelin regulatory factor

Mfn1.1 Mitofusin 1

Mfn1.2 Mitofusin 2

Drp1 Dynamin-related protein 1

Pparg Peroxisome proliferator activated receptor gamma

Ppargcla  Peroxisome proliferator activated receptor gamma coactivator 1
alpha

Ppargclb  Peroxisome proliferator activated receptor gamma coactivator 1
beta

Ldha Lactate dehydrogenase A

DMTs Disease-modifying therapies

OXPHOS  Oxidative phosphorylation

ATP Adenosine triphosphate

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
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pm Revolutions per minute
min Minutes

TBS Tris-Buffered Saline

RT Room temperature

sec Seconds

h Hours

d Days

Acknowledgements
We thank Brigida Ziegler, Julia Jadasz and Birgit Blomenkamp (all Dusseldorf)
and Heinrich Blazyca (Wirzburg) for their technical assistance.

Author contributions

PG performed the majority of all experiments, data analysis, data interpreta-
tion, text writing and figure design. JAG, and RM provided corresponding
EM analysis, interpretation, text writing and figure design. LR, JOG, NR, IS and
RA were involved in establishment of cuprizone experiments and provided
corresponding data analysis. LR and NR provided support in data interpreta-
tion and data presentation. AZ and AP were involved in mitochondrial data
analysis and interpretation. HPH was involved in data interpretation and text
writing. PK. was involved in experimental design, funding acquisition, data
analysis and interpretation. PK conceived the final project and manuscript,
was involved in experimental design, funding acquisition, data analysis and
interpretation and in text writing and figure composition. All the authors read
and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
supported by the Christiane and Claudia Hempel Foundation for clinical stem
cell research and the James and Elisabeth Cloppenburg, Peek and Cloppen-
burg Dusseldorf Stiftung.

Availability of data and materials
The data sets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Cuprizone mediated demyelination experiments were approved by the
authorities at LANUV (Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen; Az: 81_02.04.2019.A203) and carried out according to



Gottle et al. Journal of Neuroinflammation

(2023) 20:7

ARRIVE guidelines. These experimental procedures are characterized by mild
severity grade, and therefore, no interventions to reduce pain, suffering and
distress were needed.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 16 September 2022 Accepted: 23 December 2022
Published online: 07 January 2023

References

1.

2.

Lassmann H. Multiple sclerosis pathology. Cold Spring Harb Perspect
Med. 2018;8(3): a028936.

Franklin RJ, Ffrench-Constant C. Remyelination in the CNS: from biology
to therapy. Nat Rev Neurosci. 2008;9(11):839-55.

Zawadzka M, Rivers LE, Fancy SP, Zhao C, Tripathi R, Jamen F, et al. CNS-
resident glial progenitor/stem cells produce Schwann cells as well as
oligodendrocytes during repair of CNS demyelination. Cell Stem Cell.
2010;6(6):578-90.

Gensert JM, Goldman JE. Endogenous progenitors remyelinate demyeli-
nated axons in the adult CNS. Neuron. 1997;19(1):197-203.

Simons M, Nave KA. Oligodendrocytes: myelination and axonal support.
Cold Spring Harb Perspect Biol. 2015;8(1): a020479.

Bezukladova S, Genchi A, Panina-Bordignon P, Martino G. Promoting
exogenous repair in multiple sclerosis: myelin regeneration. Curr Opin
Neurol. 2022;35(3):313-8.

Lubetzki C, Zalc B, Kremer D, Kuiry P. Endogenous clues promoting remy-
elination in multiple sclerosis. Curr Opin Neurol. 2022;35(3):307-12.
Manousi A, Kiiry P. Small molecule screening as an approach to encoun-
ter inefficient myelin repair. Curr Opin Pharmacol. 2021;61:127-35.

Kry P, Kremer D, Gottle P. Drug repurposing for neuroregeneration in
multiple sclerosis. Neural Regen Res. 2018;13(8):1366-7.

Claussen MC, Korn T. Immune mechanisms of new therapeutic strategies
in MS: teriflunomide. Clin Immunol. 2012;142(1):49-56.

. O'Connor P, Wolinsky JS, Confavreux C, Comi G, Kappos L, Olsson TP, et al.

Randomized trial of oral teriflunomide for relapsing multiple sclerosis. N
EnglJ Med. 2011;365(14):1293-303.

Confavreux C, O'Connor P, Comi G, Freedman MS, Miller AE, Olsson TP,
et al. Oral teriflunomide for patients with relapsing multiple sclerosis
(TOWER): a randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet Neurol. 2014;13(3):247-56.

Bruneau JM, Yea CM, Spinella-Jaegle S, Fudali C, Woodward K, Robson
PA, et al. Purification of human dihydro-orotate dehydrogenase and its
inhibition by A77 1726, the active metabolite of leflunomide. Biochem J.
1998;336(Pt 2):299-303.

Cherwinski HM, Cohn RG, Cheung P, Webster DJ, Xu YZ, Caulfield JP,

et al. The immunosuppressant leflunomide inhibits lymphocyte pro-
liferation by inhibiting pyrimidine biosynthesis. J Pharmacol Exp Ther.
1995;275(2):1043-9.

Zhang J, Teran G, Popa M, Madapura H, Ladds M, Lianoudaki D, et al.
DHODH inhibition modulates glucose metabolism and circulating
GDF15, and improves metabolic balance. iScience. 2021;24(5): 102494.
Gottle P Manousi A, Kremer D, Reiche L, Hartung HP, Kiiry P. Teriflunomide
promotes oligodendroglial differentiation and myelination. J Neuroin-
flammation. 2018;15(1):76.

Martin E, Aigrot MS, Lamari F, Bachelin C, Lubetzki C, NaitOumesmar B,
et al. Teriflunomide promotes oligodendroglial 89-unsaturated sterol
accumulation and CNS remyelination. Neurol Neuroimmunol Neuroin-
flamm. 2021. https://doi.org/10.1212/NX1.0000000000001091.
Matsushima GK, Morell P. The neurotoxicant, cuprizone, as a model to
study demyelination and remyelination in the central nervous system.
Brain Pathol. 2001;11(1):107-16.

Ringheim GE, Lee L, Laws-Ricker L, Delohery T, Liu L, Zhang D, et al. Teri-
flunomide attenuates immunopathological changes in the dark agouti

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 150f 16

rat model of experimental autoimmune encephalomyelitis. Front Neurol.
2013;4:169.

Groh J, Horner M, Martini R. Teriflunomide attenuates neuroinflamma-
tion-related neural damage in mice carrying human PLP1 mutations. J
Neuroinflammation. 2018;15(1):194.

Nair AB, Jacob S. A simple practice guide for dose conversion between
animals and human. J Basic Clin Pharm. 2016;7(2):27-31.

Chen Z, Chen JT, Johnson M, Gossman ZC, Hendrickson M, Sakaie K, et al.
Cuprizone does not induce CNS demyelination in nonhuman primates.
Ann Clin Transl Neurol. 2015;2(2):208-13.

Nakatani H, Martin E, Hassani H, Clavairoly A, Maire CL, Viadieu A, et al.
Ascl1/Mash1 promotes brain oligodendrogenesis during myelination
and remyelination. J Neurosci. 2013;33(23):9752-68.

Gottle P, Sabo JK, Heinen A, Venables G, Torres K, Tzekova N, et al. Oligo-
dendroglial maturation is dependent on intracellular protein shuttling. J
Neurosci. 2015;35(3):906—19.

Pavic G, Petzsch P, Jansen R, Raba K, Rychlik N, Simiantonakis |, et al.
Microglia contributes to remyelination in cerebral but not spinal cord
ischemia. Glia. 2021;69(11):2739-51.

Groh J, Friedman HC, Orel N, Ip CW, Fischer S, Spahn |, et al. Pathogenic
inflammation in the CNS of mice carrying human PLP1 mutations. Hum
Mol Genet. 2016;25(21):4686-702.

Chaudhry A, Shi R, Luciani DS. A pipeline for multidimensional confocal
analysis of mitochondrial morphology, function, and dynamics in pancre-
atic beta-cells. Am J Physiol Endocrinol Metab. 2020;318(2):E87-101.
Hemel |, Engelen BPH, Luber N, Gerards M. A hitchhiker's guide to mito-
chondrial quantification. Mitochondrion. 2021;59:216-24.

Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using
G*Power 3.1: tests for correlation and regression analyses. Behav Res
Methods. 2009;41(4):1149-60.

Xing YL, Roth PT, Stratton JA, Chuang BH, Danne J, Ellis SL, et al. Adult
neural precursor cells from the subventricular zone contribute signifi-
cantly to oligodendrocyte regeneration and remyelination. J Neurosci.
2014,34(42):14128-46.

Bujalka H, Koenning M, Jackson S, Perreau VM, Pope B, Hay CM, et al.
MYRF is a membrane-associated transcription factor that autoproteo-
lytically cleaves to directly activate myelin genes. PLoS Biol. 2013;11(8):
e1001625.

Spaas J, van Veggel L, Schepers M, Tiane A, van Horssen J, Wilson DM
3rd, et al. Oxidative stress and impaired oligodendrocyte precur-

sor cell differentiation in neurological disorders. Cell Mol Life Sci.
2021;78(10):4615-37.

Corona JC, Duchen MR. PPARgamma as a therapeutic target to rescue
mitochondrial function in neurological disease. Free Radic Biol Med.
2016;100:153-63.

Yeligar SM, Kang BY, Bijli KM, Kleinhenz JM, Murphy TC, Torres G, et al.
PPARgamma regulates mitochondrial structure and function and
human pulmonary artery smooth muscle cell proliferation. Am J Respir
Cell Mol Biol. 2018;58(5):648-57.

Sidarala V, Zhu J, Levi-D'’Ancona E, Pearson GL, Reck EC, Walker EM, et al.
Mitofusin 1 and 2 regulation of mitochondrial DNA content is a critical
determinant of glucose homeostasis. Nat Commun. 2022;13(1):2340.
Gao F, Reynolds MB, Passalacqua KD, Sexton JZ, Abuaita BH, O'Riordan
MXD. The mitochondrial fission regulator DRP1 controls post-transcrip-
tional regulation of TNF-alpha. Front Cell Infect Microbiol. 2020;10:
593805.

Lisowski P, Kannan P, Mlody B, Prigione A. Mitochondria and

the dynamic control of stem cell homeostasis. EMBO Rep.
2018;19(5):e45432.

Peng F,Wang JH, Fan WJ, Meng YT, Li MM, Li TT, et al. Glycolysis
gatekeeper PDK1 reprograms breast cancer stem cells under hypoxia.
Oncogene. 2018;37(8):1119.

Xie H, Hanai J, Ren JG, Kats L, Burgess K, Bhargava P, et al. Targeting lactate
dehydrogenase-a inhibits tumorigenesis and tumor progression in
mouse models of lung cancer and impacts tumor-initiating cells. Cell
Metab. 2014;19(5):795-809.

Dupuy F, Tabaries S, Andrzejewski S, Dong Z, Blagih J, Annis MG, et al.
PDK1-dependent metabolic reprogramming dictates metastatic poten-
tial in breast cancer. Cell Metab. 2015;22(4):577-89.

Prigione A, Rohwer N, Hoffmann S, Mlody B, Drews K, Bukowiecki R,

et al. HIF1alpha modulates cell fate reprogramming through early


https://doi.org/10.1212/NXI.0000000000001091

Gottle et al. Journal of Neuroinflammation

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(2023) 20:7

glycolytic shift and upregulation of PDK1-3 and PKM2. Stem Cells.
2014;32(2):364-76.

Bar-Or A, Pachner A, Menguy-Vacheron F, Kaplan J, Wiend| H. Terif-
lunomide and its mechanism of action in multiple sclerosis. Drugs.
2014;74(6):659-74.

Lu Z, Zhang D, Cui K, Fu X, Man J, Lu H, et al. Neuroprotective action

of teriflunomide in a mouse model of transient middle cerebral artery
occlusion. Neuroscience. 2020;428:228-41.

Freedman MS, Wolinsky JS, Comi G, Kappos L, Olsson TP, Miller AE, et al.
The efficacy of teriflunomide in patients who received prior disease-
modifying treatments: subgroup analyses of the teriflunomide phase 3
TEMSO and TOWER studies. Mult Scler. 2018;24(4):535-9.

Barcelos IP, Troxell RM, Graves JS. Mitochondrial dysfunction and multiple
sclerosis. Biology (Basel). 2019;8(2):37.

Zhao JW, Wang DX, Ma XR, Dong ZJ, Wu JB, Wang F, et al. Impaired
metabolism of oligodendrocyte progenitor cells and axons in demyeli-
nated lesion and in the aged CNS. Curr Opin Pharmacol. 2022;64: 102205.
Rinholm JE, Vervaeke K, Tadross MR, Tkachuk AN, Kopek BG, Brown TA,

et al. Movement and structure of mitochondria in oligodendrocytes and
their myelin sheaths. Glia. 2016;64(5):810-25.

Bertholet AM, Delerue T, Millet AM, Moulis MF, David C, Daloyau M, et al.
Mitochondrial fusion/fission dynamics in neurodegeneration and neu-
ronal plasticity. Neurobiol Dis. 2016,90:3-19.

Meyer N, Rinholm JE. Mitochondria in myelinating oligodendrocytes:
slow and out of breath? Metabolites. 2021;11(6):359.

Marangon D, Boccazzi M, Lecca D, Fumagalli M. Regulation of oligoden-
drocyte functions: targeting lipid metabolism and extracellular matrix for
myelin repair. J Clin Med. 2020;9(2):470.

Poitelon'Y, Kopec AM, Belin S. Myelin fat facts: an overview of lipids and
fatty acid metabolism. Cells. 2020,9(4):812.

Tepavcevic V. Oligodendroglial energy metabolism and (re)myelination.
Life. 2021;11(3):238.

Schoenfeld R, Wong A, Silva J, Li M, Itoh A, Horiuchi M, et al. Oligoden-
droglial differentiation induces mitochondrial genes and inhibition

of mitochondrial function represses oligodendroglial differentiation.
Mitochondrion. 2010;10(2):143-50.

Yazdankhah M, Shang P, Ghosh S, Bhutto IA, Stepicheva N, Grebe R, et al.
Modulating EGFR-MTORC1-autophagy as a potential therapy for persis-
tent fetal vasculature (PFV) disease. Autophagy. 2020;16(6):1130-42.
Tondera D, Grandemange S, Jourdain A, Karbowski M, MattenbergerY,
Herzig S, et al. SLP-2 is required for stress-induced mitochondrial hyperfu-
sion. EMBO J. 2009;28(11):1589-600.

Mari M, Colell A. Mitochondrial oxidative and nitrosative stress as a thera-
peutic target in diseases. Antioxidants. 2021;10(2):314.

Rojo M, Legros F, Chateau D, Lombes A. Membrane topology and mito-
chondrial targeting of mitofusins, ubiquitous mammalian homologs of
the transmembrane GTPase Fzo. J Cell Sci. 2002;115(Pt 8):1663-74.

Malla B, Liotta A, Bros H, Ulshofer R, Paul F, Hauser AE, et al. Teriflunomide
preserves neuronal activity and protects mitochondria in brain slices
exposed to oxidative stress. Int J Mol Sci. 2022;23(3):1538.

Miret-Casals L, Sebastian D, Brea J, Rico-Leo EM, Palacin M, Fernandez-
Salguero PM, et al. Identification of new activators of mitochondrial
fusion reveals a link between mitochondrial morphology and pyrimidine
metabolism. Cell Chem Biol. 2018;25(3):268-78 e4.

Pellattiero A, Scorrano L. Flaming mitochondria: the anti-inflammatory
drug leflunomide boosts mitofusins. Cell Chem Biol. 2018;25(3):231-3.
Magalon K, Le Grand M, El Waly B, Moulis M, Pruss R, Bordet T, et al.
Olesoxime favors oligodendrocyte differentiation through a functional
interplay between mitochondria and microtubules. Neuropharmacology.
2016;111:293-303.

Iwata K, Scorrano L. Finding a new balance to cure Charcot-Marie-Tooth
2A. J Clin Invest. 2019;129(4):1533-5.

Pfeuffer S, Kerschke L, Ruck T, Rolfes L, Pawlitzki M, Albrecht P, et al.
Teriflunomide treatment is associated with optic nerve recovery in early
multiple sclerosis. Ther Adv Neurol Disord. 2021;14:1756286421997372.
Zhan J,MannT, Joost S, Behrangi N, Frank M, Kipp M. The cuprizone
model: dos and do nots. Cells. 2020;9(4):843.

Kabiraj P Grund EM, Clarkson BDS, Johnson RK, LaFrance-Corey RG,
Lucchinetti CF, et al. Teriflunomide shifts the astrocytic bioenergetic
profile from oxidative metabolism to glycolysis and attenuates TNFalpha-
induced inflammatory responses. Sci Rep. 2022;12(1):3049.

Page 16 of 16

66. Silva Oliveira M, Schira-Heinen J, Reiche L, Han S, de Amorim VCM, Lewen
I, et al. Myelin repair is fostered by the corticosteroid medrysone specifi-
cally acting on astroglial subpopulations. EBioMedicine. 2022;83:104204.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Titelblatt_Küry_final
	Küry_Teriflunomide
	Teriflunomide as a therapeutic means for myelin repair
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Ethics statements for animal experiments
	Cuprizone diet and drug-treatment
	Immunohistochemical staining
	Corpus callosum dissection and RNA extraction
	Electron microscopy
	Analysis of mitochondrial dynamics
	Statistical analysis

	Results
	Teriflunomide enhances oligodendroglial dynamics and remyelination in vivo
	Evaluated gene expression responses upon teriflunomide stimulation
	Teriflunomide enhances axonal remyelination in vivo
	Teriflunomide restores mitochondrial integrity in remyelinating oligodendroglial cells

	Discussion
	Conclusions
	Acknowledgements
	References



