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ABSTRACT

Multiple sclerosis (MS) pathology features autoimmune-driven neuroinflammation, demyelination, and failed
remyelination. Carnosine is a histidine-containing dipeptide (HCD) with pluripotent homeostatic properties that
is able to improve outcomes in an animal MS model (EAE) when supplied exogenously. To uncover if endogenous
carnosine is involved in, and protects against, MS-related neuroinflammation, demyelination or remyelination
failure, we here studied the HCD-synthesizing enzyme carnosine synthase (CARNS1) in human MS lesions and
two preclinical mouse MS models (EAE, cuprizone). We demonstrate that due to its presence in oligodendrocytes,
CARNSI expression is diminished in demyelinated MS lesions and mouse models mimicking demyelination/
inflammation, but returns upon remyelination. Carns1-KO mice that are devoid of endogenous HCDs display
exaggerated neuroinflammation and clinical symptoms during EAE, which could be partially rescued by exog-
enous carnosine treatment. Worsening of the disease appears to be driven by a central, not peripheral immune-
modulatory, mechanism possibly linked to impaired clearance of the reactive carbonyl acrolein in Carns1-KO
mice. In contrast, CARNS1 is not required for normal oligodendrocyte precursor cell differentiation and (re)
myelin to occur, and neither endogenous nor exogenous HCDs protect against cuprizone-induced demyelination.
In conclusion, the loss of CARNS1 from demyelinated MS lesions can aggravate disease progression through
weakening the endogenous protection against neuroinflammation.

1. Introduction

later stages, especially as remyelination fails (Lubetzki et al., 2020;
Tonietto et al., 2023). The last 30 years have seen dramatic progress in

Multiple sclerosis (MS) is an autoimmune disease that triggers our understanding and treatment of the early, immune-mediated rela-
multifocal inflammation and demyelination of the central nervous sys- psing-remitting disease stage. Peripheral immune-modulatory therapies,
tem (CNS) (Dendrou et al., 2015). Neurodegeneration already starts to however, fail to impact the later stages of the disease; suggesting distinct
develop early in the disease course and becomes more pronounced in pathophysiological mechanisms (Dendrou et al., 2015; Ontaneda et al.,
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2017). Indeed, immune cell infiltration into the CNS eventually wanes,
but sustained CNS-compartmentalized inflammation and remyelination
failure remain (Filippi et al., 2018). To accelerate the development of
therapies that prevent MS progression or promote myelin repair, a better
understanding of CNS-intrinsic pathophysiology is imperative.

Oxidative stress is one of the dominant pathological hallmarks that
accompanies neuroinflammation and drives disease progression in MS
(Lassmann et al., 2012). It is linked to greater pro-inflammatory activity
and myelin damage (Fischer et al., 2012; Haider et al., 2011), early and
long-term axonal damage (Witte et al., 2014; Nikic¢ et al., 2011), and
impaired remyelination (Spaas et al., 2021a). We recently reported that
inflammation-mediated oxidative stress results in the formation of
acrolein, a lipid-derived reactive carbonyl with pro-inflammatory and
cytotoxic properties, in CNS lesions of MS patients and experimental
autoimmune encephalomyelitis (EAE) mice (Spaas et al., 2021b). In
parallel, EAE mice displayed reduced levels of the dipeptide carnosine
(B-alanyl-L-histidine), an endogenous carbonyl quencher with particu-
larly high acrolein reactivity (Carini et al., 2003; Aldini et al., 2021). A
nutrition-induced increase of CNS carnosine levels amplified
carnosine-acrolein adduct formation, while suppressing chronic (glial)
inflammatory activity, acrolein-protein damage, and clinical disease
severity in EAE (Spaas et al., 2021b).

Carnosine is the archetype of a larger family of histidine-containing
dipeptides (HCDs), which also comprises homocarnosine (y-amino-
butyryl-L-histidine) and several less abundant methylated or acetylated
carnosine analogs (anserine, balenine, N-acetylcarnosine) (Boldyrev
et al., 2013). The enzyme carnosine synthase (CARNS1), an
ATP-dependent ligase from the ‘ATP-grasp family’, accounts for the
endogenous synthesis of (homo)carnosine (Drozak et al., 2010). RNA
sequencing (e.g., Zhang et al., 2014; Consortium and S.t.w. group,
2018).) and immunostaining (Van der Stede et al., 2023) studies indi-
cate that mature oligodendrocytes are the major source of CARNS1
within the CNS. Other glia and neurons express transporters and en-
zymes to take up, release, and/or hydrolyze (homo)carnosine (Zhang
et al., 2014; Xiang et al., 2006; Hoffmann et al., 1996; Fresta et al.,
2017); implying that HCD metabolism is quite widely dispersed in the
CNS. Yet, the physiological functions of HCDs in the CNS remain elusive,
as is their role in the protection against neurological disease. In addition
to our finding of a disturbed endogenous HCD homeostasis in EAE mice
(Spaas et al., 2021b), recent transcriptome analyses suggest an altered,
mostly reduced, CARNSI expression in demyelinating pathologies
including MS (Jakel et al., 2019; Pietrzak et al., 2016; Hendrickx et al.,
2017; Voskuhl et al., 2019). In this manuscript, we hypothesized that the
MS-induced loss of oligodendrocytes reduces CARNS1 levels and HCD
synthesis, culminating in a weakened protection against
neuroinflammation-related processes and an impaired remyelination
potential.

2. Material and methods
2.1. Immunohistochemistry on human brain

Post-mortem frozen brain tissue from MS patients and healthy con-
trols was obtained from The Netherlands Brain Bank (NBB). Clinical
details are depicted in Supplementary Table S1. Lesions were identified
by proteolipid protein (PLP) and CD68 or HLA-DR staining to assess
demyelination and the presence and distribution of microglia/macro-
phages, respectively (Kuhlmann et al., 2017). To visualize CARNSI,
sections (10 um) were fixated with acetone (10 min), blocked with 10 %
donkey serum in PBS with 1% bovine serum albumin (BSA, 30 min), and
exposed overnight at 4 °C to primary CARNS1 antibodies (Supplemen-
tary Table S2). Hereafter, sections were washed and exposed to com-
plementary secondary antibodies for 60 min (Thermo Fisher). In case of
excessive background staining, 0.1-0.3% sudan black was applied (10
min). Fluorescence imaging was performed with a Leica DM4000 B LED
(Leica Microsystems). For double-labeling, the following cell type
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markers were stained: OLIG2, CD68, glial fibrillary acidic protein
(GFAP), and neurofilament heavy polypeptide (NF-H); see Supplemen-
tary Table S2.

2.2. Gene expression in human brain

To assess CARNS1 gene expression, total RNA was isolated from MS
lesion tissue, the surrounding normal-appearing white matter (NAWM)
and white matter tissue from matched healthy controls using the RNeasy
mini kit (Qiagen). For this purpose, we selected chronic non-fibrotic
demyelinated (PLP") MS lesions from white matter (NeuN") tissue, that
did not contain HLA-DR" or Oil Red O (ORO)" immune cells on
immunohistochemistry (Tiane et al., 2021, 2023). Patient details are
depicted in Supplementary Table S3. RNA concentration was measured
with a NanoDrop spectrophotometer (Isogen Life Science). cDNA was
synthesized by reverse-transcription using qScript cDNA Supermix kit
(Quanta). Quantitative PCR (qPCR) was conducted on a Biosystems
QuantStudio 3 system (Life Technologies) using 12.5 ng cDNA template,
Fast SYBR Green Master Mix (Applied Biosystems), and the appropriate
primer pairs (Supplementary Table S4). Data was analysed by the 2744t
method, normalized to the most stable reference genes (geNorm (Van-
desompele et al., 2002)), and expressed as fold changes.

2.3. UHPLC-MS/MS on human plasma and cerebrospinal fluid

Blood and cerebrospinal fluid (CSF) samples were obtained via the
University Biobank Limburg (UbiLim), with approval from the Medical
Ethics Committee at Hasselt University. All participants signed informed
consent. Venous blood samples from people with MS and age-matched
healthy donors (2:1 ratio) were collected in EDTA-coated tubes, and
plasma was stored at — 80 °C after centrifugation. Lumbar CSF from
people with and without the diagnosis of MS was collected into PPS
tubes, kept at 4 °C, centrifuged to remove cells (500g, 10 min, 4 °C), and
supernatant was stored at — 80 °C. Clinical detail of all participants
involved in blood and CSF sampling are shown in Supplementary
Table S5. To determine HCD levels in human plasma and CSF by UHPLC-
MS/MS (as described previously (Van der Stede et al., 2023); de Jager
et al.,, 2022), deproteinized plasma or CSF (150 pL) was diluted in
acetonitrile (215 uL), 1 uM carnosine-d4 as internal standard (10 pL),
and ultrapure water (25 pL). Samples were thoroughly vortexed and
centrifuged (15 min, 15,0008, 4 °C). A volume of 2.5 pL from the su-
pernatant was injected in a Xevo TQ-S MS/MS® system. Standard cali-
bration curves with all HCDs were prepared either in ultrapure water
(for CSF), or in a pool of human deproteinized plasma that was collected
after a 2-day lacto-ovo vegetarian diet to minimize circulating HCDs and
thereby account for potential matrix effects during UHPLC-MS/MS.

2.4. CN1 activity in human plasma

The CN1 activity was quantified in plasma from people with MS and
age-matched controls (Supplementary Table S6). Blood was collected in
heparin-coated tubes, centrifuged, and frozen immediately. Plasma
samples were exposed to 10 mM carnosine (Flamma) at 37 °C for 10 min,
after which CN1 was stopped by adding 600 mM trichloroacetic acid
(TCA). For controls, TCA was added before carnosine. Following
centrifugation (15 min, 16000g), supernatants were incubated in a
mixture of OPA (incomplete opthaldehyde with 0.2% 2-mercaptoetha-
nol) and 4 M sodium hydroxide for 40 min. Fluorimetric determina-
tion of liberated histidine was performed at 360 nm excitation
wavelength, 465 nm emission wavelength (Infinite 200 PRO). Concen-
trations were calculated from a histidine standard curve. Results were
expressed in pmol/mL/h.

2.5. Carns1-KO mice

Whole-body Carns1-KO mice with a C57BL/6 J background, recently



J. Spaas et al.

developed by Wang-Eckhardt et al., lack the CARNS1 protein and are
devoid of endogenous HCDs (Wang-Eckhardt et al., 2020) (confirmed by
our laboratory using highly sensitive UHPLC-MS/MS, see ref (Van der
Stede et al., 2023). and Supplementary Methods S1). Mice were housed
under standard room conditions (12 h:12 h light:dark cycle, 20-24 °C,
relative humidity 30-60 %) and had ad libitum access to drinking water
and food pellets. Following in-house breeding of Carns1-KO and WT
littermates from heterozygous parents, female offspring was selected for
EAE experiments whilst males were used for cuprizone experiments.
Genotyping was performed in toe samples at ~P10 using a previously
published protocol (Wang-Eckhardt et al., 2020). All procedures were
approved by the Ethical Committee on Animal Experiments at Hasselt
University.

2.6. EAE experiments

EAE was induced in 9-13 week old Carns1-KO and WT mice by active
immunization using two subcutaneous injections (upper and lower
back) of 100 uL myelin oligodendrocyte glycoprotein peptide fragment
35-55 (MOGss5_55) emulsifed in complete Freund’s adjuvant (CFA).
Intraperitoneal (i.p.) injections of pertussis toxin (110 ng in 100 pL PBS)
were administered immediately hereafter and 24 h later (EK-2110,
Hooke Laboratories). Body weight and clinical symptoms were moni-
tored daily (scale 0-5 with 0.5 increments: 0, no symptoms; 1, limp tail;
2, hindlimb paresis; 3, hindlimb paralysis; 4, front limb paresis; 5, death
due to EAE). Healthy control mice were included as well.

Part of the Carns1-KO mice received 30 g/L (3 %) L-Carnosine
(Flamma) in the drinking water starting 7 days prior to EAE induction;
which attenuates EAE severity in WT mice (Spaas et al., 2021b). EAE
mice were sacrificed at the disease peak (17 days post-immunization) or
in the chronic stage (day 46-56). Following overdose injection of
Dolethal (200 mg/kg, i.p.), mice were perfused via a left ventricular
puncture with 0.9% NacCl solution containing heparin (25 Ul/mL). Spi-
nal cord segments were isolated and either frozen directly and kept at —
80 °C (for qPCR, immunohistochemistry, western blot, UHPLC-MS/MS),
or pooled with the brain and kept on ice in RPMI-1640 medium (Gibco)
with 0.5 % Pen-Strep (for flow cytometry). Spleens and lymph nodes
were dissected at disease peak and processed for flow cytometry as well.

2.7. Cuprizone experiments

Cuprizone (0.3 % w/w, C9012, Sigma) was mixed with powdered
chow and fed to 8-10 week old Carns1-KO and WT mice for 6 weeks to
evoke acute demyelination. Hereafter, mice were sacrificed either
immediately or following a 1-week recovery period with normal
powdered chow to allow remyelination. Healthy control mice received
powdered chow without cuprizone for 6 weeks. Body weight was
monitored every second day. Brains were isolated from mice following
Dolethal overdose and perfusion, as described above. The corpus cal-
losum was dissected at approximately Bregma level 0 to — 1 mm, frozen
immediately and stored at — 80 °C (for UHPLC-MS/MS, western blot), or
fixated in 2% glutaraldehyde and kept at 4 °C (for electron microscopy).
The dorsal part of the brain was prepared for immunohistochemistry by
either gradually freezing on a dry ice-cooled metal plate, or by overnight
fixation in 4 % paraformaldehyde (PFA) followed by 10-20-30 % su-
crose series. Next, brains were stored at — 80 °C until analysis.

In a separate experiment, 8-week old WT male C57BL/6 J mice were
obtained from Envigo (The Netherlands) and subjected to a 0.3 %
cuprizone diet for 6 weeks, with or without 3 % carnosine added to the
drinking water. Healthy control mice received normal powdered chow
for 6 weeks. In addition, to study the effect of exogenous carnosine on
remyelination, mice received normal tap water or tap water containing 3
% carnosine during the last week of the cuprizone feeding and during
the 1-week recovery phase. An extra control group, receiving 3 % car-
nosine during the last week of cuprizone feeding and sacrificed before
the recovery week started, was added to exclude any effects during this
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‘loading phase’. Body weight was monitored daily. Tissue dissection and
processing were performed as described above, except that brain tissue
for immunohistochemistry was fixated in 4% PFA (24 h), kept in 70 %
ethanol, and embedded in paraffin.

To measure Carns] mRNA at multiple time points (see Fig. 1i),
samples from a previous cuprizone study were used (Houben et al.,
2020).

2.8. Immunohistochemistry on mouse spinal cord (EAE) and brain
(cuprizone)

Longitudinal spinal cord sections (10 um) from EAE and control mice
were thawed and dried, fixated in acetone (10 min), washed with PBS or
PBS with Triton-X100 (PBS-T), blocked (30 min, protein block X0909,
Dako), and stained overnight at 4 °C using primary antibodies detecting
F4/80, GFAP, CD4, SMI-312, inducible nitric oxide synthase (NOS2) or
degraded myelin basic protein (dMBP); see details in Supplementary
Table S2. Following multiple washes, sections were exposed to com-
plementary secondary antibodies for 1 h at room temperature (Thermo
Fisher). Using fluorescent microscopy (Leica Microsystems), the entire
spinal cord segment was captured in a series of images. The % positive
vs. total area of the spinal cord was quantified in ImageJ (NIH) for F4/
80, GFAP, SMI-312, NOS2 and dMBP stainings. The number of CD4" T
cells was calculated by dividing the entire positive stained area by the
average area of one cell, and expressed per mm? tissue.

The same protocol was used to stain F4/80, GFAP, NOS2, and dMBP
in coronal sections (10 um, Bregma —1.5 mm) from cuprizone and
control brains that were immediately frozen, and to stain MBP and
double-stain OLIG2 with CC1 in brains that were PFA-fixated. Paraffin-
embedded brains were deparaffinized (xylene-ethanol series), incubated
in heated 10 mM citrate buffer, washed in PBS, blocked in 1:10 diluted
protein block (30 min; X0909, Dako), and stained overnight at 4 °C
using primary antibodies against MBP, IBA1, or OLIG2 and CC1 (Sup-
plementary Table S2). The % positive vs. total area of the corpus cal-
losum was quantified in ImageJ (NIH) for F4/80, GFAP, NOS2, MBP and
dMBP stainings. The number of IBA1" cells was calculated by dividing
the entire positive stained area by the average area of one cell, and
expressed per mm? tissue. The number of OLIG2™ cells, OLIG2"CC1"
cells and OLIG2"CC1" cells in the corpus callosum was manually
counted and expressed per mm? tissue, and the % of OLIG2™ cells that
express CC1 was calculated. DAPI was used to mark nuclei in all stain-
ings. Negative control sections omitting the primary antibodies were
included for all immunostainings.

2.9. Western blot on mouse spinal cord (EAE) and corpus callosum
(cuprizone)

Tissues were diluted in RIPA buffer (50 mM Tris pH 8.0, 150 mM
NacCl, 0.5 % sodium deoxycholate, 0.1 % SDS, 1 % Triton-X100, freshly
added protease/phosphatase inhibitors [Roche]), and homogenized
using stainless steel beads and a QIAGEN TissueLyser II (shaking 1 min,
30 Hz). Following centrifugation (15 min, 12.000g, 4 °C), supernatants
were stored at — 80 °C. Pierce™ BCA Protein Assay Kit (Thermo Fisher)
was used according to manufacturer’s instructions to determine protein
concentrations (read at 570 nm wavelength). To detect CARNS] protein
levels in spinal cord or corpus callosum, 5 pg of protein was diluted in
loading buffer solution (63 mM Tris Base pH 6.8, 2 % SDS, 10 % glyc-
erol, 0.004 % Bromophenol Blue, 0.1 M DTT), heated for 4 min at 95 °C,
and separated in polyacrylamide gels at 100-140 V on ice (4-15 %,
Mini-PROTEAN TGX, Bio-Rad; or as described previously (Spaas et al.,
2021b)). To detect protein-bound acrolein in spinal cords, 35 pg protein
was used. Next, stain-free gels were imaged following UV exposure to
visualize total protein content (ChemiDoc MP Imaging System,
Bio-Rad). Alternatively, p-actin was stained after stripping the mem-
brane. Proteins were transferred from the gel to an ethanol-immersed
PVDF membrane in transfer buffer (30 min, 25V, 1.0 A, Trans-Blot



J. Spaas et al.

CARNS1 mRNA

>

Fold change

P

Cpz. 6w
Rec. 1w
Cpz. 6w
Rec. 1w

Ctrl.
Ctrl.

CARNS1 (100 kDa)

S p— gt Py
Total protein

ctrl. T

EAE 14d

EAE 24d

Ctrl.

EAE 14d

EAE 24d

Fold change vs. Ctrl.

CARNS1 (100 kDa)

B-actin (42 kDa)

Lesion

N w »
1 1 |

-
1

Fold change vs. Lesion

o

CARNS1 mRNA

¢
¢
-

D

Sk

CARNS1

ok

o

T
Lesion NAWM

CARNS1 protein level

2.04

*

0.088

Progress in Neurobiology 231 (2023) 102532

-
Lesion #°~
’

CARNS1/0OLIG2

o

Carns1 mRNA CARNS1 protein level
2.0+ 20— ok
o 1.54 o 91_5_
4 g
S 1.0 - o $1.04
= =
® (]
5 5
s 05 (O T 0.5
o [s]
[T [T
0.0 T 2 0.0-
C}é\ /V,\b /Vngé QO q:bé & D
K X R
(o] P
Carnosine Homocarnosine Anserine
3.04
o o
o
2.0+
2
E
1.0
(o)
0.0 T T
& e N
% O
R

(caption on next page)



J. Spaas et al.

Progress in Neurobiology 231 (2023) 102532

Fig. 1. Loss of CARNS1 expression in MS lesions and preclinical MS models. (a) Representative images of OLIG2 and CARNS1 immunostaining of a mixed active/
inactive MS lesion with surrounding NAWM, (b) zoomed in on a lesion border, (c) within the lesion center vs. within the NAWM. Panels a, b and c are from three
different subjects. (d) Quantification of immunohistochemistry on human MS lesions and non-demented control tissues. (e) Representative images of CD68 and
CARNSI immunostaining: border of a mixed active/inactive lesion, (f) zoomed in within lesion border. (g) CARNSI gene expression in human white matter from non-
demented controls, demyelinated lesions and NAWM, including (h) paired data from within lesion vs. surrounding NAWM. (i) Carns1 gene expression in mouse
corpus callosum during cuprizone (Cpz.) and recovery (Rec.). (j) CARNS1 protein levels in mouse corpus callosum during cuprizone (Cpz.) and recovery (Rec.).
Representative image of CARNS1 detection by western blot in (k) mouse corpus callosum and (1) spinal cord. (m) CARNS1 protein levels in mouse spinal cord during
EAE. UHPLC-MS/MS-based detection of (n) carnosine, (0) homocarnosine and (p) anserine in mouse corpus callosum during cuprizone. Scale bars are 200 pym (a),

100 um (b, c, e, f). Data are mean + SD. *p < 0.05, **p < 0.01. NAWM, normal-appearing white matter.

Turbo Transfer System, Bio-Rad). Membranes were briefly washed in
Tris-buffered saline with 0.1% Tween20 (TBS-T), and blocked for
30 min using 3 % milk powder in TBS-T. Following overnight incubation
at 4 °C with primary antibodies against CARNS1 or acrolein-protein
adducts (Supplementary Table S2), membranes were washed
(3 x 5 min), incubated with secondary HRP-conjugated antibodies for
60-90 min at room temperature, washed again (3 x 5min), and
chemiluminescent images were developed in a ChemiDoc MP Imaging
System (Bio-Rad) using Clarity Western ECL substrate (Bio-Rad). Protein
bands were quantified with Image Lab 6.1 software (Bio-Rad), and
normalized to total protein content.

2.10. Gene expression analysis on mouse spinal cord (EAE)

RNA isolation, cDNA synthesis, qPCR, selection of reference genes,
and data analysis were performed as described above for human tissue
(primer details in Supplementary Table S4).

2.11. UHPLC-MS/MS on mouse spinal cord (EAE) and corpus callosum
(cuprizone)

Frozen mouse spinal cords (EAE) were homogenized in extraction
solution (ultrapure water with 10 mM HCI containing 5 pM carnosine-
d4 as internal standard, 1:19 mg:uL ratio) using the QIAGEN Tissue-
Lyser II (1 min, 30 Hz). Following centrifugation (20 min, 3000g, 4 °C),
supernatants were immediately diluted in a 3:1 ratio with ice-cold
acetonitrile (—20 °C), vortexed, and kept on ice for 15 min. After a
second centrifugation step (20 min, 3000g, 4 °C), samples were stored at
— 80 °C until the day of UHPLC-MS/MS analysis. Samples were diluted
in 4 volumes of 75:25 acetonitrile:water before injection of 2.5 uL into
the Xevo TQ-S MS/MS® system. Standard calibration curves containing
all HCDs were prepared in homogenates of spinal cords from Carns1-KO
mice to account for possible matrix effects. Corpus callosum samples
(cuprizone) were homogenized as described above, and underwent
either exactly the same UHPLC-MS/MS procedures (see results in Sup-
plementary Fig S2), or were analysed as described previously (Spaas
et al., 2021b) (see results in Fig. 1n, o, p).

2.12. Flow cytometry on mouse spleen, lymph nodes, and CNS (EAE)

Immune cells were isolated from the spleen, lymph nodes, and CNS
(pooled brain and spinal cord). Single cell suspensions from spleen and
lymph nodes were obtained by mechanical transfer through a 70 ym cell
strainer (Greiner Bio-One). For CNS tissue, the mechanical dissociation
was preceded by enzymatic digestion using collagenase D (Roche Di-
agnostics GmbH) and DNase I (Roche Diagnostics GmbH), and followed
by applying a Percoll gradient (GE Healthcare). After centrifugation,
CNS cells from mice sacrificed in the chronic EAE stage were resus-
pended in FACS buffer and stained with Zombi NIR (15 min), followed
by blocking (10 % rat serum in PBS, 15 min, 4 °C) and an antibody panel
detecting CD3, CD4, CD8, CD11b, CD19, CD25, CD45, CD183, CD196,
and Ly6C (30 min, Supplementary Table S2). Cells derived from the
CNS, spleen and lymph nodes from acute EAE mice were resuspended in
RPMI-1640 medium (Gibco) with 0.5% Pen-Strep and 10 % fetal calf
serum (FCS), and plated in a 96-well plate (max. 1 x 10° cells/well).
Following overnight incubation at 37 °C and 5 % COj, cells were

exposed to PMA (20 ng/mL), ionomycin (1 pg/mL), and Golgiplug
(2 ng/mL) for 4 h. Next, cells were washed, stained with Zombi NIR,
blocked, and stained for extracellular markers CD3, CD4, CD8, CD11b,
CD19, CD45, and Ly6C (30 min, Supplementary Table S2). Finally, cells
were resuspended in Cytofix/Cytoperm™ (BD Biosciences) for 30 min,
washed with 1X Perm/Wash™ buffer (BD Biosciences), and exposed to
antibodies detecting intracellular markers IL-17, IFN-y, and FoxP3
(15 min, Supplementary Table S2). Flow cytometry was performed on a
BD LSRFortessa. Our gating strategy excluded doublets and dead cells.
FlowJo 10.7.1 software was used for the analyses. Absolute cell numbers
were calculated from the relative expression of cell subsets (%) and the
total number of cells counted following cell isolation.

2.13. Transmission electron microscopy on mouse corpus callosum
(cuprizone)

Glutaraldehyde-fixated mouse brain samples were post-fixated with
2 % osmiumtetroxide in 0.05 M sodium cacodylate buffer (1 h, 4 °C).
Samples were dehydrated by ascending concentrations of acetone. Next,
they were impregnated overnight in a 1:1 mixture of acetone and aral-
dite epoxy resin. The samples were embedded in araldite epoxy resin at
60 °C and were cut in slices of 70 nm, perpendicular to the corpus cal-
losum, with a Leica EM UC6 microtome. The slices were transferred to
0.7 % formvar-coated copper grids (Aurion). Thereafter, samples were
contrasted with 0.5 % uranyl acetate and lead citrate using a Leica EM
AC20. Analysis was performed with a JEM-1400 Flash transmission
electron microscope (Jeol) using an EMSIS Xarosa camera. The g-ratio
(ratio of the inner axonal diameter to the total outer diameter) was
analysed using ImageJ (NIH).

2.14. In vitro oligodendrocyte precursor cell differentiation experiments

Primary mouse oligodendrocyte precursor cells (OPCs) were har-
vested from mixed glial cultures of newborn (P0-2) C57BL/6 J mouse
cortices. Experiments were approved by the Ethical Committee on An-
imal Experiments at Hasselt University. Culture conditions were as
described previously (Tiane et al., 2021) and outlined in Supplementary
Methods S2a. To boost OPC formation, bovine insulin (5 pg/mL, Merck)
was added after 7 days in culture. At day 14, OPCs were purified via
shake-off and seeded on glass coverslips (Supplementary Methods S2b).
OPCs were exposed to differentiation medium (Supplementary Methods
S2¢) with or without 10 mM L-Carnosine (Flamma) for 6 days, after
which cells were washed repeatedly with PBS and fixated with 4 % PFA
(30 min). Immunocytochemical staining for MBP and O4 was performed
to evaluate OPC differentiation. Briefly, each well was incubated with 1
% BSA in 0.1 % PBS-T (30 min) for blocking, followed by primary an-
tibodies against MBP and O4 (Supplementary Table S2) for 4 h at room
temperature. Cells were washed with PBS, incubated with complemen-
tary secondary antibodies (Thermo Fisher) for 60 min, stained with
DAPI nuclear stain, washed, and coverslips were mounted on a glass
slide. Fluorescent images (Leica Microsystems) were captured to assess
the staining intensity (IntDen) of MBP relative to O4 (ImageJ, NIH).

2.15. Data analysis

Statistical analyses were conducted in GraphPad Prism v7.04. Two
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independent groups were compared by t-tests or Mann-Whitney U tests.
Multiple groups were compared by one-way ANOVA followed by Dun-
nett’s or Tukey’s multiple comparison test, or by Kruskal-Wallis and
Dunn’s test. Fig. 1h was analysed by a paired t-test. For Fig. 1i, multiple
comparisons were only made to the control group, and a separate t-test
was performed to compare the data from Cpz. 5 w vs. Rec. 1w. In the
EAE analyses, multiple comparisons were only made to the untreated
Carns1-KO group (any exceptions are clarified in figure captions). For
cuprizone experiments, comparisons between Carns1-KO and WT mice,
or between carnosine-treated and untreated mice, were compared at
each time point separately. Data are presented as mean + SD unless
otherwise specified. *p < 0.05, **p < 0.01 for two-sided hypothesis
testing.

3. Results
3.1. Loss of CARNSI in MS lesions and preclinical MS models

We investigated gene expression and protein levels of CARNSI in
human MS lesions and in 2 preclinical MS models (EAE and cuprizone).
In human white matter, CARNS1 was located in OLIG2" cells from the
oligodendrocyte lineage, confirming our previous observations (Van der
Stede et al., 2023) and available RNA sequencing databases (e.g., Zhang
et al., 2014; Consortium and S.t.w. group, 2018). However, OLIG2 and
CARNS1 immunoreactivity were both harshly diminished or even absent
in the center of demyelinated (PLP) MS lesions, indicating the simul-
taneous loss of oligodendrocytes and CARNS1 (Fig. 1a, b, ¢, d). The
surrounding NAWM contained CARNS1 and OLIG2 levels comparable to
white matter from healthy donors (Fig. 1d). CARNS1 was not observed
in GFAP™" astrocytes, NF-H' neurons/axons, or CD68 " macrophages and
microglia (Fig. le, f) in or around MS lesions. In line with our obser-
vation that CARNS1 resides within oligodendrocytes and is lost upon
demyelination, CARNSI gene expression was 12.6-fold lower in
demyelinated MS lesions that lacked mature oligodendrocytes compared
to white matter from matched controls (Fig. 1g). The NAWM of MS
patients exhibited a 4.8-fold lower CARNS1 expression than white
matter from matched controls, and a 5.6-fold higher CARNS1 expression
compared to the lesion center (Fig. 1g, h).

We next studied CARNS1 gene expression and protein levels in mice
exposed to cuprizone, a toxin that rapidly induces oligodendrocyte loss
and demyelination in the CNS and in particular the caudal corpus cal-
losum. Carns1 mRNA in the corpus callosum was reduced by half
following one day and by 17-fold following three days of cuprizone
feeding (Fig. 1i). This robust reduction remained as long as cuprizone
feeding was continued, whilst a 5.5-fold increase in CarnsI mRNA was
noted after one week of spontaneous recovery on a normal diet (Fig. 1i).
Mbp mRNA levels followed a similar pattern during de- and remyeli-
nation (Supplementary Fig S1a). Similar gene expression changes were
observed in mice undergoing a long-term cuprizone protocol (Supple-
mentary Fig S1b, S1c). At the protein level, 6 weeks of cuprizone feeding
induced an almost complete loss of CARNS1, which partially recovered
upon 1 week of remyelination (Figs. 1j, 1k). In the EAE model, which is
characterized by CNS inflammation due to the infiltration of myelin-
reactive T cells, we previously reported a 2-fold reduction in spinal
cord Carns1 mRNA levels during the acute disease stage (Spaas et al.,
2021b). This was now confirmed by western blotting, which showed
2.1-fold lower CARNS1 protein levels in spinal cords from EAE
compared to healthy mice (Fig. 11, m).

Next, we assessed how the observed reductions in CARNS1 affect
tissue HCD levels. Lower homocarnosine content was noted following 6
weeks of cuprizone feeding as well as 1 week after withdrawal from
cuprizone, whilst carnosine and anserine remained unchanged (Fig. 1n,
o, p; confirmed in a second independent experiment, see Supplementary
Fig S2). In EAE mice, we previously found a reduction in spinal cord
carnosine (2-fold) and homocarnosine (1.4-fold) concentrations during
the (sub)acute disease stages (Spaas et al., 2021b).
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In summary, MS and preclinical demyelinating MS models induce a
loss of oligodendrocytes and CARNS1, which may, along with func-
tional/physiological events (e.g. carbonyl overload), affect HCD levels
within the CNS during pathology.

3.2. MS patients have normal HCD levels in plasma and CSF

In addition to local (CNS- or lesion-specific) alterations in CARNS1
and HCD levels, we evaluated a potential systemic disturbance of HCD
metabolism in people with MS via a targeted UHPLC-MS/MS approach.
No differences in circulating carnosine, homocarnosine, N-acetylcarno-
sine, or balenine were observed between people with MS and age-
matched healthy donors (Fig. 2a, b, ¢, d). Plasma anserine levels were
significantly reduced in people with MS (Fig. 2e, Supplementary Fig S3),
but this decrease was minimal (A=—2.2 nM, p = 0.03). Follow-up an-
alyses revealed limited or no impact of sex, MS type, and treatment
status at the time of blood sampling on plasma HCDs. Hence, measuring
circulating HCDs in MS conveys questionable clinical relevance. Car-
nosine, homocarnosine and N-acetylcarnosine concentrations in CSF
samples from people with MS and people without an MS diagnosis did
not differ (Fig. 2f, g, h). Anserine and balenine were undetectable in CSF.
Finally, we assessed the activity of the CN1 enzyme, which hydrolyzes
circulating (homo)carnosine into its constituent amino acids (Teufel
et al., 2003; Everaert et al., 2012). CN1 activity was similar in plasma
from healthy people and people with MS (Fig. 2i).

3.3. Carnsl1 deficiency worsens EAE outcomes and is partially rescued by
exogenous carnosine treatment

To mimic the loss of CARNS1 in MS lesions and to study how the loss
of CARNS] affects the immune response, CNS inflammation, and de- and
remyelination, we applied EAE and cuprizone models in Carns1-KO and
WT mice. CarnsI-KO mice are devoid of endogenous HCDs (Van der
Stede et al., 2023; Wang-Eckhardt et al., 2020). In the EAE experiment,
WT mice, Carns1-KO mice, and Carns1-KO mice that received exogenous
carnosine treatment (3 % in drinking water) were actively immunized
and evaluated daily for the degree of tail/hindlimb paresis (Supple-
mentary Fig S4a). Compared to WT mice, Carns1-KO mice displayed
more severe EAE disease scores and an overall higher disease burden
(p = 0.03, cumulative score 55.6 + 11.2 vs. 27.5 + 5.4, SEM, Fig. 3a).
The carnosine-treated CarnsI-KO mice had an intermediate disease
burden (cumulative score 41.8 +10.4) that was not significantly
different from either the WT mice (p = 0.41) or the untreated Carns1-KO
mice (p = 0.48). Onset of clinical symptoms was slightly accelerated in
Carns1-KO mice (p =0.016 vs. WT mice, Fig. 3a). Body weight re-
sponses are shown in Supplementary Fig S4b. Oral carnosine intake by
Carns1-KO EAE mice increased spinal cord carnosine content to 3.8-fold
higher than WT EAE mice (Fig. 3b), did not affect homocarnosine levels
(Fig. 3c), and slightly elevated anserine levels (Fig. 3d).

By post-mortem histopathological analyses we sought to confirm
that Carns1 deficiency aggravates EAE severity and is partially rescued
by exogenous carnosine treatment. An increased lesion load was
observed in spinal cords from Carns1-KO EAE mice compared to WT EAE
mice, as evidenced by greater amounts of F4/80" macrophages/
microglia (~3.1-fold, Fig. 3e), GFAP™ reactive astrocytes (~1.9-fold,
Fig. 3f), and dMBP" myelin degradation (~3.5-fold, Fig. 3g). Neuro-
axonal loss (SMI-312 immunoreactivity) was exacerbated in Carnsi-
KO mice (Fig. 3h). Carnosine treatment was able to fully restore these to
WT levels (Fig. 3e, f, g, h). The number of CD4" T cells in the spinal cord
was slightly but not significantly higher in Carns1-KO vs. WT mice, and
was unaffected by carnosine treatment (Fig. 4a). Using a flow cytometry
panel mainly consisting of T cell markers, similar non-significant effects
were observed for CD4" T cells, CD4*/IFN-y" T cells, and Ly6C™ in-
flammatory monocytes (disease peak, Fig. 4b, 4c, d, Supplementary Fig
S5) or CD4*/CD25!°/CXCR3" T cells (chronic stage, Fig. 4e, Supple-
mentary Fig S5). Phenotyping of immune cells collected from the spleen
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or lymph nodes at disease peak did not reveal evidence for a peripheral
immune-modulatory effect (Fig. 4f, g, h, i, Supplementary Fig S6).
Cytokine production by these cells also did not differ between genotypes
(Supplementary Fig S6). In contrast, altered inflammatory activity was
found within the CNS of Carns1-KO mice. Spinal cords from Carns1-KO
mice had elevated NOS2 protein levels (~4.2-fold, Fig. 5a), Tnf gene
expression (but not Il1b or II6, Fig. 5b, ¢, d), and lower Bdnf gene
expression (Fig. 5e). This may indicate a skewing of microglia/macro-
phages towards a more inflammation-promoting phenotype. Genes
related to carnosine metabolism are presented in Supplementary Fig S7.
Carnosine treatment restored NOS2 and Tnf expression to WT levels
(Figs. 5a, 5b). This is in line with our previous work showing an anti-
inflammatory effect of carnosine treatment in WT mice, and may orig-
inate from an impaired ability of Carns1-KO mice to quench and elimi-
nate acrolein, a toxic and pro-inflammatory reactive carbonyl that is
abundantly generated in EAE and MS lesions (Spaas et al., 2021b; Baba
et al., 2013). Therefore, we determined acrolein-protein adduct forma-
tion by western blotting. This revealed that spinal cords from Carns1-KO
mice, but not Carns1-KO mice that received carnosine treatment, had
exaggerated acrolein damage (~1.9-fold higher vs. WT, Fig. 5f).

Collectively, we show that Carnsl deficiency aggravates clinical
symptoms and pathology within spinal cords from EAE mice. This is
likely linked to impaired acrolein quenching and a more pro-
inflammatory environment, which could be mitigated via exogenous
carnosine treatment.

3.4. Carns1 deficiency does not affect de- or remyelination in the
cuprizone model

Given that CARNS1 in both MS and control subjects is uniquely
expressed by cells from the oligodendrocyte lineage, especially as they

reach the mature myelinating stage (Zhang et al., 2014; Consortium and
S.t.w. group, 2018), we reasoned that a lack of CarnsI may accelerate
demyelination and hamper remyelination potential of the CNS. To this
end, Carns1-KO and WT mice were subjected to cuprizone (or control)
feeding to induce demyelination, followed by spontaneous recovery
(Supplementary Fig S8a). Body weight responses were comparable in
both genotypes (Supplementary Fig S8b). Assessing myelination of the
corpus callosum by MBP immunohistochemistry revealed similar de-
grees of demyelination and remyelination in Carns1-KO and WT mice
(Fig. 6a). The same result was obtained for degraded MBP (Fig. 6b). In
addition, Carns1 deficiency did not affect the number of oligodendro-
cytes or the oligodendrocyte maturation status following de- or remye-
lination (Fig. 6¢, d). Similarly, g-ratios of corpus callosum axons did not
differ between genotypes (Fig. 6e, Supplementary Fig S8c-e). Responses
of macrophage/microglia (F4/807, Supplementary Fig S8f) and astro-
cyte (GFAPT, Supplementary Fig S8g) abundance were similar in
Carns1-KO and WT mice. The NOS2" area was unaltered as well, indi-
cating no effect of genotype on pro-inflammatory activity (Supplemen-
tary Fig S8h).

In summary, CARNS1 expression and the presence of endogenous
HCDs do not protect against cuprizone-induced demyelination, and are
not required for normal oligodendrocyte development and (re)myeli-
nation to occur.

3.5. Exogenous carnosine treatment does not affect de- and remyelination

We also investigated whether exogenous carnosine is a therapeutic
agent to limit cuprizone-induced demyelination and/or boost remyeli-
nation in WT mice. For this purpose, the same carnosine dosage (3%)
that was used in the Carns1-KO EAE experiment and that previously
improved EAE outcomes in WT mice (Spaas et al., 2021b) was
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administered. Carnosine treatment for 6 weeks led to a 3.3-fold increase
in corpus callosum carnosine levels (Fig. 7a) and a 2-fold increase in
anserine levels (Supplementary Fig S9b) during cuprizone-induced
demyelination. Homocarnosine was unchanged (Supplementary Fig
S9¢). To assess the effect of carnosine loading on remyelination, mice
received carnosine during the last 7 days prior to cuprizone withdrawal
and during the subsequent 7-day recovery period itself. Using this pro-
tocol, the corpus callosum carnosine levels were increased during the
entire recovery period to the same extent as in mice treated during the
demyelination period (Supplementary Fig S9d). Body weight data are
shown in Supplementary Fig S9e. Assessment of demyelination and
remyelination (Fig. 7b), oligodendrocyte numbers and development
status (Fig. 7c, Supplementary Fig SOf), and abundance of micro-
glia/macrophages (Supplementary Fig S9g) in the corpus callosum
revealed no effects of carnosine treatment. Finally, a direct effect of

exogenous carnosine on the differentiation capacity of primary mouse
OPCs was also tested in vitro. Exposure to carnosine did not accelerate
OPC differentiation, quantified as the MBP/O4 ratio, after 6 days
(Fig. 7d).

In conclusion, carnosine cannot be used as a therapeutic agent to
blunt demyelination or accelerate remyelination in the cuprizone model.

4. Discussion

CARNSI is the unique enzyme responsible for (homo)carnosine
synthesis in mammals. So far, the role of these dipeptides in the CNS has
remained enigmatic, yet their versatile homeostatic properties were
hypothesized to provide protection against CNS disease (e.g., via
carbonyl quenching). Here we have shown that due to its enrichment
within oligodendrocytes of the CNS white matter, CARNS1 is diminished
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in demyelinated MS lesions. This may have detrimental effects on (the
progression of) MS pathology, as the lack of CARNS1 resulted in exac-
erbated neuroinflammation and acrolein overload in a mouse MS model
(EAE). Exogenous carnosine administration partially rescued the disease
exacerbation caused by CarnsI deficiency. Despite its oligodendrocyte-
specific localization, CARNS1 is not required for normal oligodendro-
cyte development and (re)myelination of the CNS.

In MS, autoreactive lymphocytes invade the CNS parenchyma and
trigger neuroinflammation, demyelination, and axonal injury. These
CNS-intrinsic events sustain and even progress after immune infiltration
wanes (Dendrou et al., 2015; Ontaneda et al., 2017; Filippi et al., 2018).
Although the exact pathogenesis of MS is intricate and still under debate
(Filippi et al., 2018), compelling evidence supports that oxidative stress
and its toxic products (e.g. reactive carbonyls) mediate both acute and
chronic CNS disease processes (Haider et al., 2011; Spaas et al., 2021b;
Leung et al., 2011; Van Horssen et al., 2008; Bizzozero et al., 2005). For
example, acrolein is abundantly generated in inflammatory lesions from
MS patients an EAE mice (Spaas et al., 2021b; Leung et al., 2011; Tully

et al., 2018). To protect against carbonyl overload, the CNS is equipped
with an array of mechanisms that neutralize and/or eliminate reactive
carbonyls. Carnosine and related HCDs are abundantly present in the
CNS (~500 pmol/kg in mouse spinal cord (Van der Stede et al., 2023))
and have potent acrolein quenching efficiency (Carini et al., 2003;
Aldini et al., 2021). We previously reported that therapeutically
increasing spinal cord carnosine levels amplifies acrolein quenching and
attenuates CNS inflammation in EAE (Spaas et al., 2021b). In the present
report we found that the unique enzyme responsible for carnosine syn-
thesis, CARNS1, is lost upon demyelination in MS. Interestingly,
CARNS1 levels dropped more quickly and robustly in cuprizone
compared to EAE mice, in contrast to a faster and greater loss of HCDs
(especially carnosine) in EAE. This indicates that CARNSLI is not the
single determinant of HCD levels and, especially under pathological
conditions, functional/physiological events such as binding to acrolein
(followed by removal of the conjugate) may contribute to the loss of
HCDs during neuroinflammation (Spaas et al., 2021b). Cuprizone mice
do not have any carnosine-acrolein conjugate formation in the corpus
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callosum (unpublished data), which may explain the apparent greater
stability of HCDs in this model. In addition, decreasing or increasing
carnosine levels in the corpus callosum (via knockout of Carns1 or car-
nosine treatment, respectively) do not affect demyelination or remye-
lination in the cuprizone model. In contrast, our results provide more
evidence that carnosine has anti-inflammatory and possibly neuro-
protective properties during neuroinflammation, as the deletion of
Carns1 led to profound worsening of EAE disease. The lack of endoge-
nous carnosine in Carns1-KO mice resulted in a decreased ability to
protect against acrolein-protein adduct formation. It is interesting to
note that Wang-Eckhardt et al. did not observe an increase in
carbonyl-protein adducts in the CNS of healthy aged Carns1-KO mice
(Wang-Eckhardt et al., 2022), implying that the dependence on HCDs to
counter carbonyl overload only manifests under more challenging
(pathological) conditions such as EAE. That oligodendrocytes and OPCs
are particularly vulnerable to oxidative and carbonyl stress (Spaas et al.,
2021a) suggests that a vicious cycle may emerge, in which carbonyl
overload causes oligodendroglial injury, diminished CARNS1 expression
and reduced HCD production; culminating in a weakened protection of
the CNS against carbonyl stress, inflammation, demyelination, and
neurodegeneration.

Replenishing the spinal cord carnosine pool via exogenous carnosine
intake partially rescued the knockout phenotype in the EAE model.

11

Given the unmet need for MS therapeutics that easily cross the blood-
brain barrier and exert their effect within the CNS instead of the pe-
riphery (Ontaneda et al., 2017; Baecher-Allan et al., 2018; Witte et al.,
2010), carnosine or related molecules appear as interesting candidates
to temper disease progression in early stages of the disease. Our data
indicate that the effects occurred without involvement of peripheral
immune modulation, as immune cell profiling in the spleen and lymph
nodes revealed no effects from Carns1 deficiency or carnosine treatment.
Within the CNS, however, the absence of HCDs led to larger lesions with
exaggerated neuroinflammation, demyelination, and neuro-axonal
damage, which were efficiently countered by exogenous carnosine
treatment. Previous in vivo and in vitro experiments from our labora-
tories (Spaas et al., 2021b) and others (Fleisher-Berkovich et al., 2009;
Calabrese et al., 2005; Caruso et al., 2017) have demonstrated that
supplying HCDs (especially carnosine) to macrophages, microglia or
astrocytes dampens their pro-inflammatory phenotype upon cellular
stress. Nevertheless, future research is warranted to uncover the exact
mechanisms and site of action of carnosine therapy in MS, or neuro-
inflammation in general. Interestingly, a recent case series study (n = 3)
showed very preliminary but promising effects of an 8-week, 2 g/day
carnosine intervention in people MS (Zanini et al., 2020). Although
these results and especially our work support mechanistic evidence for
the beneficial impact of carnosine, therapy efficacy in human trials may
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Fig. 7. Exogenous carnosine treatment does not affect de- and remyelination. Figures only show treated and untreated cuprizone groups, but exclude healthy control
mice and cuprizone mice receiving treatment during the last 7 days of cuprizone feeding (see Supplementary Fig S9a, 9d). (a) UHPLC-MS/MS-based detection of
carnosine in mouse corpus callosum during cuprizone. Representative images and quantification of mouse corpus callosum immunostainings against (b) MBP, and (c)
OLIG2 and CC1 during cuprizone. (d) Representative image and quantification of mouse OPC immunocytochemical stainings against MBP and O4 during differ-

entiation. Scale bars are 100 um (b, d), 50 um (c). Data are mean =+ SD.
Rec., recovery.

be optimized by using more stable (CN1-resistant) carnosine analogs
with preserved bioactivity and safety. The development of such com-
pounds is another focus of ongoing research (Anderson et al., 2018;
Iacobini et al., 2018; Bellia et al., 2012).

In contrast to the profound effects on neuroinflammation in the EAE
model, Carns1 deficiency did not affect de- or remyelination dynamics in
the cuprizone model. Based on the (mature) oligodendrocyte-specific
expression of CARNS1 and the substantial increase of CARNS1 during
recovery following a cuprizone diet, we hypothesized that this enzyme
plays a specific and possibly essential role in OPC differentiation and/or
myelination. For example, Beyer et al. previously identified several
small-molecule metabolites that are drastically upregulated during
oligodendrocyte development, some of which — most notably taurine —
could enhance OPC differentiation and myelination when added exog-
enously (Beyer et al., 2018). However, our in vitro and in vivo data
indicate that carnosine and other HCDs are dispensable for oligoden-
drocyte development and recovery from a demyelinating insult. This is
in line with the fact that healthy Carns1-KO mice do not display any
phenotype, i.e. they exhibit normal postnatal (CNS) development
(Wang-Eckhardt et al., 2020, 2022). Augmenting carnosine levels is not
an effective strategy to boost OPC differentiation and remyelination.
Collectively, these results also raise the question of what proportion of
the HCDs produced by CARNS1 is actually needed or utilized within
oligodendrocytes themselves, and what proportion is swiftly transported
out of the cell towards its surroundings. Our data convincingly show that
CARNSI expression is restricted to oligodendrocytes, but it appears that
the site of action of HCDs likely involves other cells or the intercellular
space; hence implying multicellular, paracrine dynamics of HCDs within
the CNS.

Our observations confirm previous evidence from untargeted ap-
proaches suggesting reduced CARNS1 gene expression in CNS pathol-
ogies that feature demyelination. For instance, CARNSI was ranked as
the 26th and 9th most downregulated gene in corpus callosum and optic
chiasm samples, respectively, from MS patients (Voskuhl et al., 2019).
Additionally, in peri-lesional NAWM from MS patients, CARNS1 was
identified as the 8th most downregulated gene compared to healthy
control white matter (Hendrickx et al., 2017). We indeed found reduced
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**p < 0.01. Cpz., cuprizone; ns, not significant; OPC, oligodendrocyte precursor cell;

CARNS1 gene expression in the NAWM that surrounds MS lesions,
further supporting the notion that cellular (sometimes subclinical) al-
terations can present beyond the lesion site itself (Kular et al., 2022;
Allen et al., 2001; Gallego-Delgado et al., 2020). In another study,
CARNS1 was the 4th ranked downregulated gene in the anterior
cingulate cortex from people with Lewis body dementia, who displayed
a general reduction in myelination-related genes in this area (Pietrzak
et al., 2016). CARNS1 also appeared as one of the top differentially
expressed genes in a single-nucleus RNA sequencing dataset comparing
different types of white matter MS lesions and healthy tissues
post-mortem (Jakel et al., 2019). However, this analysis did not confirm
any differences between CARNSI mRNA in control tissues and NAWM
from MS patients, while reporting high CARNSI mRNA in active and
chronic inactive lesions, but low CARNSI mRNA in remyelinated le-
sions. This again confirms that CARNS1 expression is sensitive to local
changes in the CNS during MS, but it remains unclear why these results
differ from our observations of a strong reduction in CARNSI gene (and
protein) levels.

The local changes in CARNS1 expression and HCD homeostasis were
not reflected by systemic alterations (in plasma or CSF). Therefore,
HCDs are probably not useful as biomarkers. The fact that 99.1% of the
whole-body HCD pool is located in skeletal muscle tissue, which actively
releases HCDs into the circulation (Van der Stede et al., 2023), may
prevent the detection of any CNS-linked changes in plasma samples.
Moreover, the highly active CN1 enzyme degrades (homo)carnosine in
human plasma (Teufel et al., 2003; Everaert et al., 2012). N-ace-
tylcarnosine is the most stable (CN1-resistant) circulating HCD but is
barely present in the CNS, rendering its plasma levels minimally indic-
ative of CNS metabolism. In agreement with our results, untargeted
plasma metabolomics did not find significant differences in N-ace-
tylcarnosine between control and MS samples (Bhargava et al., 2017). So
far, metabolomics have not provided evidence for altered HCDs in
plasma or CSF in relation to MS (Bhargava and Anthony, 2020). How-
ever, a lower circulating carnosine was recently reported in a group of
pediatric MS patients (Solmaz et al., 2022).

Although CARNSI produces both carnosine and homocarnosine, we
only assessed whether exogenous treatment with carnosine can rescue
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MS-specific impairments in Carns1-KO mice. The metabolism and
physiological properties of homocarnosine and carnosine may differ
substantially. For instance, carnosine is a more efficient quencher of
several reactive carbonyls, whereas homocarnosine may act as a storage
pool for the inhibitory neurotransmitter GABA. Our data indicate that
Carns1 deficiency causes exacerbated neuroinflammation via CNS-
intrinsic mechanisms, while excluding peripheral immunomodulation.
To completely rule out this possibility, an adoptive transfer EAE
experiment using activated Carns1-KO T cells in naive recipient mice,
and vice versa, should be performed. Since we are the first to study HCD
metabolism in MS, additional research is warranted to fully understand
the metabolic routes and physiological roles of different HCDs within
the CNS during health and disease. We also need to emphasize the use of
a whole-body Carns1-KO model, whereas an oligodendrocyte-specific
KO would allow to directly assess the contribution of this cell type to
carnosine synthesis/homeostasis in the CNS. Moreover, future research
using lineage-specific KO models of various dipeptide transporters (e.g.
PEPT2, PHT1) would shed more light on the paracrine role of HCDs and
its functional importance/regulation.

In conclusion, we demonstrate that HCDs are endogenous protectors
against carbonyl overload and neuroinflammation, yet their unique
synthesizing enzyme CARNS] is lost upon demyelination in MS. The
exacerbation of EAE disease caused by the lack of Carnsl could be
partially rescued via exogenous carnosine treatment, further supporting
the use of carnosine-based therapies for people with neuroinflammatory
disorders such as MS. In contrast, neither Carns1 expression nor carno-
sine treatment directly impacts OPC differentiation or remyelination
within the CNS.
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