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SIRT6 modulates lesion microenvironment 2
in LPC induced demyelination by targeting
astrocytic CHI3L1
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Abstract

Demyelination occurs widely in the central nervous system (CNS) neurodegenerative diseases, especially the
multiple sclerosis (MS), which with a complex and inflammatory lesion microenvironment inhibiting remyelination.
Sirtuiné (SIRT6), a histone/protein deacetylase is of interest for its promising effect in transcriptional regulation,
cell cycling, inflammation, metabolism and longevity. Here we show that SIRT6 participates in the remyelination
process in mice subjected to LPC-induced demyelination. Using pharmacological SIRT6 inhibitor or activator,

we found that SIRT6é modulated LPC-induced damage in motor or cognitive function. Inhibition of SIRT6

impaired myelin regeneration, exacerbated neurological deficits, and decreased oligodendrocyte precursor cells
(OPCs) proliferation and differentiation, whereas activation of SIRT6 reversed behavioral performance in mice,
demonstrating a beneficial effect of SIRT6. Importantly, based on RNA sequencing analysis of the corpus callosum
tissues, it was further revealed that SIRT6 took charge in regulation of glial activation during remyelination,

and significant alterations in CHI3L1 were obtained, a glycoprotein specifically secreted by astrocytes. Impaired
proliferation and differentiation of OPCs could be induced in vitro using supernatants from reactive astrocyte,
especially when SIRT6 was inhibited. Mechanistically, SIRT6 regulates the secretion of CHI3L1 from reactive
astrocytes by histone-H3-lysine-9 acetylation (H3K9Ac). Adeno-associated virus-overexpression of SIRT6 (AAV-
SIRT6-OE) in astrocytes improved remyelination and functional recovery after LPC-induced demyelination, whereas
together with AAV-CHI3L1-OE inhibits this therapeutic effect. Collectively, our data elucidate the role of SIRT6 in
remyelination and further reveal astrocytic SIRT6/CHI3LT as the key regulator for improving the remyelination
environment, which may be a potential target for MS therapy.
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Introduction

Multiple sclerosis (MS) is the most common demyelinat-
ing disease affecting young adults, characterized by neu-
roinflammation, oligodendrocyte death, demyelination,
reactive gliosis, and axonal degeneration [1]. Subjects
with multiple sclerosis experience the deterioration of
neurological function, progressive disability, and reduced
quality of life both physically and psychosocially [2]. In
MS, remyelination is impaired by extrinsic inhibitory
cues in the lesion microenvironment including inflam-
mation and reactive glia, as well as by intrinsic defects
in oligodendrocyte lineage cells. Promoting remyelin-
ation is the core of MS treatment, whereas currently no
definitive cure for MS. The lysolecithin (LPC) model is a
well-established animal model of local demyelination and
remyelination that can simulate some pathologic features
of the focal lesions in MS [3], such as myelin and oligo-
dendrocyte loss, significant inflammation, and glial acti-
vation [4]. Hence, we would like to utilize the LPC model
to identify key factors, to further improve the complex
glial response and decipher remyelination-promoting
codes in myelin disease.

Sirtuins (SIRTs) are nicotine adenine dinucleotide
(NAD™)-dependent class III histone deacetylases. As an
important member of the SIRTs family, Sirtuin 6 (SIRT6)
is mainly located in the nucleus, participating in various
biological processes, including transcriptional regulation,
cell cycling, inflammation, metabolism and longevity,
by mediating particular histone H3 lysine deacetylation
modifications (epigenetic regulation and post-transla-
tional modification) [5-7]. Recent studies have demon-
strated the role of SIRT6 in neurological disorders such
as ischemic stroke, neurodegenerative disorders, and
depressive-like and anxiety-like behaviors [8—13]. SIRT6
is highly expressed in mammalian brain tissues, with
widely distributed in multiple cell types. Neuroinflam-
mation and glial responses are important regulatory
ways for SIRT6 to exert protective effects. During isch-
emic brain injury, SIRT6 inhibits microglia activation
and potentiates angiogenesis in mice after MCAO [9, 10].
Data primarily from the Alzheimer’s disease (AD) mouse
model imply that SIRT6 not only regulates the stabiliza-
tion and level of post-translational modifications to Tau
proteins but also attenuates neuroinflammation through
the NLRP3 pathway and ameliorates cognitive dysfunc-
tion [11, 12]. Moreover, deficiency of SIRT6 in astro-
cytes of the medial prefrontal cortex (mPFC) modulates
depression-like behavior during chronic unpredictable
mild stress (CUMS) [13]. However, the role and mecha-
nism of SIRT6 in the CNS demyelination diseases is still
poorly understood. Herein, we investigated the impor-
tant role of SIRT6 in the complex glial responses during
myelin regeneration.
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Chitinase-3-like protein 1 (CHI3L1) is a secreted gly-
coprotein and belongs to glycoside hydrolase 18 family.
In the CNS, CHI3L1, primarily synthesized and secreted
by reactive astrocytes, has been used as a biomarker for
a variety of brain pathological conditions, including neu-
roinflammation, AD, MS, amyotrophic lateral sclerosis
(ALS), gliomas, as well as acute diseases, such as trau-
matic brain injury (TBI) and ischemic stroke [14—19]. In
MS, CSF levels of CHI3L1 have a strong correlation with
the MS pathologic course, with a progression-dependent
manner, and CHI3L1 has been found to be a signaling
molecule that activates microglia [16]. As reported, Alex-
ander disease (AxD) is a type of leukodystrophy, caused
by mutations in astrocytic glial fibrillary acidic protein
(GFAP) gene, resulting in Rosenthal fibers accumulation
in astrocyte, and AxD mice model exhibits astrocyte dys-
function and OPCs/oligodendrocyte loss and myelina-
tion defect [20]. In particular, transcriptomic analyses of
post-mortem samples from AxD patients and iPSC astro-
cytes identified CHI3L1 as a key mediator of AxD astro-
cyte-induced inhibition of OPCs activity [21]. The above
studies indicate that astrocytic CHI3L1 is an important
pathway in neuronal-glial or astrocytic crosstalk with
other cells, and a potential therapeutic target for CNS
demyelinating diseases.

In the present study, we investigated the role and
potential mechanisms of SIRT6 in LPC induced demy-
elination. This study has provided some evidence for
the mechanisms of astrocytic SIRT6/CHI3L1 following
demyelination injury, highlighting its potential utility as
the key regulator of remyelination environment in the
CNS.

Materials and methods

Animals

Adult female C57BL/6] mice (8—-10 weeks old and
20-25 g) were purchased from Beijing Vital River Labo-
ratory Animal Technology (Beijing, China). Mice were
housed in SPF environment with a 12 h/12 h light/dark
cycle and controlled temperature (221 °C). Food and
water were supplied ad libitum. All animal care and
experiments were approved by the Institutional Ani-
mal Care and Use Committees of Shandong University
(Accreditation number: SYXK:20230003) and according
to National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Stereotaxic surgery and drug administration

Demyelination was induced by LPC injury as previ-
ously described with minor modifications [22]. In brief,
mice were anesthetized with isoflurane (induced at 3%,
and maintained at 1.5%) and then positioned in a ste-
reotaxic frame (68507, RWD, China) with a heating pad
to maintain body temperature at 37 °C during surgery.
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The mice were injected with 2 pL of 1% LPC (#9008-30-
4; Sigma-Aldrich) in sterile saline solution into bilateral
corpus callosum with a 5 pL. Hamilton syringe (Bregma:
AP+1.0 mm; ML+1.0 mm; DV —2.3 mm). The rate of
injection was 0.5 pL/min. Mice in Control group were
injected with 2 L saline at each point. After injection,
the needle was kept for 10 min and then slowly retracted.
On this basis, mice received subsequent injections of
drugs or AAV, and mice were subjected to behavioral
testing or sacrificed followed by designated experimental
schedules in different sections.

0OSS_128167, a selective SIRT6 inhibitor (#887686-
02-4; MedChemExpress, USA), at concentrations of
20 pg/3uL was bilaterally injected into the ventricle fol-
lowing LPC injection immediately (Bregma: AP +1.0 mm;
ML+0.5 mm; DV — 3.0 mm). Mice were divided into four
groups: (i) Control, (ii) OSS, (iii) LPC, and (iv) LPC+OSS.

MDL is a selective allosteric SIRT6 deacetylase acti-
vator (SML2529; Millipore-Sigma, USA) [23]. After the
brain stereotaxic surgery, MDL-800 was administered
by daily intraperitoneal injections at a dosage of 10 mg/
kg (body weight) for 14 days [24]. Mice were divided into
four groups: (i) LPC, (ii) LPC+OSS, (iii) LPC+MDL, and
(iv) LPC+0OSS+MDL.

Isolation and treatment of primary cells

Primary cultures of astrocytes and OPCs from the mouse
cortex were established and maintained as described
elsewhere [25, 26]. Briefly, the mix glial cells were dis-
sected from neonatal mice pups (1-day-old) with the
aseptic operation after meninges and vessels stripped,
and digested with 0.25% trypsin/EDTA (#CC012; Gibco,
USA) at 37 °C for 10 min. The cells were cultured in poly-
L-lysine-coated T75 flasks (Corning, USA) with Dul-
becco’s modified Eagle’s medium-high-glucose medium
(#6124153; DMEM-HG, Gibco, USA) containing 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicil-
lin-streptomycin mixture (#CC033; Gibco, USA). The
medium was changed every 3 days. After 8-10 days,
mix glial cells were shaken at 200 rpm and 37 °C for 2 h
to remove microglia. The remained mixed glia changed
fresh DMEM-HG medium. And then the mix glial cells
underwent another shake at 220 rpm for 18-20 h in a 5%
CO2 incubator at 37 °C, during which astrocytes were
attached to the bottom, while OPCs still suspended in
the medium. OPCs were collected and seeded onto poly-
L-lysine-coated coverslips with DMEM/F12 (#6123063;
Gibco, USA) supplemented with 1% N2, 2% B27, 0.1%
bovine serum albumin, 10 ng/mL PDGE, 10 ng/mL bFGF
and 1% penicillin/streptomycin for 2 days. And 50 ng/mL
T3 and 10 ng/mL CNTF were used to induce OPCs dif-
ferentiation. Astrocytes were cultured at desired densi-
ties in 6-well plates.
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Cultured astrocytes were treated with 300 uM
0SS128_167 [27], 10 uM MDL800 [28] or 0.1%. DMSO
for Vehicle group for 24 h, followed by application of
1 ug/mL lipopolysaccharide (LPS, Sigma-Aldrich, USA)
for a further 24 h. Cultured astrocytes were divided
into four groups: (i) Control, (ii) LPS, (iii) LPS+OSS,
and (iv) LPS+MDL. And astrocytic conditioned media
(AST-CM) were collected and centrifuged at 1000 g for
5 min to remove debris and dead cells, and then filtered
through the syringe filters (0.22 um pore size, Millipore,
USA). OPCs or differentiated OPCs were incubated with
the supernatant mixed with AST-CM at a ratio of 1:2 for
24 h before immunocytochemical staining.

Neurobehavioral assessment
For behavioral tests, the assessors were blinded to the
expreimental groups in all outcome measures.

Morris water maze

Morris water maze (MWM) test was performed to evalu-
ate spatial learning and memory ability. The water maze
was an opaque circular pool with a diameter of 120 cm
and a height of 40 cm, divided into four quadrants and
indicated by prominent extra maze cues. An invisible
platform (10 cm diameter) was placed 1 cm beneath the
surface of the water in target quadrants. MWM contained
place navigation training and subsequent spatial probe
test. During the acquisition phase, mice were allowed 60 s
to find the platform from four different quadrants. The
searching time was recorded as latency time. Mice were
guided to the platform and stayed for 30 s if failing to find
the platform within 60 s, and then the time was recorded
as 60 s. On the sixth day for the probe test, the platform
was removed. Mice were released from the opposite side
of the target quadrant and allowed to explore the maze
for 60 s, and the swimming path to reach the platform,
the time spent in the target quadrant, and the platform
crossing time were recorded using tracking software.

Novel object recognition test

Novel object recognition (NOR) test has been widely
used to detect memory function. The test included 3
phases: habituation, training and test. During the habitu-
ation phase, mice were allowed to adapt in the apparatus
(40 cm X 40 cm X 30 c¢cm) for 10 min. 24 h later, in the
training stage, two identical objects were placed in the
box, and mice were allowed to explore freely in 10 min.
And on the next day, before the test, one familiar object
was replaced by a new object with different color and
shape. During the test phase, the exploration time for
mice was 10 min, and the exploration time spent on new
(N) and familiar (F) objects was record by software. Rec-
ognition index=N / (N+F) x 100%.
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Open field test

To determine spontaneous locomotor activity, Open
Field Test (OFT) was carried out. The apparatus was a
40 cm % 40 cm square area with 30 cm-high sidewalls.
Mice were placed in the center of the apparatus and
allowed to freely explore for 10 min. The video-record-
ing of locomotor activity started immediately after the
mouse is placed in the box. Total distance traveled was
measured for analysis. Between each experiment, the
apparatus was cleaned with 75% ethanol to avoid any
interference with subsequent tests.

Rotarod test

To evaluate limb motor coordination and balance of
mice, the rotarod test was performed. Before testing,
mice underwent 3 days of adaptation training in the
rotarod apparatus. For the testing, mice were placed
on the accelerating automated rotating rod, which the
speed was gradually accelerated from 4 r/min to 40 r/min
within 60 s, then maintained the same speed for 300 s.
Each mouse was tested 3 times for repeated testing the
latency to fall and calculated the average as results.

Luxol fast Blue (LFB) staining

The sacrificed mice were deeply anesthetized and trans-
cardially perfused with 40 ml 0.9% physiological saline,
followed by 40 mL 4% paraformaldehyde (PFA). Mouse
brains were fixed with 4% PFA at 4 °C for 24 h, and then
dehydrated using 20% and 30% sucrose solution until
they completely sunk. Successively, brain samples were
cut into coronal Sect. (14 um thick) with a frozen slicer
(Thermo, USA) at -20 °C and stored in -80 °C.

LEB histological staining was conducted to evaluate
myelin content and integrity at the lesion sites. Briefly,
after washed in PBS, brain sections were immersed in
LFB solution (#1328-51-4; Solarbio, China) at 60 °C for
6—8 h, then cooled to room temperature and differenti-
ated in 0.05% Li2CO3 (Solarbio, China) and 70% alcohol.
The sections were washed in distilled water, and then
sequentially dehydrated with graded ethanol, followed
by mounted with neutral gum (#96949-21-2; Solarbio,
China) and captured by microscope (Olympus, Japan).
The area of demyelination in corpus callosum was calcu-
lated using Image J. For semi-quantitative analysis, 5 sec-
tions per mouse were screened from 3 mice per group.

Immunofluorescence

For immunofluorescence staining, the slices or the OPCs
were blocked with 10% (w/v) donkey serum (#SL050;
Solarbio, China) and 0.1% Triton X-100 (#9002-93-
1; Solarbio, China) in PBS at 37 °C for 2—-3 h. And then
incubated with primary antibodies at 4 °C overnight
(rabbit anti-SIRT6, ab191385, 1:200, Abcam; rabbit anti-
MBP, 78896 S, 1:200, CST; rabbit anti-PDGFRa, 3174 S,
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1:200, Abcam; rabbit anti-CC1, ab40778, 1:500, Abcam;
rabbit anti-Ibal, 019-10741, 1:400, Wako; mouse anti-
GFAP, 3670 S, 1:400, CST; rabbit anti-CHI3L1, 12036-1-
AP, 1:200, Proteintech; goat anti-OLIG2, AF2418, 1:50,
R&D). On the following day, after washing with PBS, sec-
tions and cell coverslips were incubated with secondary
antibodies at room temperature for 1 h, including Alexa
Fluor 594-conjugated antibody (A21207; 1:500, Invit-
rogen), Alexa Fluor 488-conjugated antibody (A32814;
1:500, Invitrogen), Alexa Fluor 594-conjugated antibody
(A21203; 1:500, Invitrogen), Alexa Fluor 488-conjugated
antibody (A21202; 1:500, Invitrogen). Nuclei were coun-
terstained with DAPI. Images were acquired using a fluo-
rescence microscope (Olympus, Japan) and measured
with Image ] software.

Electron microscopy

After the mice were sacrificed, the injection lesion of cor-
pus callosum tissues were cut into the 1 mm*1 mm*1 mm
cube and fixed in 2.5% glutaraldehyde at 4 °C overnight.
After washing with PBS, the tissues were post-fixed in
2% OsO4 at 4 °C, and then subjected to graded ethanol
dehydration series. Finally, the tissues were embedded
in epoxy resin. Tissue slicing (50 nm thick) was prepared
for Transmission electron microscopy (TEM) observa-
tion with an electron microscope (Talos F200C G2, FEI,
USA). The number of demyelinated axons and g-ratio
was analyzed using the Image J software.

Western blotting

After the mice were sacrificed, the injection lesion of cor-
pus callosum tissues were rapidly sliced and picked out
using coronal brain matrices at intervals of 1 mm, imme-
diately frozen in liquid nitrogen and stored at —80 °C
until use. Total protein from corpus callosum tissues was
extracted using RIPA Buffer (P0013B; Beyotime, China)
supplemented with protease inhibitor (Beyotime, China),
and the protein concentration of samples was determined
using the BCA assay kit (Yeasen, China). Tissue lysates
(15 pg) were loaded onto a 10% SDS-polyacrylamide gel.
After gel electrophoresis, proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes (0.22 pm,
Millipore, USA) using the electrophoretic transfer tank
(Bio-Rad, USA). The membranes were blocked with 5%
nonfat milk and incubated with various primary anti-
bodies at 4 °C overnight. Primary antibodies were used:
rabbit anti-MOG, 12690-1-AP, 1:500, Proteintech; rab-
bit anti-MBP, 78,896 S, 1:1000, CST; rabbit anti-MAG,
14386-1-AP, 1:500, Proteintech; rabbit anti-PDGFRa,
3174 S, 1:1000, Abcam; rabbit anti-CC1, ab40778, 1:500,
Abcam; rabbit anti-CNPase, 5664 S, 1:500, CST; mouse
anti-SOX10, 66786-1-Ig, 1:1000, Proteintech; mouse
anti-pB-actin, 66009-1-Ig, 1:500, Proteintech; rabbit anti-
acetyl-histone H3 (Lys9) (H3K9ac), 9649 S, 1:500, CST;
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rabbit anti-acetyl-histone H3 (Lys56) (H3K56ac), 4243 S,
1:500, CST; rabbit anti-H3, 4499 S, 1:1000, CST; rabbit
anti-SIRT6, ab191385, 1:500, Abcam; rabbit anti-CHI3L1,
ab319164, 1:500, Abcam. After washing with PBS con-
taining 1% Tween-20, the membranes were then incu-
bated within appropriate HRP-conjugated anti-mouse
or anti-rabbit IgG at room temperature for 1 h. Finally,
membranes were treated with enhanced ECL detection
system (Merck Millipore). Quantification was analyzed
using Image ] software (Image J 1.53e). Briefly, the den-
sity intensity of each band was measured; then, the rela-
tive levels of protein were normalized for each well of the
[-actin protein levels, and for acetylation it is normalized
of H3. The protein / B-actin (or H3) ratios of treated sam-
ples were normalized to the control protein / B-actin (or
H3) ratios. Each experiment was performed at least three
times (or at least three animals).

Real-time quantitative PCR (RT-PCR) analysis

Total RNA from corpus callosum tissues or cul-
tured astrocytes were extracted using Trizol reagent
(#10606ES60; Invitrogen), and quantified by Nano-
drop 2000. The cDNA was synthesized from 1 ug RNA
using cDNA Synthesis Kit (#11141ES60; Yeasen, China),
according to the manufacturer’s instructions. The
PCR assays were performed using the SYBR Green Kit
(#11201ES08; Yeasen, China) on CFX Connect Real-Time
system (Bio-Rad, USA) under the following conditions:
5 min at 95 °C, 40 cycles at 95 °C for 10 s and 60 °C for
30 s. B-actin was used as an internal control. The primer
sequences were as follows: -actin Forward: CGTTGAC
ATCCGTAAAGACCTC, Reverse: CCACCGATCCAC
ACAGAGTAC; SIRT6 Forward: TGACACCACCTTC
GAGAATGCT, Reverse: AGACAAATCGCTCCACCA
AC; OLIG2 Forward: GGGAGGTCATGCCTTACGC,
Reverse: CTCCAGCGAGTTGGTGAGC; PDGFRa For-
ward: TCCATGCTAGACTCAGAAGTCA, Reverse: TC
CCGGTGGACACAATTTTTC; CNPase Forward: TTT
ACCCGCAAAAGCCACACA, Reverse: CACCGTGTC
CTCATCTTGAAG; MBP Forward: GGCGGTGACAGA
CTCCAAG, Reverse: GAAGCTCGTCGGACTCTGAG;
CHI3L1 Forward: GTACAAGCTGGTCTGCTACTTC,
Reverse: ATGTGCTAAGCATGTTGTCGC; C3 Forward:
CCAGCTCCCCATTAGCTCTG, Reverse: GCACTTG
CCTCTTTAGGAAGTC; S100al0 Forward: TGGAAA
CCATGATGCTTACGTT, Reverse: GAAGCCCACTTT
GCCATCTC. The data of real-time PCR were analyzed
using the value 2724,

Chromatin immunoprecipitation (ChIP) assay

The ChIP assays were performed by SimpleChIP® Enzy-
matic Chromatin IP Kit (9003 and 9005, CST, USA)
according to the manufacturer’s protocol. In brief,
cultured astrocytes or corpus callosum tissues were
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collected and fixed with 1% formaldehyde at 37 °C for
10 min. After cells were washed and lysed by nuclease,
appropriate genomic DNA fragments were obtained by
sonicating cell lysates. To precipitate the chromatin, anti-
acetyl-histone H3 (Lys9) (H3K9ac) (9649 S, CST) were
incubated overnight at 4 °C, and normal rabbit IgG as
negative controls, followed by immunoprecipitation with
protein G magnetic beads. After washing, elution, and
reversing the cross-links, the DNA was extracted, puri-
fied from the binding complex and analyzed by real-time
PCR. The primer sequences were as follows: CHI3L1-
#1 promoter Forward: GACCCGTCAACCGTCTTC,
Reverse ATGGCAGGATGTTTCTCA; CHI3L1-#2 pro-
moter Forward: CAACGGACCGCCTAACAG, Reverse
GGTATCTGAGACCCTTGAC. The relative enrichment
of promoter DNA was normalized to the input.

In vitro cell transfection

The RNAi for CHI3L1 and negative control were
obtained from MiaoLingBio (Wuhan, China). Primary
astrocytes were cultured in complete medium in 6-well
plates for 48 h, and RNAi were transfected into astrocytes
using Lipofectamine 3000 (Invitrogen, USA) according
to the manufacturer’s protocol for 6-8 h. The mixture
was removed and then followed by LPS or LPS+OSS
treatment.

Adeno-associated virus-mediated overexpression
experiment

Adeno-associated virus (AAV) serotype 9 that delivers
Astrocytes-specific GFaABC1D promoter driving murine
SIRT6 expression or murine CHI3L1 expression and con-
trol viruses only containing GFP protein or RFP protein
were produced by Vigene Biosciences (Shandong, China).
Mice were randomly divided into four groups: Control,
LPC, LPC+AAV-SIRT60OE, LPC+AAV-SIRT60OE+AAV-
CHI3L1OE. Lesion areas SIRT6 or CHI3L1 overexpres-
sion was achieved by bilaterally stereotaxic injection of
AAV-SIRT60E (1.0x 10" vg/mouse) or AAV-CHI3L10E
(1.0x10' vg/mouse) using the following coordinates:
Bregma: AP+1.0 mm; ML+1.0 mm; DV —2.3 mm, 5 days
before LPC injection at same sites. After 14 days, mice
were subjected to behavioral tests or histopathological
tests.

RNA-sequencing and analysis

The total RNA of corpus callosum was extracted through
Trizol reagent by following the manufacturer’s protocol
in the Control, LPC, LPC+0OSS and LPC+MDL groups.
Equal amounts of RNA from three samples were mixed
together. RNA-sequencing was performed by BGI Com-
pany with the Illumina HiSeq™ 2000 platform (Wuhan,
China). The sequencing data were analyzed on the
GENEAN Cloud Platform (biosys.bgi.com). Differentially



Du et al. Journal of Neuroinflammation (2024) 21:243

expressed genes (DEGs) with statistical significance were
identified through Scatter Plot filtering. The threshold
required for the results to be considered significant was
as follows in each comparison group: q value<0.05 and
absolute value of |log2 (Fold Change)| = 1.0. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Heat-
map of the DEGs was implemented with the Bgi mul-
tiomics system.

Statistical analysis

All data were analyzed using GraphPad Prism 8.0
(GraphPad Software, USA). For most analyses, one-way
analysis of variance (ANOVA) was followed by Tukey’s
test for multiple comparisons. For some select analyses,
unpaired Student’s t test was used to compare between
two variables. A value of P<0.05 was considered to indi-
cate statistical significance.

Results

Expression pattern of SIRT6 in LPC-induced corpus
callosum demyelination

To determine whether SIRT6 is associated with LPC-
induced injury, we used local demyelination mice model
with LPC injection into the CC (Fig. 1A). As shown in
Fig. 1B-E, western blotting of myelin associated mark-
ers, MOG, MBP and MAG, revealed the de-/remyelin-
ation dynamics process in LPC model that we established
(Fig. 1C; F3, = 27.01, one-way ANOVA; Fig. 1D; F3 ), =
14.87, one-way ANOVA; Fig. 1E; F;, = 45.95, one-way
ANOVA). Consistent with previous reports, the demye-
lination occurs in early stage (3 ~7 days post injury (dpi))
with the lower expression level of myelin related proteins,
and remyelination starts from 10~ 14 dpi until 28 dpi.
And results of qPCR analysis showed that SIRT6 mRNA
levels in the local lesion area increased at 7 dpi, peaked
at 14 dpi and decreased to the baseline at 28 dpi (Fig. 1F;
F3 1, = 210.0, one-way ANOVA). Then we examined the
immunofluorescence intensity of SIRT6 in CC at 14 dpi.
Immunofluorescence assay found that mean intensity of
SIRT6 was significantly higher after LPC injury (Fig. 1G,
H; P<0.0001, two-tailed t-test). We further detected the
co-localization of SIRT6 expression with markers of dif-
ferent cell types using immunofluorescence. The results
showed that it is expressed in astrocytes, oligodendro-
cytes and microglia (Fig. 1I). These findings suggested
SIRT6 appeared to correlate with demyelinated com-
plex microenvironment and participated in myelination
dynamics process.

Inhibition of SIRT6 exacerbated motor and cognitive
dysfunction after LPC injury

To determine the role of SIRT6 in remyelination,
we performed pharmacological inhibition of SIRT6
by OSS_128167 treatment, a potent selective SIRT6
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inhibitor, to suppress the activity of SIRT6. Briefly,
mice in LPC+OSS group were subjected to LPC injec-
tion into CC, and then OSS_128167 was injected into
bilateral lateral ventricles, according to the designated
experimental schedules (Fig. 2A). Firstly, the range of
applicable concentration of OSS_128167 (3 pg/3uL,
20 pg/3uL, 60 pg/3puL) was examined by qPCR at 14 dpi
in demyelinated CC. Among them, 20 pg/3uL was able
to significantly reduce the proliferation and differentia-
tion of oligodendrocyte precursor cells (OPCs), with the
expression of markers, PDGFRa and CNPase, decreased
respectively. And the expression of oligodendrocyte lin-
eage marker, Olig2, was mildly inhibited (Fig. 2B; F35 =
206.5, one-way ANOVA). Meanwhile, no significant
change in SIRT6 mRNA levels was found when control
mice treated with 20 pg/3uL OSS_128167 (Fig. S1A; F34
= 2.14, P=0.1732, one-way ANOVA). Western blotting
of protein samples collected 14 days after LPC injury,
showed that the acetylation levels of specific histone
deacetylation sites (H3K9 and H3K56) for SIRT6 were
increased with OSS treatment (Fig. S1B-D, Fig. S1C;
F3,12=69.90, one-way ANOVA; Fig. S1D; F3,12=91.40,
one-way ANOVA), and the expression levels of SIRT6
protein were suppressed (Fig. S2A-B; F3,8=323.1, one-
way ANOVA). Hence, 20 pg/3uL of OSS_128167 was
chosen for subsequent experiments. As reported, CC is
closely associated with motor and cognitive functions,
and damage to white matter myelin in this region leads
to corresponding neurological impairment [29-31]. We
subsequently investigated whether inhibition of SIRT6
interferes with motor and cognitive functions in LPC
mice. The Morris water maze (MWM) and the Novel
Object Recognition (NOR) test were conducted to eval-
uate the OSS_128167 effects on learning and memory
after LPC injury. In the MWM test, mice treated with
LPC spent significantly more time and longer path
length on finding the platform during the acquisition/
learning period, and the OSS_128167 aggravated abnor-
mal performance (Fig. 2C, two-way ANOVA). In the
probe test, the LPC+OSS group performed significantly
worse for the target quadrant, compared to the LPC
group (P=0.0060) and Control group (P<0.0001), and
the frequency of crossing over the platform was signifi-
cantly lower in LPC+OSS group than that of LPC group
(P=0.0135) and Control group (P<0.0001) (Fig. 2D; F3,,
= 43.46, one-way ANOVA,; Fig. 2E; F3 5, = 103.4, one-way
ANOVA). Then, the LPC+OSS mice showed discrimina-
tion in NOR test, with the lower novel object preference
index, compared to the LPC group (P=0.0204) and Con-
trol group (P<0.0001) (Fig. 2G; F;,, = 54.16, one-way
ANOVA). Besides, the motor behavior was evaluated
by Open Field test (OFT) and Rotarod, which evalu-
ated balance, grip strength, and motor coordination. As
shown in Fig. 2H, reduced distance traveled was detected
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in LPC+OSS group (Fig. 2H; F3,, = 23.04, one-way
ANOVA). And OSS_128167 treatment impaired motor
function after LPC injury, as suggested by the lower
latency to fall from the rotating rod when compared to
LPC (P=0.0097) and Control mice (P<0.0001) (Fig. 2I;
F3,0=107.7, one-way ANOVA). As expected, OSS group
had no significant effect on the performance of mice in
above behavior tests. These results indicated that inhi-
bition of SIRT6 developed more severe cognitive and
motor dysfunction after LPC injury.

Remyelination impairments were significantly induced by
SIRT6 inhibitor in the demyelinated lesions

To investigate whether inhibition of SIRT6 caused
increased myelin damage, we analyzed the morphologi-
cal structure of white matter myelin. It has been previ-
ously reported that OSS_128167 can reduce SIRT6
expression at a later stage [32]. Therefore, we immedi-
ately injected SIRT6 inhibitor bilaterally into the ven-
tricle following LPC injection. Luxol Fast Blue (LFB)
staining and immunofluorescence were performed to
assess severity of myelin injury. LFB results showed
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myelination was greatly reduced in LPC+OSS group
relative to that in LPC sections and fluorescent images
also demonstrated a decrease of MBP (red) expression in
the CC at 7, 14, 28 dpi (Fig. 3A, B; P<0.0001, two-tailed
t-test). Similar trends were observed in western blotting
analysis of myelin associated markers, MOG, MAG and
MBP, which showed that levels of all 3 myelin proteins

were significantly reduced (Fig. 3C-F; Fig. 3D; F,y =
91.01, one-way ANOVA; Fig. 3E; F,4 = 22.01, one-way
ANOVA ; Fig. 3F; F, 4 = 193.0, one-way ANOVA). TEM
in the CC showed the percentage of demyelinated axons
in LPC+OSS mice was increased compared to LPC
(P<0.0001) and Control mice (P<0.0001) (Fig. 3G; F,,
=168.2, one-way ANOVA). Correspondingly, LPC+OSS
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treated mice contained a smaller proportion of remy-
elinated axons and myelinated axons scattered through-
out the lesion (Fig. 3H; F,;, = 341.1, one-way ANOVA;
Fig. 3L, F,;, = 133.6, one-way ANOVA). Moreover,
TEM showed significantly thinner myelin thickness in
LPC+O0SS mice, with upregulation of G-ratio (the ratio
of the inner axonal diameter to the total outer diameter)
(P<0.0001 compared with Control group, P=0.0001
compared with LPC group) (Fig. 3J-K; F, ;, = 69.43, one-
way ANOVA). These findings demonstrated that the
exacerbation of behavioral abnormalities conferred by

SIRT6 inhibition might be due to excessively damaged
remyelination.

SIRT6 inhibitor undermined OPCs regeneration after LPC-
induced demyelination

After LPC demyelination, responding to the lesion areas
molecular signals, OPCs are recruited to the injured area,
initiate the regeneration program, and gradually prolifer-
ate and differentiate into mature oligodendrocytes with
the function of forming myelin sheaths in preparation for
remyelination [33]. We next sought to identify the role
of SIRT6 on the sequential OPCs regeneration stages,
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proliferation and differentiation, after LPC injury. The
area where the LPC is injected will show symptoms of
demyelination, as shown in Fig. 4A. We therefore quan-
tified the PDGFRa+OPCs in the demyelinated lesions.
We found a significant increased ratio of PDGFRa+ cells
(OPCs marker) of total OLIG2+cells at 7 dpi after LPC
injury (P<0.0001), indicating OPCs proliferation pro-
cess was initiated. Whereas the ratio declined when mice
subjected OSS_128167 injection in LPC+OSS group,
but still above the baseline (P<0.0001 compared with
LPC group, P<0.0001 compared with Control group),
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suggesting the proliferation was impaired (Fig. 4B, C;
F, 1, = 163.8, one-way ANOVA). The results of radio of
CC1+OLIG2+cells (OPCs differentiation marker) of
total OLIG2+cells in demyelinated lesions suggested
that inhibition of SIRT6 exacerbated OPCs differentia-
tion deficiency, compared with LPC group (P<0.0001)
(Fig. 4B, D; F,,, = 60.34, one-way ANOVA). While,
immunofluorescence staining of OLIG2+demonstrated
that treantment with OSS alone has no effect on the
number of oligodendrocytes (Fig. S3A-B; P=0.1311,
two-tailed t-test). In addition, as shown in Fig. 4E and F,
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the expression levels of markers associated with OPCs
regeneration, PDGFRa, CC1, CNPase and SOX10 (OPCs
differentiation marker), displayed the similar trends at
protein levels (Fig. 4F; F,;, = 86.71, one-way ANOVA).
These data indicated that SIRT6 inhibition in LPC demy-
elination affected the key stages of OPCs regeneration
underlying the remyelination.

SIRT6 activator MDL800 promoted remyelination and
functional recovery via acetylation modification

MDLB8O0O is a selective allosteric SIRT6 deacetylase acti-
vator. The experimental design was as shown in Fig. 5A.
Added MDLB800 activator studies to the experiment, that
MDL800 was administered continuously by intraperi-
toneal injection (10 mg/kg) for 14 days after LPC injury
and behavioral assays and molecular biochemical assays
were performed at 14 dpi. Besides major acetylase prop-
erties, SIRT6 has been reported to efficiently catalyze
the fatty-acid deacylation and ADP-ribosyltransferase
activities on substrates [34, 35]. It has not been con-
firmed whether there is a potential role of OSS_128167
on these two enzyme functions. In order to explore the
key role of SIRT6 deacetylation in LPC demyelination,
we set up LPC+OSS+MDL group to observe the res-
cue effect on OSS_128167 inhibition by deacetylase
activator MDL800, since the specificity of MDL is well
established. Treatment with MDL800 in LPC mice led
to a significant increase on expression of remyelination-
related markers, MBP, PDGFRa, OLIG2 and CNPase, at
mRNA levels (Fig. 5B; F3 ¢ =19.42, one-way ANOVA; Fig.
S4; F34 = 67.75, one-way ANOVA). Notably, MDL800
treatment markedly declined the acetylation levels of
H3K9 (P=0.0072 compared with LPC group) and H3K56
(P=0.0151 compared with LPC group), which are the
well-known SIRT6 substrates (Fig. 5C-E; Fig. 5D; F34 =
88.89, one-way ANOVA; Fig. 5E; F34 = 54.40, one-way
ANOVA). And in LPC+OSS+MDL group, we found
that the acetylation levels upregulated by OSS_128167
were reduced by MDL800 (P<0.0001 compared with
LPC+OSS group, both of H3K9 and H3K56). Given the
enhanced remyelination seen in LPC+MDL group, we
focused our analysis on neurobehavioral testing. We
first employed the MWM task to assess spatial learning
and memory, among the four groups, LPC+MDL group
showed a tendency toward shorter escape latency dur-
ing the acquisition/learning period (Fig. 5F, two-way
ANOVA). In the probe test, compared with LPC group,
LPC+MDL group also performed improved platform
crossover (P=0.0009) and significant preferences for the
target quadrant with more time occupation (P=0.0003)
(Fig. 5G; F3,, = 18.69, one-way ANOVA; Fig. 5H;
F3,9 = 32.77, one-way ANOVA). As shown on Fig. 5],
LPC+MDLB00 group spent significantly more time on
exploring the new object than the familiar one compared
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to LPC group (P=0.0038), illustrating an improvement
in learning performance (Fig. 5J; F;,, = 15.88, one-way
ANOVA). And the rescue effect of MDL800 was clearly
shown between the LPC+OSS and LPC+OSS+MDL
groups. Thereafter, spontaneous locomotor activity was
evaluated by OFT, LPC+MDL group traveled the lon-
gest distance (Fig. 5K; F3,, = 15.80, one-way ANOVA).
The similar results were obtained in Rotarod test, with
the longer latency to fall from the rotating rod when
LPC+MDL group compared to LPC group (P=0.0163)
(Fig. 5L; F3 55 = 17.77, one-way ANOVA). Taken together,
MDL800 demonstrated excellent therapeutic effect
after LPC injury and rescue effects against inhibitor
0OSS_128167, both molecularly and behaviorally, empha-
sizing the critical role of SIRT6 acetylation in regulating
remyelination.

Inhibition of SIRT6 exacerbated astrocyte activation after
LPC injury

To unravel the underlying molecular mechanism of
SIRT6 on remyelination following LPC injury, we per-
formed RNA sequencing (RNA-seq) on the mice in four
groups, the Control, LPC, LPC+0OSS and LPC+MDL
groups. And, genes with 2-fold or more significant
changes and Q value<0.05 were defined as differentially
expressed genes (DEGs). A total of 3252 DEGs were
identified, and 1658 and 1594 genes were identified in
the following comparison groups: LPC+OSS vs. LPC
and LPC+MDL vs. LPC+OSS, respectively (Fig. 6A, B).
Notably, 1454 genes overlapped between these two sets
of DEGs, indicating a cluster of key genes regulated by
SIRT6 on LPC demyelination (Fig. 6C). The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis of the
overlapped 656 DEGs revealed that SIRT6 preferentially
affected genes involved in Complement and coagulation
cascades, Chemokine signaling pathway, NF-kappa B
signaling pathway, Neuroactive ligand-receptor interac-
tion and Cytokine-cytokine receptor interaction, all of
which contribute to glial reaction in LPC-demyelinated
microenvironment (Fig. 6D). Among the DEGs in above
pathway, as shown in heatmap, C3, Tgfbl, Gfap, CclS,
Tnf, Chi3l1, Nfkb2 were up-regulated by SIRT6 inhibi-
tor and significantly reversed by MDL800 (Fig. 6E). We
also confirmed the reliability of the sequencing results
by qPCR (Fig. S5A ; F;5 = 146.8, one-way ANOVA; Fig.
S5B ; F3g = 1549, one-way ANOVA; Fig. S5C; F35 =
400.7, one-way ANOVA; Fig. S5D; F3 ¢ = 127.0, one-way
ANOVA; Fig. S5E ; F;4 = 208.6, one-way ANOVA). We
thus further assessed the astrogliosis and microgliosis
by immunostaining the brain slices with GFAP and Ibal
in the Control, LPC, LPC+0OSS and LPC+MDL groups.
The immunofluorescence intensity of GFAP significantly
increased in LPC+OSS group, compared with LPC
group (P<0.0001). In contrast, the immunofluorescence
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Fig. 5 MDL800 improved remyelination and motor and cognitive impairment A Schematics of treatment strategies. Based on above experiment, the
MDL treatment group was added. MDL800 was administered continuously by intraperitoneal injection (10 mg/kg) for 14 days after LPC injection, and be-
havioral tests were conducted between 14~ 28 dpi. B Quantification of mRNA expressions of remyelination-related markers MBP and PDGFRa (one-way
ANOVA with Tukey’s multiple-comparison test, n=3 per group). C-E Western blotting analysis of SIRT6 substrates H3K9ac and H3K56ac in demyelinated
lesions in CC of four groups (C), corresponding statistical analysis for H3K9ac (D) and H3K56ac (E) were shown (one-way ANOVA with Tukey’s multiple-
comparison test, n=3 per group). F- The MWM test was conducted and representative swim trajectories of each group (I). The escape latency at training
days 1-5 (F) (two-way ANOVA). In the probe test, the number of platform crossings (G) and the time spent in target quadrant (H) were compared among
groups (one-way ANOVA with Tukey’s multiple-comparison test, n=6 per group). J NOR test measuring the time percentage exploring familiar or new
objects (one-way ANOVA with Tukey’s multiple-comparison test, n=6 per group). K Open field test measuring the distance traveled, and the rotarod chal-
lenge of motor ability in four groups (L) (one-way ANOVA with Tukey’s multiple-comparison test, n=6 per group). Data: P<0.05 is statistically significant.
All values are denoted as the mean+SD

intensity was significantly downregulated after MDL and G; F3;4 = 120.9, one-way ANOVA). Although the
treatment (P=0.0199, compared with LPC group) and fluorescence intensity trend for Ibal was similar, astro-
even lower than LPC group, close to the baseline value cytes underwent more dramatic activation compared
(P=0.0185, compared with Control group) (Fig. 6F to microglia in LPC-demyelinated lesions at 14 dpi, in
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Fig. 6 RNA-sequencing analysis revealed that SIRT6 played critical roles in astrocytes activation in LPC-induced demyelination A Volcanic map showed
the changes in gene expression in the LPC mice vs. LPC+OSS mice. The threshold was set to |log2 (fold change)| >1 and Q value <0.05. B Volcanic map
showed the changes in gene expression in the LPC+MDL mice vs. LPC+OSS mice. Green represents downregulation, and red represents upregulation.
C Venn diagram of DEGs between LPC vs. LPC+ 0SS and LPC+MDL vs. LPC+OSS. D Bubble plots of the KEGG enrichment analysis of overlapped DEGs,
and bubble sizes represented the numbers of enriched genes. E Heatmap analysis of DEGs associated with the five key pathways among groups, with
red represented high expression and green represented low expression for gene expression level. F-H Representative immunofluorescence images of
astrogliosis and microgliosis (F), and quantitative analysis of GFAP positive cells (G) and Ibal positive cells (H) (one-way ANOVA with Tukey’s multiple-
comparison test, n=>5 per group). Scale bar =25 um. I Representative immunofluorescence images of co-localization of CHI3L1 with GFAP. Scale bar
=25 um. J Quantitative analysis of SIRT6 relative fluorescence intensity (one-way ANOVA with Tukey’s multiple-comparison test, n=5 per group). K
CHI3LT mRNA level was measured at 14 dpi in demyelinated lesions by gPCR (one-way ANOVA with Tukey’s multiple-comparison test, n=3 per group).
L-M Representative images for western blotting of CHI3L1 and B-actin in Control and LPC-demyelination group treated by PBS, OSS_128167 or MDL800
(L), statistical analysis of CHI3L1 expressions was shown in M (one-way ANOVA with Tukey’s multiple-comparison test, n=3 per group). Data: P<0.05 is
statistically significant; one-way ANOVA. All values are denoted as the mean+SD
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terms of multiplicity of change (Fig. 6F and H; F;,¢ =
62.06, one-way ANOVA). Consequently, we focused our
attention on astrocytes and found a specific gene Chi3l1,
encoding an astrocytic secreted glycoprotein, among
the key DEGs. In CNS diseases, CHI3L1 was closely
associated with reactive astrocytes. Interestingly, immu-
nofluorescence staining also demonstrated substantial
co-localization of CHI3L1 with GFAP, with an increase
of CHI3L1 expression in mice subjected by OSS_128167
(P<0.0001 compared with LPC group), which was
reversed by MDL800 administration (P<0.0001 com-
pared with LPC+OSS group), consistent with the trend
in astrocyte activation (Fig. 6I-J; F; 4, = 152.4, one-way
ANOVA). The similar results were obtained at mRNA
level by qPCR analysis and at protein level by western
blot (Fig. 6K; F3¢ = 67.75, one-way ANOVA; Fig. 6L-M;
F;53 = 176.0, one-way ANOVA). These results indicated
that CHI3L1 is involved in SIRT6 regulated astrogliosis
during LPC demyelination.

CHI3L1 was critical for SIRT6 to regulate astrocytes
phenotypes and function in vitro

It is well established that astrocytes are involved in regu-
lating oligodendrocyte survival and CNS myelination [36,
37]. To determine whether astrocytic SIRT6 had a pro-
tective effect on remyelination microenvironment, we
first isolated primary astrocytes and OPCs from C57/BL6
mice. LPS treatment was used to induce reactive astro-
cytes, then we collected the astrocytic conditioned media
(AST-CM) in control, LPS, LPS+OSS and LPS+MDL
group, as supplements to oligodendrocyte cultures
(Fig. 7A). In the immunocytochemistry staining analy-
sis, the number of PDGFRa+OPCs was significantly
decreased in LPS+OSS-CM group when compared with
LPS-CM treatment, and the analysis of oligodendrocytes
maturation indicated that the differentiation of OPCs into
mature MBP+oligodendrocytes was inhibited, whereas
MDL800 treatment partially rescued OPCs regenera-
tion (Fig. 7B—E; Fig. 7B; F; 4 = 29.55, one-way ANOVA;
Fig. 7C; F3 14 = 34.05, one-way ANOVA; Fig. 7D; F3 14 =
69.21, one-way ANOVA). Based on immunocytochem-
istry staining, the Sholl analysis revealed that oligoden-
drocytes in LPS+OSS-CM group exhibited decreased
intersection numbers with the concentric circles, indicat-
ing the differentiation complexity impairment. In con-
trast, MDL800 altered this decrease (Fig. 7F, G, two-way
ANOVA). As reported, astrocytes have been roughly
categorized into Al (neurotoxic; pro-inflammatory) and
A2 (neuroprotective; anti-inflammatory) phenotypes,
closely related to cell functions [38]. We then examined
the effects of SIRT6 on astrocytes phenotypes in above
four groups. As shown in Fig. 7H and I, C3 (A1 astrocytes
marker) displayed markedly increased on mRNA level in
qPCR analysis in the comparison of LPS+OSS and LPS
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(P=0.0001), and with MDL80O treatment, the expression
restored to the baseline (P<0.0001)(Fig. 7H; F3 5 = 185.7,
one-way ANOVA). However, no significant difference
was detected in S100a10 (A2 astrocytes marker) (Fig. 7I;
F3g = 2.604, one-way ANOVA). The above results indi-
cated that SIRT6 specifically upregulated the Al neuro-
toxicity astrocytes phenotype, not the A2 phenotype.
Further, we verified the regulation of SIRT6 on CHI3L1
in vitro. Firstly, qPCR results showed that SIRT6 nega-
tively regulated CHI3L1 expression in LPS-induced reac-
tive astrocytes. Inhibition of SIRT6 markedly increased
CHI3L1 mRNA levels, whereas activation of SIRT6 res-
cued this change (Fig. 7J; F; 3 = 116.6, one-way ANOVA).
Besides, astrocytes were transfected with CHI3L1 siRNA
and CHI3L1 deficiency attenuated the upregulation in
C3 expression caused by SIRT6 inhibitor (Fig. S6A; F;4
= 93.27, one-way ANOVA; Fig. S6B; F;4 = 67.21, one-
way ANOVA; Fig. S6C; F3¢ = 3.25, one-way ANOVA).
We then performed chromatin immunoprecipitation
(ChIP) assays for acetyl H3K9, the specific deacetylation
downstream site of SIRT6, in astrocytes treated with
LPS or LPS+0OSS. As shown in Fig. 7K, ChIP assay con-
firmed that H3K9 acetylation occupancy on the CHI3L1
promoter was enhanced with OSS_128167 inhibition
of SIRT6 (P<0.0001, compared with LPS). Hence, we
hypothesized that SIRT6 regulates CHI3L1 expression
by modulating the extent of H3K9ac enrichment. To sum
up, these data illustrated that SIRT6 specifically regulated
A1 astrocyte activation and CHI3L1 was a critical down-
stream gene mediated by SIRT6 deacetylation.

Astrocytic SIRT6/CHI3L1 regulated remyelination and
functional recovery in LPC mice

Having observed that inhibition of SIRT6 exacer-
bated astrocyte activation and impaired remyelination
in LPC mice, we next asked whether overexpression
SIRT6 in astrocytes would have therapeutic effects. We
then validated the effects of astrocytic SIRT6/CHI3L1
on remyelination in vivo. 5 days before LPC treat-
ment, mice were stereotaxically injected with the AAV9
into the corpus callosum, inducing astrocyte-specific
GFaABC1D promoter-driven SIRT6 overexpression
or CHI3L1 overexpression (Fig. 8A and Fig. S7A). Sub-
sequently, behavioral assays were conducted at 14 dpi
after LPC injury. In the MWM test, LPC-induced cog-
nitive dysfunction was significantly dampened in the
mice injected with the AAV-SIRT6-OE, with shorter
escape latency in learning stage, improved platform
crossover and more time occupation in target quadrant
in the probe test (Fig. 8B-D; Fig. 8C; F;,, = 15.69, one-
way ANOVA; Fig. 8D; F;,, = 14.12, one-way ANOVA).
And motor function was analyzed by Rotarod test, and
AAV-SIRT60E treatment also showed good therapeutic
effects, compared with LPC mice (Fig. 8E; F;,, = 84.45,
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cant. All values are denoted as the mean+SD

one-way ANOVA). Notably, the therapeutic effects on
functional recovery of astrocytic SIRT6 were reversed
by AAV-CHI3L1OE injection, which confirmed that
CHI3L1 is indeed an important downstream target for
astrocytic SIRT6. Then, we assessed the demyelinated
lesions in LPC, LPC+AAV-SIRT60E and LPC+AAV-
SIRT60OE+AAV-CHI3L1OE groups. LFB staining results

demonstrated AAV-SIRT60E reduced the area of demye-
lination, compared with LPC group (£<0.0001), whereas
AAV-CHI3L1OE injection undermines therapeutic effect
(P<0.0001, compared with LPC+AAV-SIRT60E group)
(Fig. 8G-H; Fig. 8H; F,;, = 101.7, one-way ANOVA).
TEM cross sections confirmed this conclusion (Fig. S8).
AAV-SIRT60E reduced demyelination injury induced
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by LPC, while AAV-CHI3L1OE injection reversed the
improvement effect of SIRT6. At last, we performed
ChIP assays on corpus callosum tissue for acetyl H3K9
in LPC mice injected with AAV-SIRT60E or AAV-sham.
The levels of H3K9 acetylation in the CHI3L1 promoter

were significantly reduced upon SIRT6 overexpression
(Fig. 8L Chi3ll-#1, P=0.0072, two-tailed t-test; Chi3l1-
#2, P=0.0012, two-tailed t-test). Altogether, these find-
ings identified that astrocytic SIRT6 was sufficient to
modulate remyelination and AAV-SIRT60E served as a



Du et al. Journal of Neuroinflammation (2024) 21:243

candidate therapy to restore remyelination microenvi-
ronment, by alleviating CHI3L1 expression anomalies in
reactive astrocytes.

Discussion

Demyelinating diseases of the CNS broadly consist of
impaired myelin formation and myelin destruction,
whereas abnormalities in the lesion microenvironment
are important in preventing remyelination, such as MS,
which is characterized by neuroinflammation, demyelin-
ation and progressive neurological deterioration [39, 40].
In this study, we explored the role of SIRT6 in the demy-
elinating disease by constructing the LPC model simu-
lating the focal lesions in MS, and found that SIRT6 was
crucial for the progression of remyelination by mediating
glial activation in lesion microenvironment. And for the
first time, we confirmed the positive role of astrocytic
SIRT6/CHI3L1 in remyelination and neurological func-
tion recovery.

MS is the most prevalent demyelinating neurodegen-
erative disease affecting young adults, characterized by
neuroinflammation in the central nervous system (CNS)
[41]. MS exhibits significant sex differences in many ways,
for example in astrocyte activation [42, 43]. It has been
reported complement component 3 (C3) has a greater
increase in optic nerve astrocytes in female EAE model
versus healthy females, as compared to that in male
EAE versus healthy males. And high expression of C3 is
related to worse retinal ganglion cell (RGC) and axonal
loss in EAE females [44]. In CNS, besides MS, sex dif-
ferences in astrocyte also exist in chronic stress-induced
morphological changes across multiple brain regions and
hippocampal memory [45, 46]. Notably, sex-associated
CHI3L1 has been reported in Alzheimer’s disease and
is associated with memory performance and brain Af
deposition [47, 48]. In our study, sex-dependent astrocyte
reactivity might be an important sight to explore SIRT6/
CHIBL1 in demyelinated diseases. We chose female mice
to follow the tendency in MS, which is more prevalent in
females, but as mentioned above, the pathogenesis of MS
in females and males may be different, which is a study
limitation.

SIRT6 has been confirmed to play important roles
in multiple diseases, including AD, Parkinson’s disease
(PD), ischemic stroke and Spinal Cord Injury. Although
the critical roles of SIRT6 in CNS diseases have been
progressively identified, the role of SIRT6 in demyelinat-
ing diseases remains unclear. In our study, we reported
the regulation of SIRT6 in remyelination in LPC mice
for the first time. LPC mice is a well-established experi-
mental model that allows the study of the de- and remy-
elination on the same model in a relatively short period
of time. Our work suggested that the SIRT6 inhibi-
tor, OSS_128167, markedly inhibited remyelination
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and caused damage to neurological functions, whereas
when treatment with MDL800, the inhibitory pheno-
type of OSS_128167 was rescued. Notably, the excel-
lent therapeutic effects were exhibited when MDL800
administered alone against LPC injury, from which,
we hypothesized that SIRT6 might be a key target as
remyelination regulator and potential therapeutic in
demyelinating diseases. Similarly, we demonstrated the
therapeutic effect of SIRT6 on LPC demyelination via
AAV transfection in the final animal experiment part. In
clinical therapy, the application of AAV is limited due to
certain risks, while recent studies have shown that natu-
ral compounds can be used as modulators of SIRT6 for
diseases treatment [49, 50]. Among them, Isoquercetin
and Delphinidin act as sirt6 activators, which produce
antioxidant activity through scavenging of ROS to against
aging and inflammation [51, 52]. Thus, it is suggested that
related natural compounds as SIRT6 modulators might
provide a promising strategy for treatment of demyelinat-
ing diseases.

Glial cells in the lesion microenvironment are involved
in the maintenance and repair of myelin; alterations in
astrocytes and microglia facilitate demyelination and dis-
rupt the processes of remyelination [33, 53]. Our RNA-
seq analysis showed that among the up-regulated DEGs,
besides inflammatory signaling pathway and chemokines,
a significant up-regulation of complement signaling was
detected, such as C3 and Clq. C3 is secreted by astro-
cytes as a signal to activate microglial cells, while acti-
vated microglia can also induce A1l astrocytes phenotype
through the secretion of Clg, indicating that after SIRT6
inhibition, the glial complexities are aggravated in the
demyelinated environment [54, 55]. Consequently, there
is an urgent need to identify key cell types and targets
to elucidate this complex environment. Based on RNA-
seq analysis, we validated the role of SIRT6 on glial cell.
By comparing the activation of astrocytes and microg-
lia, we found a significant activation of astrocytes at 14
dpi, the peak of SIRT6 expression during demyelination,
suggesting that astrocytes might be the crucial cell type
regulated by SIRT6. Together with other cellular ele-
ments of the CNS, reactive astrocytes play the important
roles in the modulation of neuroinflammation. And pre-
vious studies have reported that astrocytes presented a
mixed inflammatory and neuroprotective signature dur-
ing remyelination, as Al and A2 phenotypes, promoting
further damage or contributing to repair [36]. Our in vivo
and in vitro data further showed that SIRT6 had a pre-
disposition in regulating reactive astrocytes phenotypes
in LPC mice, which indicated SIRT6 was an important
regulator of dichotomous processes on astrocytes func-
tion, with more tendency on Al. We also found that
SIRT® is also expressed in the microglia, while microglial
activation is closely related to inflammatory damage. For
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instance, the pharmacological activation of Sirt6 amelio-
rates neuroinflammation and attenuates brain injury in
mice with ischemic stroke [56]. It also opens up several
important issues that are worth studying in the future.
Our work showed the importance of microenviron-
ment-oligodendrocyte interactions in remyelination,
and we have tried to find a key molecule to regulate the
relationship between the two. CHI3L1, an astrocytic
specific secreted glycoprotein in the CNS, was shown to
be significantly higher in mRNA expression after SIRT6
inhibition based on RNA-seq analysis. We were curious
whether there is a SIRT6-CHI3L1 stream in regulating
astrocytic function and participating in remyelination
after LPC injury. CHI3L1 is primarily associated with
reactive astrocytes in a variety of diseases, such as AD,
MS, TBI and gliomas [15, 16, 18]. In our study, in the
LPC model after SIRT6 treatment, the changes in demy-
elination injury, CHI3L1 and the activation of Al astro-
cytes were consistent in fluorescent staining and qPCR
assay, suggested CHI3L1 might be the key molecular. In
previous studies, CHI3L1 has been known as a reliable
biomarker, with mostly positively correlation with the
degree of disease progression [14, 16]. While, Chi3l1-
knockout mice showed higher infarct volumes and lower
neurological deficit scores 24 h after ischemia/reperfu-
sion, with significantly increased expression of inflam-
mation-related proteins, compared with wild-type mice
[19]. This suggested that CHI3L1 needed to maintain
a range of expression in neurological diseases, not sim-
ply “use it or lose it” And our study revealed that astro-
cytic SIRT6 might be the key to achieve this regulation.
Based on the results of the negative correlation between
SIRT6 and CHI3L1, we verified the direct regulation of
CHI3BL1 by SIRT6 mediated histone H3K9ac deacety-
lation using ChIP assays in vivo and in vitro. Notably, in
LPC mice, astrocyte specific AAV-CHI3L1OE was able
to partially counteract the therapeutic effects of astro-
cyte specific AAV-SIRT60E in remyelination and neuro-
logical function improvement, reconfirming CHI3L1 as a
downstream of SIRT6 in myelin repair. The above results
provided direct evidence for the critical regulatory role
of astrocytic SIRT6/CHI3L1 in remyelination. A newly
published article reporting the role of astrocyte-derived
CHI3L1 signaling in the demyelinated hippocampus sup-
ported our findings, although this article focused on the
effects of injury environment on neurogenesis [57]. In
addition to CHI3L1, the research on SIRT6 and Notch
signaling is also a novel field in oligodendrocytes. It has
been reported that Notch proteins are transmembrane
proteins activated by ligands such as Jagged1, which par-
ticipate in cell proliferation, differentiation, and apoptosis
processes in a cell context—dependent manner. In CNS,
Notch signaling promotes the differentiation of most glial
cell subtypes, but inhibits oligodendrocyte maturation.
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And for current reports on SIRT6, in prostate cancer
studies, increased mRNA levels of receptors and ligands
in the Notch pathway were shown in cells stably overex-
pressing SIRT6 [58]. In ischemic stroke, SIRT6 inhibited
Notch signaling via suppressing Notchl and ameliorated
MCAO/R-induced brain damage [59]. The role of SIRT6
and Notch in regulating oligodendrocyte fate deserves
further investigation in the subsequent experiments.

However, there were some limitations in this part,
that we did not provide evidence of potential recep-
tors for CHI3L1 on OPCs. Whereas, based on previous
studies, IL-13 receptor a2 (IL-13Ra2), transmembrane
protein 219 (TMEM219), and chemoattractant recep-
tor homologous with T helper 2 cell (CRTH2) have been
reported as CHI3L1 receptors to mediate its effect [60].
Li et al. found astrocytic CHI3L1 regulated OPCs prolif-
eration via OPCs surface receptor CRTH2 in AxD [21].
While more experiments are needed to confirm whether
CRTH2 is a downstream target of CHI3L1 on OPCs in
LPC model, for above study also provides us with a direc-
tion. Furthermore, the validation of SIRT6 direct effects
on oligodendrocytes has been lacking, although RNA-seq
suggested a role for SIRT6 in regulating the glial envi-
ronment. Zou et al. found that, during peripheral nerve
regeneration, SIRT6 regulated Schwann cells dediffer-
entiation via c-Jun pathway and also promoted macro-
phages polarized into M2 type, in which Schwann cells
were key for remyelination of peripheral nerves, with a
function similar to that of oligodendrocytes in CNS [61,
62]. However, as the reporter suggested, in their follow-
up studies, SIRT6 conditional knockout mice in Schwann
cells or macrophages were critical to reveal the roles of
SIRT6 in peripheral nerve regeneration and underlying
mechanisms [61]. For us, explaining the cell-type-specific
regulation of SIRT6 in this complex lesion environment,
conditional knockout mice are also necessary. In subse-
quent experiments, we will attempt to use conditional
knockout mice for more refined studies.

We used reactive astrocytes conditioned media to vali-
date the effect of SIRT6 in vitro, and found that condi-
tioned media from reactive astrocytes treated with SIRT6
inhibitor exacerbated the dysregulation of OPCs regener-
ation, whereas MDL800 treatment demonstrated thera-
peutic effects. It should be noted here that, unlike animal
experiments, LPS treatment deprived the astrocyte sup-
portive effects on OPCs, with reduced OPCs number. In
LPC mice, as reported in several studies, we found that
OPCs were activated by acute injury-induced changes
in lesion environment, producing the rapid proliferative
response to demyelinating injury [63, 64]. Obviously, the
difference in proliferation of OPCs in vivo and in vitro
was not caused by LPS or LPC, because reactive prolif-
eration of OPCs was also observed in LPS-induced neo-
natal white matter injury [64—66]. This might be related
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to the dose and duration of LPS, as well as single cell type
culture environment, resulting in different degrees of
activation of astrocytes. These differences required more
experiments to resolve.

Conclusions

In conclusion, our study is the first to report the criti-
cal role of SIRT6 in LPC-induced demyelination and the
specific mechanism in regulating CHI3L1 expression in
astrocyte via SIRT6-dependent histone deacetylation.
Our findings clarify the mechanism of SIRT6 mediated
remyelination microenvironment and provide a promis-
ing strategy for the treatment of MS.
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