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KEYWORDS Abstract  Ischemic stroke is the second leading cause of death worldwide with limited medications and
neuroinflammation was recognized as a critical player in the progression of stroke, but how to control the
overactive neuroinflammation is still a long-standing challenge. Here, we designed a novel SIRT6 acti-
vator MDL-811 which remarkably inhibited inflammatory response in lipopolysaccharide (LPS)-stimu-
lated RAW264.7 macrophages and primary mouse microglia, which were abolished by silencing

SIRT6 activator;
Neuroinflammation;
Ischemic stroke;

Deacetylation;

Microglia; SIRT6. RNA-seq screening identified the forkhead box C1 (Foxcl) is a key gene evoked by MDL-811
Macrophage; stimulation and is required for the anti-inflammatory effects of MDL-811. We found MDL-811-
FOXC1; activated SIRT6 directly interacted with enhancer of zeste homolog 2 (EZH2) and promoted deacetyla-
EZH2 tion of EZH2 which could bind to the promoter of Foxcl and upregulate its expression to modulate

inflammation. Moreover, our data demonstrated that MDL-811 not only ameliorated sickness behaviors
in neuroinflammatory mice induced by LPS, but also markedly reduced the brain injury in ischemic
stroke mice in addition to promoting long-term functional recovery. Importantly, MDL-811 also exhibited
strong anti-inflammatory effects in human monocytes isolated from ischemic stroke patients, underlying
an interesting translational perspective. Taken together, MDL-811 could be an alternative therapeutic
candidate for ischemic stroke and other brain disorders associated with neuroinflammation.
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1. Introduction

Stroke is an acute cerebrovascular disease caused by cerebral
thrombosis or embolism', including hemorrhagic stroke and
ischemic stroke, the latter accounting for 60%—80%. Ischemic
stroke is one of the most serious diseases all over the world that
seriously endangers human health and life safety. It has the
characteristics of high morbidity, high disability, high recurrence
rate and high mortality’. The pathological process of ischemic
brain injury is extremely rapid once it occurs. Currently, resolution
of blood flow timely is the only therapeutic strategy and recom-
binant tissue plasminogen activator (r-tPA) is the only U.S. Food
and Drug Administration (FDA)-licenced drug for the treatment of
ischemic stroke’. However, ischemia/reperfusion (I/R) injury may
aggravate the brain tissue damage and r-tPA has a number of
limitations such as short time window and side effects. It is
essential for us to get to know the pathophysiology and novel
therapeutic targets of stroke in order to broaden our interventional
options in this setting.

Several lines of evidence have suggested that microglia criti-
cally promote neuroinflammation after ischemia® ®. Microglia are
brain-resident macrophages which are originated from the em-
bryonic yolk sac and then migrate to the central nervous system,
becoming resident immune cells’. Under normal conditions,
resting microglia are regulated by various signaling pathways and
play an essential role in maintaining microenvironment homeo-
stasis in brain. With the development of ischemic stroke, the ho-
meostasis is broken, which causes continuous and excessive
activation of microglia to release a large number of pro-
inflammatory factors (tumor necrosis factor-a [TNF-«], inter-
leukin [IL-10], inducible nitric oxide synthase [iINOS], etc.), nitric
oxide and reactive oxygen species (ROS) within a few minutes
after ischemia®, leading to destruction of the blood—brain barrier,
brain edema and massive neuronal death’. On the other hand,
activated microglia could also secrete anti-inflammatory media-
tors such as IL-10, arginasel and TGF-@, growth and trophic
factors such as insulin like growth factor 1 (IGF-1), nerve growth
factor (NGF), and brain derived neurotrophic factor (BDNF), in
addition to removing necrotic cells and phagocytose debris'".
Compelling evidence has implicated regulation of microglial im-
mune function, a vital contributor to the inflammation in the
pathogenesis of ischemic stroke, is expected to further improve the
prognosis of ischemic brain injury.

Chromatin regulation strongly impacts on modulation of in-
flammatory gene expression under various physio-pathological
conditions. Sirtuins are a family of class III histone deacetylases
(HDACS) and play an essential role in regulating the lifespan of
mammalians''. N-terminal histone tails are susceptible to
various reversible post-translational modifications, including
acetylation, methylation, phosphorylation, ubiquitination and
sumoylationlz. The 7 members of sirtuins (SIRT1—SIRT7)
exhibit various nicotinamide adenosine dinucleotide (NAD™)
dependent deacetylation activities by distinct substrates. Since

acetylation is one of the well-studied post-translational modifi-
cations of proteins, sirtuins play a determining role in many
biological processes such as DNA repair, cell metabolism, and
apoptosis'*~'°. Among sirtuins, SIRT6 is tightly associated with
chromatin and catalyzes the deacetylase of histone H3 lysine 9
(H3K9) and H3 lysine 56 (H3K56)'®. Moreover, SIRT6 could
also deacetylate forkhead box protein O1 (FOXO1)', nuclear
factor (erythroid-derived 2)-like 2 (NRF2)'®, and other non-
histone proteins. SIRT6 not only regulates mammalians’ aging
but also participates in the inflammation'®*’, such as the
secretion of TNF-«. SIRT6 is highly expressed in the brain and
decreased SIRT6 expression was associated with enhanced
production of inflammatory factors, such as high mobility group
Bl (HMGBI) on ischemic stroke’'. In addition, SIRT6 defi-
ciency could also delay wound healing in mice by modulating
inflammation and macrophage phenotypes®. Prognosis of
ischemic brain injury alters gene expressions through
neuroinflammation-induced chromatin changes®. In particular,
there is at best a limit understanding of SIRT6 in regulating
neuroinflammation after ischemic stroke. Given that microglia
and infiltrating macrophages are the main players in the neu-
roinflammation after ischemia and SIRT6 is highly expressed in
both immune cells, we speculate that activating SIRT6 with our
newly designed small-molecule activators might play an anti-
neuroinflammatory role in ischemic stroke and produce benefi-
cial outcomes after ischemic stroke.

Forkhead family is composed of a diverse group of transcrip-
tion factors and has been increasingly regarded as a key partici-
pator in immune homeostasis®*. Among them, forkhead box C1
(FOXC1) has a transcriptional inhibitory domain which is closely
related to various pathophysiological processes, such as oxidative
stress™, apoptosis®® and inflammation”’. Foxcl gene is correlated
to polycomb group proteins, especially enhancer of zeste homolog
2 (EZH2), whose acetylation results in target genes suppression”®.
As one of the components of the polycomb repressor complex 2
(PRC2), it has been demonstrated that EZH2 is a critical epige-
netic modifier that induces the trimethylation of H3K27 and is
modulated by deacetylation of SIRT1?°. However, whether EZH2
could be deacetylated by SIRT6 to regulate FOXC1 to show an
anti-inflammation role remains unknown and requires further
investigations.

In the present study, we investigated, for the first time, whether
our newly designed novel SIRT6 activators MDL-800 and MDL-811
have anti-neuroinflammatory function. Our results suggested that
better than MDL-800, MDL-811 targeting SIRT6 remarkably
ameliorated neuroinflammation and brain ischemic injury, and
significantly promoted neurologic functional recovery by modu-
lating microglia/macrophage activation. Furthermore, these benefi-
cial effects were mediated by deacetylation of EZH2 and further
activation of its target gene Foxcl. Importantly, SIRT6 activator
MDL-811 suppressed inflammatory responses in human monocytes
isolated from ischemic stroke patients, highlighting its potential
translational value.
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2. Materials and methods

2.1.  Cell culture and drug treatment

RAW264.7 cells (American Type Culture Collection, ATCC, TIB-
71), murine macrophage cells were cultured in DMEM (HyClone,
Logan, UT, USA) containing 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA) at 37 °C in an atmosphere of 5% CO, and
95% air (Thermo Fisher Scientific, Waltham, MA, USA). The
cells were seeded onto 96-well plates, 24-well plates, or 6-well
plates after the density of cells reached 80% for further
experiments.

Mouse primary cortical microglia were obtained from 24 to
48 hour-old C57BL/6 mice pups as we previously reported™.
Briefly, 24—28 hour-old mice pups’ forebrains were dissected out
on ice. After meninges and choroid plexus membranes were
removed, forebrains were minced followed by digestion and cells
were dissociated by various times of pipetting. Cells were seeded
in 75 cm? flasks and were cultured in DMEM/F12 medium
(HyClone) containing 10% fetal bovine serum at 37 °C in an at-
mosphere of 5% CO, and 95% air. Change culture medium on
Days 3 and 6, and floating microglia can be collected from culture
medium by shanking flasks on Day 9. Microglia were seeded onto
96-well plates or 24-well plates coated with poly-L-lysine (Sig-
ma—Aldrich, Saint Louis, MO, USA) for further experiments.

Microglia or macrophages were incubated with various con-
centrations of MDL-800 or MDL-811 dissolved in DMSO (Sig-
ma—Aldrich) for 2 h followed by treatment of 100 ng/mL of
lipopolysaccharide (LPS, Sigma—Aldrich, dissolved in normal
saline) for another 2 h, or followed by exposure to 3 h of the
oxygen and glucose deprivation (OGD) to determine the gene and
protein expressions of proinflammatory factors, or for another 12 h
to determine the gene and protein expressions of anti-
inflammatory factors.

2.2.  Human samples collection

All the human subjects recruited to this study were approved by
local ethics committee of the Affiliated Drum Tower Hospital of
Nanjing University Medical School, Nanjing, China. Informed
consent was obtained from all subjects. Blood was drawn at Day 6
after disease onset from 7 firstly diagnosed ischemic stroke pa-
tients without any immune interventions. Seven age- and gender-
matched healthy subjects were recruited as controls. All the sub-
jects neither received any immune-suppressive treatments in the
recent one month, nor had any immunological or inflammatory
disorders. Human peripheral blood monocytes were isolated by
the adherence separation method. Peripheral blood mononuclear
cells (PBMC) were isolated using a PBMC separation kit (Famacs,
Nanjing, China) according to manufacturer’s instructions. PBMCs
were seeded onto 24-well plates and cultured in 1640 medium
(HyClone) containing 10% fetal bovine serum at 37 °C in an at-
mosphere of 5% CO, and 95% air. Culture medium were replaced
by fresh 1640 complete medium after 2 h to continue culturing
adherent cells, most of which (>90%) were monocytes as detected
by flow cytometry and subjected for further experiments. Mono-
cytes were incubated with 1 pmol/L of MDL-811 dissolved in
DMSO for 2 h followed by treatment of 50 ng/mL LPS (dissolved
in normal saline) for another 2 h to determine the gene and protein
expressions of inflammatory mediators.

2.3.  SIRT6 protein purification and Fluor de Lys assay (FDL)

Wild-type SIRT6 protein was purified as previously described
methods®'. The full-length human SIRT6 was inserted into the
pET28a-LIC vector, and the plasmids were transformed into
Escherichia coli BL21 (DE3) cells. Protein was purified with a
nickel column and gel filtration. Subsequently, the purified SIRT6
protein was dialyzed into the assay buffer (50 mmol/L Tris-HCl
[pH 8.0], 137 mmol/L NaCl, 2.7 mmol/L KCI, and 1 mmol/L
MgCl,) and utilized in FDL assays. Wild-type SIRT6 protein
(5 wmol/L) was incubated in a 50 pL of reaction mixture
(DMSO/MDL-800/MDL-811, 2.5 mmol/L NAD™", 75 pmol/L
RHKK-Ac-AMC, and assay buffer) at 37 °C for 2 h. Nicotinamide
(40 mmol/L) was used as stop solution and the reaction system
was continuously incubated with 6 mg/mL of trypsin at 25 °C for
30 min. Fluorescence intensity was assessed with a microplate
reader (BD, Franklin Lakes, NJ, USA) at excitation and emission
wavelengths of 360 and 460 nm respectively. ECsy values were
calculated by fitting the data points with the dose—response var-
iable slope (four parameters) function in GraphPad Prism 5.

2.4.  Molecular docking

Molecular docking calculations were performed using the crystal
structure of SIRT6 (Protein Data Bank [PDB] code 5Y2F)’! in
complex with MDL-811 and protein preparation was performed
using the Protein Preparation Wizard in MAESTRO v11.2.013
(Schrodinger, Inc.). In addition, the compound was processed by
the LigPrep module for 3D structure generation, protonation, and
energy minimization. Subsequently, MDL-811 was docked into
the allosteric site on SIRT6 to pick out the best binding mode
defined by a 15 x 15 x 15 grid box implemented by GLIDE
version 4.5.

2.5.  Lipopolysaccharide (LPS)-induced inflammatory response
model in RAW264.7 cells, primary mouse microglia and primary
human monocytes

Cells were treated with MDL-811 dissolved in DMSO (Sigma-
—Aldrich) for 2 h followed by treatment with LPS (Sigma-
—Aldrich, 100 ng/mL) for another 2 or 12 h. The cell culture
media were collected after centrifugation and total proteins and
RNA were isolated as we reported previously’” for further
experiments.

2.6.  Oxygen-glucose deprivation

Primary mouse microglia were seeded onto 24-well plates pre-
coated with poly-L-lysine at the density of 5 x 10%well. After
24 h fusion, cells were treated with MDL-811 dissolved in DMSO
(Sigma—Aldrich) for 2 h and then culture media were replaced
into glucose-free DMEM (HyClone), and the plates were placed
into a tri-gas incubator with 94% N, 5% CO, and 1% O, mixture
to expel oxygen for 3 h. Cells treated with glucose-free DMEM
plus b-glucose (3151 mg/L) and incubated in the normal condition
were used as control. The cell culture media were collected after
centrifugation and total proteins and RNA were isolated as we
reported previously”> for further experiments.



A novel SIRT6 activator ameliorates neuroinflammation and ischemic brain injury 711

2.7.  Enzyme-linked immunosorbent assay (ELISA)

Mouse TNF-a ELISA kit (EK0527, BOSTER Biological Tech-
nology, Pleasanton, CA, USA) was used to detect the concentra-
tion of TNF-« in the cell culture media or mice according to the
manufacturer’s instructions.

2.8.  Western blot analysis

Protein isolation from whole cerebral cortex or cells was per-
formed as descried previously>. The concentration of protein was
assessed by BCA assay kit (Thermo Fisher). Western blots were
performed using the standard SDS-polyacrylamide gel electro-
phoresis method and electrotransferred onto PVDF membranes
(Millipore, Billerica, MA, USA). After blocking with 3% (w/v)
BSA (SunShine, Nanjing, China) in PBS for 2 h, the membranes
were incubated with primary antibodies at 4 °C overnight, and
then incubated with the corresponding secondary antibodies (CST,
Boston, MA, USA; 1:10,000) for 1 h at room temperature. At last,
the immunoblot was visualized and quantified by a gel densito-
metric scanning and analysis system (Bio-Rad, Berkeley, CA,
USA).

Primary antibodies were used as follows: anti-SIRT6 (#12486;
CST; 1:1000), anti-H3K9Ac (#9469; CST;, 1:1000), anti-
H3K56Ac (#4232; CST; 1:1000), anti-EZH2 (#5246; CST;
1:1000), anti-FOXC1 (ab227977; abcam, Cambridge, UK;
1:1000), anti-Pan Ac-K (A2391; abclonal, Wuhan, Hubei, China;
1:1000), anti-H3K14Ac (A7254; abclonal; 1:1000), anti-
H3K27me3 (A2363; abclonal; 1:1000), anti-Histone H3
(BS90642; Bioworld Technology, Louis Park, MN, USA; 1:1000),
anti-B-Actin (23660-1-AP; Proteintech, Wuhan, Hubei, China;
1:10,000).

2.9.  Real-time quantitative polymerase chain reaction

One microgram of RNA was reverse transcribed with the HiScript
Q RT SuperMix for qPCR (Vazyme, Nanjing, Jiangsu, China).
cDNA was analyzed by qPCR using the SYBR qPCR Master Mix
(High ROX Premixed, Vazyme), a CFX384 real-time System
C1000 Thermal Cycler (Bio-Rad) and the Bio-Rad CFX Manager
3.1 software. The reaction conditions were as follows: 95 °C for
10 min followed by 40 cycles of 95 °C for 10 s and 60 °C for
1 min. The relative amount of the different mRNAs was quantified
with the AACt method with 18S rRNA as normalization. The
information of the primers is described in Supporting Information
Table S1.

2.10.  Cell transfection

To facilitate the knockdown of SIRT6 or FOXC1 expression, we
transfected a Sirt6 or Foxcl gene siRNA (20 nmol/L) as well as
the corresponding negative controls into RAW264.7 cells or
mouse primary cortical microglia for 36 h using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The information of the sequences of Sirt6
and Foxcl gene siRNAs is described in Supporting Information
Table S2.

2.11. mRNA sequencing

RAW264.7 cells were treated with MDL-811 (5 pumol/L) or
DMSO for 3 h, then the cells were treated with LPS (100 ng/mL)

for another 2 h. After the treatment, all the samples were
sequenced by the Solexa high-throughput sequencing service
(Oebiotech, Shanghai, China). Total RNAs were obtained using an
RNeasy Mini kit (Qiagen, Valencia, CA, USA) and the concen-
tration and quality were detected with Nanodrop 2000 (Thermo
Fisher Scientific) and Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, CA, USA). A total of 50 ng RNA was sequenced by
HiSeqTM 2500 (Illumina, San Diego, CA, USA). P < 0.05 and
fold change >2 or <0.5 was considered as significant difference.
All differentially expressed gene lists (P < 0.05) generated by
DESeq56 were subsequently analyzed for enrichment of biolog-
ical terms with the Database for Annotation, Visualization and
Integrated Discovery (DAVID) bioinformatics platform. Gene
expression patterns were analyzed by hierarchical cluster analysis
and volcano plots. KEGG pathway enrichment analysis of
differentially expressed transcripts was performed using R based
on the hypergeometric distribution. RNA sequencing raw data has
been uploaded to SRA database whose accession numbers are as
follows: Sample_CN_1 SRR11069607, Sample_CN_2
SRR11069606, Sample_CN_3 SRR11069605, Sample_ZJ_011_1
SRR11069604,  Sample_ZJ 011_2  SRR11069603, Sam-
ple_ZJ_011_3 SRR11069602.

2.12.  Immunoprecipitation and immunoblotting

RAW?264.7 cells were lysed using IP Lysis Bufter (Solarbio, Beijing,
China) containing protease inhibitor cocktail (Selleckchem, Hous-
ton, TX, USA). Lysates were precleared using protein A+G agarose
(Beyotime, Shanghai, China). Samples were immunoprecipitated
using anti-EZH2 antibody (CST; 1:100) overnight at 4 °C, and im-
munoprecipitates were collected on beads for 4 h. Beads were
washed in IP lysis buffer containing protease inhibitor cocktail for 3
times. 4 x Laemmli sample buffer (Bio-Rad) was then added to the
beads, and samples were boiled, separated by SDS-PAGE, and
immunoblotted as described previously™*.

2.13. Chromatin immunoprecipitation (ChIP) assay

RAW264.7 cells were crosslinked with 1% (v/v) formaldehyde
and were subjected to ChIP assays using Chromatin IP Assay Kit
(Millipore). Briefly, cells were lysed and then sonicated to obtain
DNA fragments (200—1000 bp in size) using an ultrasonic cell
disruptor (Branson, Danbury, CT, USA). The soluble chromatin
was then immunoprecipitated with anti-FOXC1 antibody (ab5079;
Abcam; 1:50) overnight at 4 °C with rotation and then supple-
mented with protein A agarose/salmon sperm DNA for 1 h at 4 °C.
Reversing the cross-links was carried out for 4 h at 65 °C. DNA
was purified with a DNA extraction kit (Qiagen). Finally, the
purified DNA was analyzed by qPCR. Primers for qPCR are listed
in Table S1. P1—P3 denote the three promoter regions of Foxcl
gene analyzed in ChIP assays, and P4 is at the distal region®®.

2.14. Animals

Male ICR mice aged 8—10 weeks, weighing 22—26 g, were
purchased from Zhejiang Laboratory Animals Center (Hangzhou,
Zhejiang, China) and kept under standard housing conditions at a
temperature between 24 and 26 °C, with a 12 h light—dark cycle
and a relative humidity between 40% and 60%. All procedures
were performed following institutional approval in accordance
with the NIH Guide for the Care and Use of Laboratory Animals
published by the US National Academy of Sciences (http://oacu.
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od.nih.gov/regs/index.htm). All animal tests and experimental
procedures were approved by the Administration Committee of
Experimental Animals in Jiangsu Province and the Ethics Com-
mittee of China Pharmaceutical University, Nanjing, China.

2.15.  Lipopolysaccharide (LPS)-induced neuroinflammation
model in mice

A diagram of the experimental design is shown in the Supporting
Information Fig. STA. Twenty four mice were randomly assigned
to experimental groups (Control, LPS+vehicle, LPS+MDL-811
[1 mg/kg], LPS+MDL-811 [10 mg/kg], 6 mice in each
group) and were intravenously administered with MDL-811
(1 or 10 mg/kg) or the vehicle (1% DMSO in normal saline) for
3 consecutive days daily. The dosage of MDL-811 was 1 or
10 mg/kg and the injection volume was 4 mL/kg. In the vehicle
control group, an equal volume of the vehicle was administered by
the same regimen. On the Day 4, mice were intraperitoneally
administered with LPS (Sigma—Aldrich, 0.33 mg/kg) or the
vehicle (normal saline) for 3 h. Total proteins and RNA isolation
from whole cerebral cortex and serum of mice were collected after
the mice were sacrificed under deep anesthesia for further
experiments.

2.16.  Locomotor activity determination

Open field test was utilized to determine locomotor activity after
mice were subjected to LPS for 3 h. Mice were gently placed into
the center of the open field box (ZS Dichuang, Beijing, China) and
the total distance travelled and time spent in the inner and outer
zones were measured for 5 min. These were recorded by an
overhead camera and analyzed with TopScan software (Any-
maze™, Stoelting Co.). Total distance, line crossings, time/dis-
tance in the central zone were recorded and analyzed.

2.17.  Focal cerebral ischemia/reperfusion and drug treatment

A diagram of the experimental design is shown in Fig. SIB and
S1C. Transient middle cerebral artery occlusion (tMCAQO) was
performed to get a focal cerebral ischemia/reperfusion model in
mice. Seventy-three mice were randomly assigned into experi-
mental groups (acute tMCAO experiment: 8 in sham group, 12 in
tMCAO-+vehicle group, 10 in tMCAO+MDL-811 [1 mg/kg]
group, and 10 in tMCAO+MDL-811 [10 mg/kg] group; chronic
tMCAO experiment: 8 in sham group, 14 in tMCAO+vehicle
group, 13 in tMCAO+MDL-811 group). Mice were anesthetized
with 3% isoflurane and maintained at 1%—2% isoflurane during
the surgery. Body temperature was maintained at 37 &= 0.5 °C with
a surface heating pad during the surgery. Focal cerebral ischemia/
reperfusion was induced by transient middle cerebral artery
(MCA) occlusion for 45 min by inserting a silicone-coated nylon
suture (Jialing Biotechnology, Guangzhou, China) into the right
MCA via right external carotid artery (ECA) and internal carotid
artery (ICA). The Laser Speckle Imaging (Gene & I, Beijing,
China) was used to monitor the blood flow and when it decreased
to more than 70% of the base line immediately, it was considered
as a successful model (Supporting Information Fig. S6A). For the
sham group, surgeries were conducted without nylon suture
insertion into the right external carotid artery. During the acute
tMCAO experiment (Fig. 6), a total of 40 mice were used and 8
mice were excluded because of unsuccessful model (n = 2) or
sacrifice (n = 6). During the chronic tMCAO experiment (Fig. 7),

a total of 33 mice were used and 5 mice were excluded because of
unsuccessful model (n = 2) or sacrifice in the operation (n = 3).
Survival rate and survival time during the experiment were
recorded and analyzed (Fig. S6D).

MDL-811 (dissolved in 1% of DMSO in normal saline) was
administered intravenously to mice 1, 24 and 48 h after the sur-
gery respectively. The dosage of MDL-811 was 1 or 10 mg/kg and
the injection volume was 4 mL/kg. In the vehicle control group, an
equal volume of the vehicle was administered by the same
regimen. Total proteins and RNA isolation from peri-infarct ce-
rebral cortex of mice were collected after the mice were sacrificed
under deep anesthesia for further experiments.

2.18.  Measurement of infarction size and neurological
performance

Infarction size was detected by 2,3,5-triphenyltetrazolium chloride
(TTC) staining. At 72 h after ischemia, the mice were deeply
anesthetized with isoflurane and euthanized. The brains were
coronally sectioned into 5 slices with 2 mm thickness, and then
placed into 2% (w/v) TTC (Sigma—Aldrich) solution at 37 °C for
10 min. The infarction size of the slices was measured by NIH
Image J software. To avoid the influence of cerebral edema, the
infarction in each section was normalized to the non-ischemic
contralateral side and expressed as a percentage of the contralat-
eral hemisphere with Eq. (1):

Infarct size (%) = (Contralateral area — Ipsilateral non-infarct
area)/Contralateral area x 100 €8

Modified Longa’s method®”, modified neurological severity
scores (mNSS) method® and corner test'® were used to evaluate
the neurological performance as we have reported previously. The
mice’s neurological performance scores and the times of turning
to right were recorded.

2.19.  Invivo brain magnetic resonance imaging (MRI) scanning

In vivo brain MRI was performed using a 7.0 tesla small animal
magnetic resonance scanner (PharmaScan 7T, Bruker, Carlsruhe,
Germany). On the Day 14 after tMCAO, the infarct volume was
calculated by T2-weighted images using a 2D fast-spin echo
sequence (2500/33 ms of repetition time/echo time, 1 average).
Mice were anesthetized with 3% isoflurane in an anesthesia in-
duction box. After righting reflex was disappeared, mice were
transferred onto the detector with 1.5% isoflurane delivered
through a nose cone. Sixteen 1-mm-thick coronal slices, each with
a 256 x 256 matrix and a 20 x 20 mm FOV, were positioned over
the brain, excluding the olfactory bulb. To avoid the influence of
cerebral edema, the infarction in each slice was normalized to the
non-ischemic contralateral side and expressed as a percentage of
the contralateral hemisphere with Eq. (1).

2.20. Immunofluorescence staining

At the end of the LPS-induced neuroinflammation study or 72 h
after tMCAO, mice were euthanized with deep anesthesia (5%
isoflurane) and then intracardially perfused with normal saline,
followed by buffered paratormaldehyde (4%). The brains were
collected and post-fixed in 4% paraformaldehyde for 24 h. Then
the brains were transferred into 15% sucrose for 24 h and 30%
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Figure 1  Discovery of MDL-811 as a superior SIRT6 activator with strong anti-inflammatory action. (A) Chemical structures of MDL-800 and
MDL-811. (B) Dose—response of MDL-800 and MDL-811 on SIRT6 activation at the molecular level determined using FDL assays (n = 3) and
MDL-811 shows more potent activity. Data are presented as means £ SEM, representing three independent experiments. (C) View of the
allosteric pocket of SIRT6 occupied by MDL-811. SIRT6 is displayed as a grey cartoon, and MDL-811 is displayed as yellow sticks. The residues
within the binding site of MDL-811 are shown in the green sticks. Hydrogen bonds are indicated by dotted lines. (D) Dose-dependent manners of
MDL-800 and MDL-811 in inhibiting LPS-induced TNF-« release in RAW264.7 cells and primary mouse microglia. Cells were incubated with
various concentrations of MDL-800 or MDL-811 for 2 h followed by treatment of 100 ng/mL LPS for another 2 h, and TNF-« in the culture
medium was detected using ELISA (n 3). The experiments were repeated three times on different days. Results are expressed as
means + SEM; *#*P < 0.001 versus control group; *P < 0.05, #¥P < 0.01, *P < 0.001 versus LPS group; ***P < 0.001, MDL-811 group versus
MDL-800 group. (E) MDL-811 significantly reduced the TNF-o mRNA expression in LPS-stimulated primary normal human monocytes. Cells
were incubated with 1 pmol/L of MDL-811 for 2 h followed by stimulation with 50 ng/mL LPS for another 2 h (n = 3). The experiments were
repeated three times on different days. Results are expressed as means = SEM; ***P < 0.001 versus control group; #P < 0.05 versus LPS group.
(F) Dose-dependent manners of MDL-800 and MDL-811 in inhibiting the oxygen and glucose deprivation (OGD)-induced TNF-« release in
primary mouse microglia. Cells were incubated with various concentrations of MDL-800 or MDL-811 for 2 h followed by exposure to 3 h of
OGD, and TNF-« in the culture medium was detected using ELISA (n = 3). The experiments were repeated three times on different days. Results
are expressed as means + SEM; ***P < 0.001 versus control group; p < 0.05, #p < 0.001 versus the OGD group; $Sp <« 0.01, $$Sp < 0.001,
MDL-811 group versus the MDL-800 group. (G) MDL-811 significantly reduced the mRNA expression of proinflammatory genes (Tnf-«, 11-10,
and Nos2) in primary mouse microglia under OGD condition. Cells were incubated with 1 pmol/L of MDL-800 or MDL-811 for 2 h followed by
exposure to 3 h of OGD to test the mRNA expression level of proinflammatory factors (n = 3). The experiments were repeated three times on
different days. Results are expressed as means = SEM; ***P < 0.001 versus control group; "P < 0.01, #*P < 0.001 versus OGD group;
$$p < 0.01, MDL-811 group versus MDL-800 group.

sucrose for another 24 h. The brain blocks (+1.18 to —0.10 mm
from bregma) were sliced into 16 pm-thick coronal sections with a
microtome (CM3050S, Leica, Wetzlar, Germany). The sections
were washed with 0.3% TritonX-100 in PBS and blocked with 1%

BSA in 0.3% TritonX-100/PBS for 2 h at room temperature. Next,
the sections were incubated with rabbit anti-IBA1 antibody (019-
19741; Wako, Osaka, Japan; 1:500) and rat anti-CD16 antibody
(553142; BD biosciences; 1:100) in 1% BSA in 0.3% TritonX-
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100/PBS at 4 °C overnight. Sections were then incubated with
fluorescent conjugated secondary antibodies. Images were
captured using a fluorescence microscope (FV3000, Olympus,
Tokyo, Japan). The numbers of stained target cells were quantified
using Image J software. Three random microscopic fields on the
cortex of each section were analyzed. Immunostaining target cell
counts were expressed as the average numbers of cells per square
millimeter.

2.21.  Statistical analysis

The data in this study are represented as mean =+ standard error of
mean (SEM) and calculated using GraphPad Prism 5. Statistical
analysis among the frequencies (modified Longa test, mNSS test
and corner test) were carried out using non-parametric
Mann—Whitney test, and two groups comparisons were carried
out using the unpaired 2-tailed Student’s ¢ test and multiple groups
comparisons were carried out using the One-way ANOVA fol-
lowed by Bonferroni’s test or using the Two-way ANOVA fol-
lowed by Bonferroni’s test. P < 0.05 was considered statistically
significant.

3. Results

3.1.  Discovery of MDL-811 as a superior SIRT6 activator with
strong anti-inflammation in microglia/macrophages

SIRT6 plays an essential role in the pathogenesis of systemic
inflammation”® but whether SIRT6 regulates neuroinflammation
remains unknown. SIRT6 activator could be used as a pharma-
cological tool to investigate its role in neuroinflammation. We
discovered MDL-800 compound as a first-in-class small-molecule
SIRT6 activator and MDL-811 is an improved SIRT6 activator
with a half-maximal effective concentration (ECsp) value of
7.09 £ 0.88 pmol/L (Fig. 1A and B). According to our docking
model, MDL-811 could form a hydrogen bond with Phe86 and
take part in hydrophobic interactions with Phe86 and Vall53,
turning into binding sites of SIRT6 (Fig. 1C).

LPS is a well-documented bacterial endotoxin that releases
pro-inflammatory cytokines such as TNF-«, IL-18 and nitric oxide
to induce inflammation in macrophages and microglia®’~®. In
order to evaluate and compare the anti-inflammatory effects of
both SIRT6 activators, various concentrations of MDL-800 or
MDL-811 were used in LPS-stimulated RAW264.7 macrophage
cell line and primary mouse microglia cells. MDL-800 and MDL-
811 dose-dependently reduced release of TNF-«, an inflammatory
cytokine in LPS-treated RAW264.7 cells and primary mouse
microglia, while MDL-811 has a more potent anti-inflammation
than MDL-800 (Fig. 1D). We further validated MDL-811 anti-
inflammation effect in primary human monocytes. MDL-811 at
1 umol/L significantly reduced LPS-induced TNF-o¢ mRNA
expression in cultured normal human monocytes (Fig. 1E).

Microglia-mediated neuroinflammation aggravates brain
ischemic injury. We then examined the role of MDL-800 and
MDL-811 in oxygen-glucose deprivation (OGD)-induced micro-
glia activation in primary mouse microglia to mimic neuro-
inflammation during the ischemic stroke in vitro. The results
indicated that MDL-811 was dose-dependently decreased the
release of TNF-a induced by OGD and it exhibited the optimum
effect at the concentration of 1 pmol/L. On the contrary, MDL-800
did not show a favorable anti-inflammatory effect compared with

MDL-811 (Fig. 1F). We also evaluated the gene expression of
various proinflammatory factors (Fig. 1G). MDL-811 (1 pmol/L)
significantly reduced the gene expression of OGD-induced pro-
inflammatory factors, including Tnf-«, II-16 and Nos2. However,
MDL-800 did not show a favorable anti-inflammatory effect
compared with MDL-811. Thus, we used 5 umol/L of MDL-811
in RAW264.7 cells and 1 pmol/L of it in primary mouse microglia
in the following experiments.

3.2. MDL-811 targeting SIRT6 modulates inflammatory
response in LPS-stimulated primary mouse microglia and
RAW264.7 macrophage cells

Since compound MDL-811 has a potent anti-inflammatory effect,
we continued to explore whether it is related to SIRT6 activation.
SIRT6 could catalyze the deacetylation of its substrate histone H3
lysine 9 (H3K9) and H3 lysine 56 (H3K56). To evaluate the
SIRT6 activation by MDL-811, we monitored acetylated H3K9
(H3K9Ac) and acetylated H3K56 (H3K56Ac) protein levels in
RAW?264.7 macrophage cell line and primary mouse microglia
after treated with MDL-811. As shown in Fig. 2A and E, Sup-
porting Information Fig. S2A and S2C, it was observed that
H3K9Ac and H3K56Ac were both decreased time-dependently in
both cells after treated with MDL-811. However, SIRT6 was not
markedly changed, suggesting that MDL-811 could promote
SIRT6 activity by deacetylating H3K9 and H3K56. Remarkably,
MDL-811 did not affect the SIRT1 substrate H3K14Ac protein
levels, indicating that MDL-811 specifically activates SIRT6 in
both cells.

Meanwhile, we investigated whether SIRT6 silencing would
influence the anti-inflammatory effects of MDL-811 in both cells.
In RAW264.7 macrophage cells and primary mouse microglia,
MDL-811 markedly reduced the LPS-induced TNF-« release
(Fig. 2C and G) and the pro-inflammatory genes expressions,
including Tnf-a, 1I-183, and Nos2 (Fig. 2C and G, Fig. S2B and
S2D) and significantly increased the anti-inflammatory genes ex-
pressions, including arginasel, CD206 and 1I-10 (Fig. 2D and H,
Fig. S2B and S2D). However, these anti-inflammatory effects
were attenuated by SIRT6 silencing (Fig. 2B and F) with Sirt6
siRNA (Fig. 2 and Fig. S2), suggesting that MDL-811 anti-in-
flammatory effects were mediated through SIRT®6.

3.3.  FOXCI is involved in the anti-inflammation of MDL-811

To further clarify the potential mechanism of anti-inflammation
effects of MDL-811, we analyzed the transcriptomes of MDL-811-
treated/untreated RAW264.7 cells followed by LPS stimulation
using RNA-seq. Hierarchical cluster analysis and the volcano dia-
gram showed that out of more than 20,000 genes evaluated, a total
of 72 and 269 genes were upregulated or downregulated, respec-
tively (Fig. 3A and B). Subsequently, we conducted GO enrichment
analysis and KEGG enrichment analysis. Interestingly, many of
distinguishable gene patterns were correlated to inflammation.
From the top 30 GO terms (Supporting Information Fig. S3A) and
top 20 KEGG enrichment (Fig. 3C) screened out and KEGG
pathway classification (Fig. S3B), we noticed that differential genes
were strongly correlated to immune response and inflammatory
response, many of which are a part of inflammatory pathways, such
as TNEF, JAK-STAT, NF-kB, and MAPK. So we screened and
validated the results by qPCR according to the data above in
RAW264.7 cells. We found 8 genes were upregulated and 5 genes
were downregulated by MDL-811 in RAW264.7 cells incubated
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MDL-811 reduces inflammatory responses in both macrophages and microglia through SIRT6 activation. (A) and (E) Western blot

analysis on expression of SIRT6, H3K9Ac, and H3K56Ac in primary mouse microglia or RAW?264.7 cells incubated with MDL-811 for different
time. H3 is the internal control and (-actin is the loading control. Data are representative of three independent experiments. (B) and (F) The
expression of SIRT6 protein in primary mouse microglia or RAW264.7 cells transfected with 20 nmol/L Sirt6 gene siRNA for 48 h (n = 3). Data
are representative of three independent experiments. ***P < 0.001 versus normal control siRNA (si-NC) group. (C) and (G) MDL-811 inhibited
pro-inflammatory factors protein (TNF-«) or mRNA (/I-18) expression in LPS (100 ng/mL)-stimulated microglia or RAW264.7 cells, which were
abolished by SIRT6 knockdown (n = 3). The q-PCR results were normalized to 18S rRNA. Results are expressed as means £ SEM. Data are
representative of three independent experiments; ***P < 0.001. (D) and (H) MDL-811 promoted anti-inflammatory factors (arginasel, CD206)
mRNA expressions in LPS-incubated microglia or RAW264.7 cells, which were abolished by SIRT6 knockdown (n = 3). The q-PCR results were
normalized to 18S rRNA. Results are expressed as mean == SEM. Data are representative of three independent experiments; n.s.: not significant,

**P < 0.01, ***P < 0.001.

with LPS (Fig. S3C). However, MDL-811 alone treatment
remarkably enhanced Foxcl gene expression in RAW264.7 cells
(Fig. S3D). Furthermore, MDL-811 dose-dependently and time-
dependently increased the gene expression of Foxc/ in
RAW264.7 and primary mouse microglia cells (Fig. 3D and G,
Fig. S3E and G). Moreover, we investigated whether FOXC1
contributes to the anti-inflammatory effects of MDL-811 by Foxcl
gene silencing. FOXC1 knockdown significantly reversed the
MDL-811 inhibition of LPS-induced TNF-« release (Fig. 3E and
H) and the gene expression of pro-inflammatory factors including
Tnf-a, 1I-13, and Nos2 (Fig. 3F and Fig. S3F), and significantly

attenuated the gene expression of anti-inflammatory factors,
including CD206 (Fig. 31 and Fig. S3H) in RAW264.7 macrophage
cells and primary mouse microglia cells.

3.4.  SIRT6-mediated EZH?2 deacetylation is involved in MDL-
811 anti-inflammation

SIRT®6 is a kind of deacetylase that regulates the transcription of
its target genes by interacting with various transcription fac-
tors®”. Accumulating studies found that the acetylation of EZH2
enhances its capacity in regulating FOXC1°%*’. To determine
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Figure 3  Transcriptomics reveals Foxcl gene involved in the MDL-811 anti-inflammation. (A) RNA sequencing cluster analysis chart.
RAW264.7 cells were incubated with 5 umol/L of MDL-811 or DMSO followed with LPS (100 ng/mL) stimulation (n» = 3). Pink indicates that
genes were upregulated (P < 0.05 and fold change>2), and blue indicates that genes were downregulated (P < 0.05 and fold change <0.5) after
the treatment of MDL-811. (B) The distribution of differentially expressed genes was displayed in the volcano diagram. The vertical grey lines
represent fold change = 2 or 0.5, and the horizontal grey line represents P = 0.05. The red points display upregulated genes and the green points
display downregulated genes after the treatment of MDL-811 (n = 3). (C) KEGG signaling pathways that were significantly changed after the
treatment of MDL-811 (P < 0.05 and fold change >2 or <0.5). Different colors of bubbles represent the P value and the different sizes of bubbles
represent the number of genes in the signaling pathway. (D) and (G) q-PCR analysis on Foxc/ mRNA in RAW264.7 cells or primary mouse
microglia incubated with various concentrations of MDL-811 for 2 h (n = 3). Results were normalized to 18S rRNA. Data are representative of
three independent experiments. Results are expressed as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (E) and (H) FOXC1 knockdown
reversed the MDL-811-mediated inhibition of TNF-« release in LPS-incubated RAW?264.7 cells or primary mouse microglia (n = 3). Results are
expressed as mean = SEM. Data are representative of three independent experiments; n.s.: not significant, ***P < 0.001. (F) and (I) FOXC1
knockdown reversed the MDL-811-mediated inhibition of pro-inflammatory factor I/-/8 mRNA expression and promotion of anti-inflammatory
mediators (arginasel and CD206) mRNA expressions in RAW264.7 cells or primary mouse microglia (n = 3). Results are expressed as
mean £+ SEM. Results were normalized to 18S rRNA. Data are representative of three independent experiments; n.s.: not significant, *P < 0.05,
**P < 0.01, ***P < 0.001.

whether MDL-811 could regulate EZH2 acetylation under our
experimental conditions, we assessed the levels of acetylated
EZH2 by immunoprecipitation. RAW264.7 cells were treated
with MDL-811, and EZH2 was immunoprecipitated using anti-
EZH2. After that, we used an antibody specific for acetylated
lysine (anti-Ac-K) to examine acetylation of EZH2 by

immunoblots. The acetylation of EZH2 was decreased in cells
treated with MDL-811 (Fig. 4A and Supporting Information
Fig. S4A), which was blocked by Sirt6 gene silencing (Fig. 4B
and Fig. S4B). To determine whether EZH2 was deacetylated by
SIRT6, we also investigated the interaction between SIRT6 and
EZH2. The results of the protein interaction analysis (Fig. 4A
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between EZH2 and SIRT6 were evaluated by co-immunoprecipitation. IgG is the negative control and B-actin is the input loading control. Data
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specific primer sets (n = 3). Data are representative of three independent experiments. Results are expressed as mean £ SEM; *P < 0.05. (D)
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mean + SEM; n.s.: not significant, *P < 0.05, **P < 0.01, ***P < 0.001. (I) and (J) The H3K27me3 levels after silencing SIRT6 in primary
mouse microglia incubated with MDL-811 or DMSO were measured by Western blot. H3 is the internal control and $-actin is the loading control.
Data are representative of three independent experiments. Results are expressed as mean = SEM; n.s.: not significant, *P < 0.05, **P < 0.01.
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Track plots, distance covered and time in the center zone of the open field test. Mice were administrated with MDL-811 (1 or 10 mg/kg) or
corresponding vehicle (1% DMSO in normal saline) followed by administration of LPS (0.33 mg/kg) or normal saline (n = 8). Data are
representative of two independent experiments. (C) Representative double-staining immunofluorescence of IBA1 (green) and CD16 (red) in the
cortex of the brain sections. (D) Quantification of IBA1™ CD16™ cells in the cortex of the brains (n = 3). (E) and (F) Treatment of MDL-811
dose-dependently inhibited the elevation of LPS-induced pro-inflammatory factor genes (CD16, Tnf-a and 1I-1(3) expressions in the cerebral
cortex of the brain of mice (n = 6). Results were normalized to 18S rRNA. Data are representative of three independent experiments. (G)
Treatment of MDL-811 significantly elevated the anti-inflammatory factor genes (arginasel, CD206) expressions in the cerebral cortex of the
brain of LPS-induced neuroinflammatory mice (n = 6). Results were normalized to 18S rRNA. Data are representative of three independent
experiments. (H) and (I) Western blot analysis on expression of SIRT6, H3K9Ac and H3K56Ac in the cerebral cortex of the brain of mice at 3 h
after treatment of LPS (n = 4). H3 is the internal control and (-actin is the loading control. Data are representative of three independent ex-
periments. Results in this figure are expressed as mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001 versus the sham group; #p < 0.05,
##p < 0.01, ¥ P < 0.001 versus the vehicle group.
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Figure 6  SIRT6 activator MDL-811 ameliorates brain ischemic injury and neuroinflammation in tMCAO mice. MDL-811 (1 or 10 mg/kg)
reduced brain infarct size (A and B) and ameliorated neurological deficits evaluated by Longa test and corner test (C) after mice were subjected to
tMCAO for 72 h (n = 8). Data are representative of two independent experiments. (D) Representative double-staining immunofluorescence of
IBA1 (green) and CD16 (red) in the peri-infarct areas of the brain sections. (E) Quantification of IBA1" CD16" cells in the peri-infarct areas of
the ischemic brains (n = 3). MDL-811 significantly reduced the mRNA levels of pro-inflammatory factors, including CD16 (F) Tnf-o and 1i-13
(G), and enhanced anti-inflammatory factors mRNA expressions, including arginasel and CD206 (H) in the cortex of peri-infarct region at 72 h
after mice were subjected to tMCAO (n = 8). Results were normalized to 18S rRNA. Data are representative of three independent experiments.
Western blot analysis (I and J) on the expression of SIRT6, H3K9Ac and H3K56Ac in the peri-infarct cerebral cortex region of mice at 72 h post
tMCAQO treated with or without MDL-811 (n = 4). H3 is the internal control and (-actin is the loading control. Data are representative of three
independent experiments. Results in this figure are expressed as mean £ SEM; *P < 0.05, **P < 0.01, ***P < 0.001 versus the sham group;
*P < 0.05, P < 0.01, ™ P < 0.001 versus the vehicle group.
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and Fig. S4A) indicate that there was a direct interaction be-
tween SIRT6 and EZH?2 (Fig. 4A and Fig. S4A). However, these
interactions were alleviated by SIRT6 knockdown (Fig. 4B and
Fig. S4B), indicating that EZH2 may serve as a direct substrate
of SIRT6.

We next examined the binding of EZH2 at different regions of
Foxcl promoter in RAW264.7 cells by ChIP assays. The results
showed that the binding of EZH2 at transcriptional start P1 region
of Foxcl promoter was apparently increased after treated with
MDL-811 (Fig. 4C). However, other regions of Foxcl promoter
were not changed significantly. These data showed that MDL-811
could upregulate Foxcl gene expression and promote the EZH2
binding to its promoter.

To confirm MDL-811 exhibits anti-inflammatory effects via
SIRT6/EZH2/FOXC1 pathway, we examined the SIRT6,
H3K9Ac, H3K56Ac, EZH2Ac and FOXC1 proteins expression in
LPS-stimulated RAW264.7 cells. As shown in Fig. 4D and E,
Fig. S4C and S4D, MDL-811 treatment significantly decreased the
H3K9Ac, H3K56Ac and EZH2Ac protein levels, but increased the
FOXCI1 protein expression levels in RAW264.7 cells incubated
with or without LPS.

Tazemetostat (EPZ-6438) is a potent EZH?2 inhibitor which has
been conducted in clinical study®'. To investigate whether it affects
the target gene Foxcl expression, RAW264.7 cells were treated with
5 umol/L of tazemetostat for 72 h followed with MDL-811 treatment
for another 2 h. Total RNAs were extracted and Foxc/ mRNA
expression was evaluated by qPCR. As shown in Fig. 4F, MDL-811
or tazemetostat elevated the gene expression of Foxcl, and combi-
nation of MDL-811 and tazemetostat treatment exhibited an additive
effect, which indicates that either EZH2 inhibition by its inhibitor
tazemetostat or its deacetylation by MDL-811 could promote the
expression of its target gene Foxcl.

In addition, the above results were validated in primary
mouse microglia. Due to the difficulty in isolating enough pri-
mary microglia cells for immunoprecipitation assay, we detected
the trimethylation of H3K27 (H3K27me3) expression levels
indirectly, which is the EZH2 substrate. The trimethylation of
H3K27 was decreased in cells treated with MDL-811 (Fig. 4G
and Fig. S4E), which was blocked by Sirt6 gene silencing
(Fig. 4H and Fig. S4F). As show in Fig. 4G and S4E, FOXC1
expression was downregulated after treated with LPS while
MDL-811 treatment enhanced FOXC1 expression in LPS-
incubated primary mouse microglia. As a result, anti-
inflammatory effects of MDL-811 were mediated by activation
of SIRT6 which leads to deacetylation of EZH2 followed by
FOXC1 upregulation in both RAW264.7 cells and primary
mouse microglia.

3.5. MDL-811 treatment improves neurobehavioral deficits in
LPS-induced neuroinflammatory mice

Given that SIRT6 activator MDL-811 has a potent anti-
inflammatory effect in vitro, we want to confirm whether acti-
vating SIRT6 with MDL-811 suppresses neuroinflammation in
mice. Thus, we established the LPS-induced neuroinflammatory
mice model to evaluate the anti-inflammatory effects of MDL-811
in vivo. In the open field test (Fig. 5A), MDL-811 (1 or 10 mg/kg)
markedly reversed the LPS-induced downregulation of total dis-
tance covered (Fig. 5B), time in the central zone (Fig. 5B), mean
speed (Supporting Information Fig. S5A), line crossings
(Fig. S5A) and distance in the corner zone (Fig. S5A), indicating

that MDL-811 ameliorates the sickness behaviors in LPS-induced
neuroinflammatory mice.

Neuroinflammation induced by LPS is partially regulated by
microglia. Here, we tested whether MDL-811 could regulate
microglia/macrophage activation after the LPS challenge.
Consistent with in vitro studies, ionized calcium-binding adapter
molecule 1 (IBA1, a marker of microglia/macrophage) immuno-
staining demonstrated that MDL-811 attenuated the proliferation
of microglia/macrophages in the brains at 3 h after LPS challenge
(Fig. 5C and D). Additionally, we found that MDL-811 treatment
significantly decreased pro-inflammatory microglia/macrophages
(Fig. 5C and D), as found by the decrease in number of CD16"
IBA1™ cells. These data suggest that MDL-811 could ameliorate
the LPS-induced neuroinflammation in mice.

Moreover, we detected the TNF-« protein level in the mice
serum after the open field test. Interestingly, MDL-811 (10 mg/kg)
markedly reduced the LPS-induced TNF-« release (Fig. S5B). We
also detected the gene expression of pro-inflammatory and anti-
inflammatory factors in the cerebral cortex of mice after the
open filed test. Compared with LPS group, MDL-811 significantly
reduced the gene expression of pro-inflammatory factors (Fig. SE
and F and Fig. S5C). Conversely, MDL-811 significantly elevated
the gene expression of anti-inflammatory factors (Fig. 5G and
Fig. S5C).

Furthermore, we investigated whether SIRT®6 is involved in the
anti-inflammatory effects of MDL-811 in LPS-induced neuro-
inflammatory mice model. Our results shown that it was observed
that SIRT6 was decreased and its substrate H3K9Ac and
H3KS56Ac were both increased in cerebral cortex of mice after
administrated LPS (Fig. 5SH and I). Mice treated with 1 or
10 mg/kg of MDL-811 before administrated with LPS showed no
effect on expression of SIRT6, but the acetylation levels of H3K9
and H3K56 were significantly decreased by MDL-811 adminis-
tration dose-dependently. On the contrary, MDL-811 hardly
affected H3K14Ac, a substrate of SIRT1 (Fig. S5D). Therefore,
these results suggest that MDL-811 activates SIRT6 to reduce
neuroinflammation and ameliorate sickness behaviors in LPS-
induced neuroinflammatory mice.

3.6. MDL-811 treatment reduces brain damage and improves
neurobehavioral deficits in mice subjected to tMCAO

Massive inflammation is surrounded with injured area of stroke
patients that magnifies the neuronal damage®’. To evaluate the
neuroprotective effects of MDL-811 in mice subjected to tMCAO,
the infarct size was assessed. The TTC staining results (Fig. 6A
and B) show that MDL-811 significantly reduced the infarct size
measured 3 days after tMCAO compared with the vehicle group.
To examine the effect of MDL-811 on the neurological deficits,
we performed the modified Longa test and the corner test (Fig. 6C
and Supporting Information Table S3). The results of the modified
Longa test show that MDL-811 group had a lower score than the
vehicle group. Plus, the results of the corner test show that the
number of the MDL-811 group turning to right was lower than
that of the vehicle group.

Microglia/macrophage activation with continuous emission of
inflammatory mediators is known to impair neurological functions
after ischemic stroke*”. Here, we found the number of cells pos-
itive for the general marker IBA1 and the phagocytosis marker
CD16 were remarkably elevated in tMCAO mice (Fig. 6D and E).
Microglia/macrophages in the peri-infarct area of ischemic brains
were remarkably activated 3 days after tMCAO, characterized by
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MDL-811 promotes long-term functional recovery in mice subjected to tMCAO. (A) and (B) Representative T2-weighted MRI of
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hypertrophic morphology, with thickened and retracted processes.
In contrast, MDL-811 (10 mg/kg)-treated mice showed fewer
IBA1" CD16" microglia/macrophages displaying smaller cell
bodies and thinner processes (Fig. 6D and E). These data suggest
that the brain damage and neurological deficits of mice after
stroke were ameliorated by MDL-811 treatment.

Furthermore, we examined the gene expression of pro-
inflammatory and anti-inflammatory factors in the peri-infarct
zone of brain cortex on the third day following ischemia/reper-
fusion. MDL-811 significantly reduced the gene expression of
pro-inflammatory factors compared with the vehicle group
(Fig. 6F and G and Fig. S6B). Conversely, MDL-811 significantly
enhanced the gene expression of anti-inflammatory factors
(Fig. 6H and Fig. S6B) compared with the vehicle group.

In the meantime, we further investigated whether SIRT6 is
involved in the anti-ischemic effect of MDL-811. It was observed
that SIRT6 was decreased and its substrates H3K9Ac and
H3K56Ac were increased in the peri-infarct of cerebral cortex of
mice with tMCAO (Fig. 61 and J). After treated with 1 or 10 mg/kg
of MDL-811, although expression of SIRT6 was not changed, the
acetylation levels of H3K9 and H3K56 were significantly
decreased in a dose-dependent manner. On the contrary, MDL-811
hardly affected H3K14Ac, a substrate of SIRT1 (Fig. S6C).
Therefore, these data indicate that MDL-811 ameliorates neuro-
inflammation and brain ischemic injury through activating SIRT6
in mice subjected to tMCAO.

3.7.  MDL-811 promotes long-term functional recovery in mice
after tMCAO

To assess the effect of MDL-811 on reducing infarction and
ameliorating neurobehavioral deficits after I/R injury in chronic
phase, body weight changes, and neurological behaviors were
recorded on the Days 0, 3, 7, 14, 21 and 28 post tMCAO. Also,
infarct volume on the Day 14 was detected by brain MRI scan-
ning. Rotarod test, corner test and mNSS test were performed to
test the sensorimotor function of mice subjected to tMCAO. From
the MRI scanning results, we found MDL-811-treated mice
showed a smaller infarct volume than that of the vehicle group on
the Day 14 after tMCAO (Fig. 7A and B). We found mice sub-
jected to tMCAO showed severe impairment in the rotarod test.

Interestingly, the falling time of mice treated with MDL-811 in the
rotarod test was significantly longer than that of the vehicle group
after tMCAO (Fig. 7C). In the corner test, mice treated with MDL-
811 showed a lower number of right turns on Days 3—7 after
tMCAO (Fig. 7D). Moreover, compared with the vehicle-treated
mice, MDL-811-treated mice had lower scores in the mNSS test
(Fig. 7E and Supporting Information Table S4), suggesting MDL-
811-treated mice performed a favorable outcome after I/R injury.
Body weight loss was an important index of mice physical con-
ditions in this study. All mice’s body weight was decreased on the
Day 3 after tMCAOQO, while those administrated MDL-811 regained
body weight faster than vehicle group (Fig. 7F). Taken together,
these results indicate that MDL-811 significantly promoted long-
term functional recovery and improved long-term neurobehavioral
deficits in mice subjected to tMCAO.

3.8.  SIRT6/EZH2/FOXCI pathway is critical for MDL-811 anti-
neuroinflammation and anti-ischemia in vivo

We subsequently examined the involvement of SIRT6/EZH2/
FOXC1 axis in LPS-induced neuroinflammation model and
ischemic stroke model in mice. Similar to the results in vitro,
EZH?2 acetylation and H3K27me3 expression were significantly
upregulated, and FOXC1 expression was downregulated in cere-
bral cortex of the brain of mice treated with LPS, which could be
reversed by MDL-811 (Fig. 8A—C). In addition, the EZH2 acet-
ylation and H3K27me3 expression levels were increased, and
FOXCI1 expression was decreased in the peri-infarct of cerebral
cortex of the brain of mice subjected to tMCAO, which could be
reversed by MDL-811 (Fig. 8D—F). These results suggest that the
SIRT6/EZH2/FOXC1 pathway may be involved in the beneficial
effects of MDL-811 in brain inflammatory mice and ischemic
stroke mice.

3.9. MDL-811 inhibits LPS-induced inflammatory response in
primary human monocytes of patients with ischemic stroke

To further substantiate the translational relevance of the data we
gained from cell models and animal models, we performed LPS-
induced inflammation model in peripheral blood monocytes iso-
lated from brain ischemic stroke patients. A total of 7 ischemic
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Figure 8 The SIRT6-mediated EZH2/FOXCI1 pathway is critical for the beneficial effects of MDL-811 in LPS-induced neuroinflammatory

mice model and brain ischemic stroke mice model. (A) Western blot analysis on the protein expression of FOXC1 and H3K27me3 in the cerebral
cortex region of the brain of mice at 3 h after treatment of LPS (n = 4). Results were normalized to H3 or $-actin. Data are representative of three
independent experiments. (B) Acetylated EZH2 levels in the cerebral cortex region of mice at 3 h after treatment of LPS (n = 4). IgG is the
negative control and §-actin is the input loading control. Data are representative of three independent experiments. (1) Control; (2) LPS+vehicle;
(3) LPS+MDL-811 (1 mg/kg); (4) LPS+MDL-811 (10 mg/kg). (C) Statistical analysis of the immunoblots in (A) and (B). Results are expressed
as mean = SEM; *P < 0.05, ***P < 0.001 versus control group; P < 0.05, P < 0.01, " P < 0.001 versus vehicle group. (D) Western blot
analysis on the protein expression of FOXCI and H3K27me3 in the peri-infarct cerebral cortex region of the brain of mice at 72 h post tMCAO
treated with MDL-811 (n = 4). Data are representative of three independent experiments. (E) Acetylated EZH2 levels in the peri-infarct cerebral
cortex region of mice at 72 h post tMCAO treated with MDL-811 (n = 4). IgG is the negative control and §-actin is the input loading control.
Data are representative of three independent experiments. (1) Sham; (2) tMCAO+vehicle; (3) tMCAO+MDL-811 (1 mg/kg); (4) tMCAO+MDL-
811 (10 mg/kg). (F) Statistical analysis of the immunoblots in (D) and (E). Results are expressed as mean = SEM; *P < 0.05, ***P < 0.001
versus sham group; *P < 0.05, P < 0.01, ¥ P < 0.001 versus the vehicle group.

stroke patients and 7 healthy controls were included in this
experiment. After treated with MDL-811 followed by treated with
LPS, SIRT6 gene expression was not significantly changed.
However, we found various pro-inflammatory factors were
descended with the treatment of MDL-811, including TNF-«,
IL-13, and NOS2 (Fig. 9A). We also monitored SIRT6 activity,
indicated by H3K9Ac and H3K56Ac, together with the involve-
ment of FOXCI1/EZH2 signaling pathway using Western blots.
Our data reveal that MDL-811 increased SIRT6 activity by
deacetylating H3K9 and H3K56. Moreover, it inhibited the ac-
tivity of EZH2 indicated by decreasing trimethylation of H3K27,
and it promoted expression of FOXC1 in human monocytes of
patients with stroke (Fig. 9B and Supporting Information Fig. S7).

Finally, we tried to reveal the correlation between SIRT6
expression levels and anti-inflammatory effect of MDL-811 in
primary human monocytes. Interestingly, we found that SIRT6
mRNA in stroke patients’ blood was significantly lower than that
in healthy controls (Fig. 9C). Furthermore, we found a positive
correlation between SIRT6 gene expression and TNF-« inhibition

rate (Fig. 9D), indicating that MDL-811 treatment could activate
SIRT6 to inhibit inflammatory response in stroke patients and
would show more beneficial effects in stroke patients with higher
expression of SIRT6.

4. Discussion

Growing evidence has demonstrated that regulating microglia
activation contributes to the outcome after ischemic stroke™.
Microglial activation is a vital process in producing and releasing
inflammatory mediators during the progression of ischemic
stroke**. Thus, primary mouse microglia cells were commonly
used in in vitro inflammatory models. In order to broaden our
horizon of the molecular mechanism underlying microglia acti-
vation and phenotype transition to identify novel therapeutic tar-
gets for neuroinflammation, we previously investigated the role of
various inflammatory genes in the setting of ischemic stroke.
Among sirtuins, SIRT6 has also been implicated to produce
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SIRT6 activator MDL-811 inhibits inflammatory response in monocytes of patients with ischemic stroke. (A) MDL-811 significantly

reduced the mRNA expression of proinflammatory genes (TNF-«, IL-13 and NOS2) but had no effect on SIRT6 mRNA expression in monocytes
isolated from stroke patients. Cells were incubated with 1 pmol/L of MDL-811 for 2 h and then stimulated with 50 ng/mL LPS for another 2 h
(n = 7). Results were normalized to 18S rRNA. n.s.: no significant, *P < 0.05. (B) Western blot analysis on the protein expression of FOXCI,
H3K9Ac, H3K56Ac and H3K27me3 in monocytes from stroke patients incubated with 50 ng/mL LPS and 1 umol/L of MDL-811 (n = 5). H3 is
the internal control and (-actin is the loading control. Data are representative of three independent experiments. The experiments were repeated
three times on different days. (C) SIRT6 mRNA expression in blood is decreased in ischemic stroke patients as compared to healthy controls
(n = 7). Results were normalized to 18S rRNA. The experiments were repeated three times on different days; *P < 0.05. (D) There is a linear
correlation between SIRT6 transcript levels in blood and anti-inflammatory effect of MDL-811 in monocytes of ischemic stroke patients and

healthy controls (n = 14).

beneficial effects in ischemic stroke in recent studies both in vitro
and in vivo. Endothelial SIRT6 has been reported to blunt stroke
size and neurological deficit through AKT signaling pathway*’
and neuronal SIRT6 has been reported to protect the brain from
ischemia/reperfusion injury through deacetylation of NRF2'®. In
addition, a few studies have demonstrated that SIRT6 plays an
essential role in cells exposed to OGD/R?'*°. High expression of
SIRT6 has been found in primary neuronal cells, and the reduced
expression of SIRT6 enhances the OGD-induced release of in-
flammatory factor HMGB1. All these studies suggest that SIRT6
may serve as a promising target, and pharmacological activation
of SIRT6 may prove the potential for novel therapeutic interven-
tion for inflammation after cerebral ischemia. However, the bio-
function and exact regulatory mechanism of microglial SIRT6 in
neuroinflammation and ischemic stroke are still elusive. Our
findings suggest that microglial SIRT6 might participate in the
regulation of pathology of ischemic stroke and SIRT6 activators
might be able to exhibit anti-neuroinflammatory and neuro-
protective effects in ischemic stroke. Here, we investigated, for the
first time, the pharmacological action of a novel SIRT6 activator
MDL-811 in neuroinflammation and ischemic stroke using animal
models, primary mouse microglia and primary human monocytes
models.

In this study, we demonstrate for the first time that small-
molecule SIRT6 activator MDL-811 attenuated brain tissue
damage and improved outcomes after ischemia/reperfusion cere-
bral injury or LPS-induced neuroinflammation in good accordance
of previous studies from other groups'®'"*>, Several results sub-
stantiate our conclusions: (I) SIRT6 activity is downregulated in
LPS/OGD-induced microglia/macrophage/monocyte activation,
LPS-induced neuroinflammatory mice and brain ischemic stroke
mice, while specific SIRT6 activator MDL-811 could ameliorate
neuroinflammation and neurologic deficits by SIRT6 activation;

(II) SIRT6 silencing abolishes the anti-inflammatory effects of
MDL-811 in microglia/macrophages; (III) SIRT6 activation by
MDL-811 deacetylated EZH2 and promoted the expression of
FOXC1 to perform its anti-inflammatory effects; (IV) SIRT6
activator MDL-811 ameliorates brain ischemic injury of mice and
improves stroke outcomes through inhibiting microglia/macro-
phage activation; and (V) SIRT6 activation by MDL-811 exhibits
anti-inflammatory effects in human monocytes from stroke pa-
tients. Taken together, our results indicated that SIRT6 activator
MDL-811 might ameliorate cerebral ischemia—reperfusion injury
and neuroinflammation after tMCAO via at least partly the SIRT6/
EZH2/FOXC1 pathway.

In our experiments, microglial SIRT6 activation is associated
with OGD injury and brain ischemic injury, complementing what
has been already shown in neuronal cells'® and endothelial cells*
by other groups. Similar to previous findings by Lee et al.?’, we
detected decreased SIRT6 levels after tMCAO. Furthermore, our
findings are reinforced by the observation that SIRT6 activator
MDL-811 can attenuate brain injury after cerebral ischemia/
reperfusion through reducing neuroinflammation partly by
microglial SIRT6 activation. These results are consistent with the
previous findings that SIRT6 overexpression attenuates cerebral
I/R-induced brain tissue damage and neurological deficits in
mice'"'®* 1t is conceivable that overexpression of microglial
SIRT6 might also have a similar effect as MDL-811 and over-
expression of SIRT6 may further potentiate the effects of MDL-
811.

Neuroinflammation associates to worsen clinical outcomes
after ischemic stroke’’. In addition, neuroinflammation after
ischemia is involved with microglia/macrophage activation. Work
by Jiang et al.*® demonstrated that SIRT6 played an anti-
inflammatory role by regulating TNF-« secretion in mouse em-
bryonic fibroblast cells. TNF-« is a potent proinflammatory
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cytokine to activate NF-«kB. Besides tMCAO model, peripheral
LPS challenge can also lead to neuroinflammation in mice®. In
LPS-induced microglia/macrophage activation model and neuro-
inflammatory mice model, SIRT6 activator MDL-811 significantly
reduced microglia/macrophage activation and sickness behaviors
accompanied by downregulation of pro-inflammatory factors and
upregulation of anti-inflammatory mediators, which were associ-
ated with SIRT6 activation and could be abolished by silencing
SIRT6. Also, we noticed that MDL-811 reduced LPS-induced
TNF-a release in the serum, suggesting MDL-811 may also
reduce systemic inflammation besides neuroinflammation. In this
study, intraperitoneal injection of LPS may cause inflammatory
response in other organs such as lung, liver, etc. It is possible that
the improved performance by MDL-811 may be due to the
reduction of both systemic inflammation and neuroinflammation.
Furthermore, MDL-811 could also reduce LPS-induced inflam-
matory response in human monocytes from stroke patients, which
might provide SIRT6 as a potential target for brain ischemic
stroke and other inflammatory diseases in clinical research.

FOXC1 is one of the forkhead box transcription factors, which
plays an essential role in various diseases such as colorectal
cancer’’, cerebral small-vessel diseases’’ and lymphatic-
associated diseases™. FOXCI regulates the RAS/ERK signaling
cascadesz, which is closely related to inflammation’>. Over-
expression of FOXC1 might attenuate inflammatory responses
through intervening in the crosstalk between autophagy and ERK/
MAPK pathway, and might be a potential target treating
inflammation-related diseases. Regarding the mechanisms
responsible for the anti-inflammatory effects of MDL-811, we
demonstrated that MDL-811 treatment upregulated FOXC1
expression time- and concentration-dependently in macrophages
and microglia while the anti-inflammatory effects were eliminated
by silencing FOXC1 in both cells. This finding was consistent
with the previous study that FOXCI1 overexpression attenuated
inflammation, oxidative stress and apoptosis in chronic obstructive
pulmonary disease’*. Moreover, Du et al.>® indicated that post-
translational modifications, including methylation and acetyla-
tion, played a crucial role in FOXC1 expression. They also vali-
dated that FOXC1 was a target gene of the polycomb group
protein family, among which EZH2 played a dominant role in
regulating FOXC1 expression. In the present study, we found that
the deacetylation of EZH2 regulated by MDL-811 promoted its
binding to the promoter of FOXCI.

Acetylation is a dynamic process and can be deacetylated
by relevant deacetylase’”. Emerging studies revealed that
acetylation, including histone and non-histone acetylation, is an
important form of post-translational modifications™~’. Acety-
lation of non-histone proteins plays a crucial role for silencing
target genes and regulates diverse biological functions
including ischemic stroke®>. EZH2 is a crucial epigenetic
regulator that catalyzes the trimethylation of H3K27 and is
modulated by post-translational modifications’®. It is involved
in large amounts of cellular processes such as proliferation™,
invasion®, self-renewa inflammation® and microglia/
macrophage activation®. Interestingly, SIRTI1, one of the
HDAC S, can deacetylate EZH2 and affect its phosphorylation,
stability and capacity, correlated with repressing the expression
of target genes”. We speculated that SIRT6, another HDAC
expressed in nucleus, might have similar deacetylation effects.
In our study, we found that EZH2 could be deacetylated by
SIRT6 in microglia/macrophages and deacetylation of EZH2
promoted expression of FOXC1 by increasing binding capacity
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to its promoters in both in vitro and in vivo studies. MDL-811,
a novel SIRT6 activator, participates in the anti-inflammation
process through EZH2/FOXC1 signaling pathway as a valu-
able pharmacological probe, indicating that SIRT6/EZH2/
FOXC1 axis plays an important regulatory role in anti-
inflammation in vitro and anti-neuroinflammation in vivo.

To strengthen the significance of our pre-clinical research, we
further investigated the anti-inflammatory effect of MDL-811 in
primary human monocytes. We performed LPS-induced inflam-
matory response model in peripheral blood monocytes isolated
from stroke patients. Interestingly, we found that cells from
different individuals showed different responses to MDL-811. In
the meantime, we detected the SIRT6 gene expression in the whole
blood of the subjects. MDL-811 remarkably reduced pro-
inflammatory factors expression induced by LPS. Moreover, we
notified that SIRT6 mRNA levels were decreased in the blood of
ischemic stroke patients, which is similar to that in previously
reported animal studies'®“*, showing that SIRT6 gene expression
is increased in ischemic stroke patients with short-term neuro-
logical improvement and correlates with stroke outcome. Inter-
estingly, we found a positive correlation between SIRT6 gene
expression in monocytes and 7NF-« inhibition rate by MDL-811,
suggesting that SIRT6 mRNA levels are strongly correlated with
the anti-inflammatory effect of MDL-811. In a word, the trans-
lational study reveals that targeting SIRT6 by activators could be a
potential therapeutic strategy for ischemic stroke in future clinical
research.

There are still a few limitations to the present study. Firstly,
although we found that SIRT6 played an important role in
LPS-induced microglial activation in vitro and SIRT6 activator
MDL-811 ameliorated the brain injury and neuroinflammation
in vivo, other cells besides microglia contributing to the results
with SIRT6 activation cannot be excluded. The microglial
SIRT6 knockout mice could be used to demonstrate whether
MDL-811 targets microglial SIRT6 to show beneficial effects
in vivo. Secondly, Foxcl gene may not be the only target of
SIRT6 activator MDL-811. Whether MDL-811 participates in
other signaling pathways to exert anti-ischemic and anti-
inflammatory effects should be further studied. Thirdly, the
deacetylation site of EZH2 is still unknown. The site-directed
amino acid mutation technology could be used to confirm the
deacetylation site of EZH2 and the specific anti-
neuroinflammatory effects. Finally, considering the difficulty
in collecting microglia in human, we chose monocytes in blood
as surrogate cells to validate the anti-inflammatory effects of
MDL-811 in stroke patients in vitro. We still have a limited
understanding of the functions of microglial SIRT6 in ischemic
stroke, and the combination of pharmacological modulation and
genetics intervention is indeed needed for detailed elucidation
of its role.

5. Conclusions

In conclusion, our findings in this study indicate that SIRT6
activator MDL-811 exerts favorable anti-neuroinflammation and
neuroprotective effects in cerebral ischemia/reperfusion injury by
SIRT6 activation. Mechanistically, MDL-811 modulates neuro-
inflammation through SIRT6/EZH2/FOXC1 signaling pathway.
Data we acquired in this study might facilitate the validation of
microglial SIRT6 as a novel therapeutic target and the potential
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clinical use of SIRT6 activator MDL-811 for treating ischemic
stroke in the near future.
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