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Abstract

Background: Microglia-mediated neuroinflammatory response following traumatic brain injury (TBI) is considered

as a vital secondary injury factor, which drives trauma-induced neurodegeneration and is lack of efficient treatment.

ACTO001, a sesquiterpene lactone derivative, is reportedly involved in alleviation of inflammatory response. However,

little is known regarding its function in regulating innate immune response of central nervous system (CNS) after TBI.
This study aimed to investigate the role and underlying mechanism of ACT001 in TBI.

Methods: Controlled cortical impact (CCl) models were used to establish model of TBI. Cresyl violet staining, evans
blue extravasation, neurobehavioral function assessments, immunofluorescence and transmission electron micros-
copy were used to evaluate therapeutic effects of ACT001 in vivo. Microglial depletion was induced by administering
mice with colony stimulating factor 1 receptor (CSF1R) inhibitor, PLX5622. Cell-cell interaction models were estab-
lished as co-culture system to simulate TBI conditions in vitro. Cytotoxic effect of ACT001 on cell viability was assessed
by cell counting kit-8 and activation of microglia cells were induced by Lipopolysaccharides (LPS). Pro-inflammatory
cytokines expression was determined by Real-time PCR and nitric oxide production. Apoptotic cells were detected by
TUNEL and flow cytometry assays. Tube formation was performed to evaluate cellular angiogenic ability. ELISA and
western blot experiments were used to determine proteins expression. Pull-down assay was used to analyze proteins
that bound ACTOO1.

Results: ACTOO01 relieved the extent of blood-brain barrier integrity damage and alleviated motor function deficits
after TBI via reducing trauma-induced activation of microglia cells. Delayed depletion of microglia with PLX5622 hin-
dered therapeutic effect of ACTOO1. Furthermore, ACT001 alleviated LPS-induced activation in mouse and rat primary
microglia cells. Besides, ACTO01 was effective in suppressing LPS-induced pro-inflammatory cytokines production in
BV2 cells, resulting in reduction of neuronal apoptosis in HT22 cells and improvement of tube formation in bEnd.3
cells. Mechanism by which ACT001 functioned was related to AKT/NFkB/NLRP3 pathway. ACTOO1 restrained NFkB
nuclear translocation in microglia cells through inhibiting AKT phosphorylation, resulting in decrease of NLRP3 inflam-
masome activation, and finally down-regulated microglial neuroinflammatory response.
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Conclusions: Our study indicated that ACT001 played critical role in microglia-mediated neuroinflammatory
response and might be a novel potential chemotherapeutic drug for TBI.

Keywords: ACT001, Traumatic brain injury, Microglia cells, Neuroinflammation, AKT, NFkB, NLRP3 inflammasome

Background

Traumatic brain injury (TBI), a disease with structural
or physiological cerebral dysfunction caused by external
force strike [1], is one of the leading causes of death and
disability worldwide [2]. It was estimated that approxi-
mately 5.3 million people in the USA and over 7.7 million
people in Europe were suffering from the undesirable
consequences of TBI [3], causing a huge burden to socie-
ties and families.

The pathology of TBI is heterogeneous and complex,
with TBI commonly categorized into primary and sec-
ondary injuries. Primary injury is the result of mechani-
cal forces acting at the moment of injury. The type and
severity of injury depend upon the nature of initiat-
ing force, as well as the site and direction [4]. Following
the mechanical insult [5], a cascade of cellular and bio-
chemical changes, including inflammation, oxidative
stress, mitochondrial dysfunction and apoptosis, initiate
within minutes, leading to secondary injury, which can
even last from months to years. Recently, mounting evi-
dences from human and animal studies [6, 7] have dem-
onstrated that sustained and excessive secondary injury
could hinder the neuroprotection and neurorepair, lead-
ing to delayed and limited neurological function recovery
after TBL. Among these pathological events, neuroin-
flammation has been recognized as a major pathologi-
cal process [8, 9]. It was characterized by the release of
pro-inflammatory cytokines and activation of innate
immune response in CNS [10-12]. Although pre-clinical
studies have shown that anti-inflammatory agents exhib-
ited therapeutic effects on improving prognosis of animal
TBI models, reports from clinical trials have been less
promising [13, 14]. Therefore, new therapeutic drugs,
aiming to restore the balance between pro-inflammatory
and anti-inflammatory effect, are inevitably needed to
improve the outcome after TBI.

Microglia, the major resident intrinsic immune cells
of CNS, are known as main mediators of neuroinflam-
matory response to CNS injuries [11, 15, 16]. After TBI,
the resident microglia cells are rapidly activated, mobilize
to the damaged area to clear debris and induce a multi-
tude of inflammatory cascades [10]. As such, microglial
activation acts as a critical innate immune defense that is
required to protect the brain from injury [17]. However,
uncontrolled and excessive activation is detrimental and
can even exacerbate neurodegenerative processes and

neurological dysfunction [18]. Reportedly, dysregulated
microglial activation can be sustained up to 17 years in
TBI patients [19] and underlie the persistent neuropatho-
logical changes, such as delayed blood-brain barrier
(BBB) repairment and neuronal apoptosis [10, 20, 21].
Multiple signaling pathways are implicated in modulat-
ing the activation of microglia after TBI, nevertheless,
NF«B is still recognized as predominant transcription
factor in regulating pro-inflammatory mediators [22—24].
In the “resting” state of microglia cell, NF«B is located in
cytoplasm as a dimer consisting of p50 and p65 subunits.
In response to TBI stimuli, the inhibitor of NFkB (IkB)
is phosphorylated and degraded to release NFkB dimer,
which is activated and translocated into nucleus, result-
ing in the transcription of pro-inflammatory factors,
such as NLRP3 (NLR Family Pyrin Domain Containing
3) inflammasome activation. Thus, inhibiting the acti-
vation of NFkB is widely considered as an overwhelm-
ing therapeutic strategy for attenuating trauma-induced
neuroinflammation.

ACTO001 (also known as dimethylamino-micheliol-
ide, i.e, DMAMCL) is certified as an orphan drug by
the Food and Drug Administration (FDA) in the United
States [25, 26]. It is derived from micheliolide (MCL), a
natural product of sesquiterpene lactones (SLs) origi-
nally isolated from Michelia compressa and Michelia
champaca [27-29]. SLs has a long history of use around
the world for preventing migraine headaches, treating
rheumatoid arthritis and anti-infection, actions that are
attributable to its anti-inflammatory activity [30, 31].
Several studies have demonstrated that SLs was a potent
inhibitor of NF«B activation and could inhibit the expres-
sion of pro-inflammatory cytokines in vivo and in vitro
[32, 33]. However, the chemical properties of SLs are
instable and can decompose easily in both acidic and
basic conditions [34], which severely restrict their clini-
cal application. DMAMCL is the dimethylamino Michael
adduct of MCL and ACTO001, a fumarate salt form of
DMAMCL typically used in vivo [35], displays higher
plasma stability, more sustained release and superior effi-
cacy, which increases its oral bioavailability and enhances
its therapeutic potential [36]. Besides, ACT001 can cross
the BBB, a formidable obstacle for many drugs to exert
therapeutic effect, and effectively inhibit glioblastoma
multiforme (GBM) growth with low systemic and local
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toxicity [26, 37]. In all, these results indicate that ACT001
has great pharmacokinetic properties as a potential ther-
apy for intracranial diseases [36—39]. However, the role of
ACTOO01 in the treatment of TBI-induced neuroinflam-
mation remains largely unclear.

In the present study, we aimed to investigate the anti-
inflammatory effects and underlying mechanisms of
ACTO001 in TBI and found that ACTO001 was effective
in attenuating microglia-mediated neuroinflammation
in vitro and in vivo via restraining NF«B nuclear trans-
location through inhibiting the phosphorylation of AKT.
These novel findings suggest that ACTO001 is a promising
chemotherapeutic drug that is highly effective against
microglia-mediated neuroinflammation after TBL

Materials and methods

Cell culture and reagents

The murine microglia cell line, BV2 cells, were pro-
vided by the China Center for Type Culture Collection
(CCTCC, Wuhan, Hubei, China), the murine hippocam-
pal neuronal cell line, HT22 cells, and the murine brain
endothelial cell line, bEnd.3 cells, were purchased from
American Type Culture Collection (ATCC, Manassas,
VA, USA). All the cells were maintained in complete Dul-
becco’s modified Eagle medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and
100 U/ml penicillin/streptomycin, and incubated in a
humidified incubator at 37 °C in 5% (v/v) CO,. ACT001
was generously provided by Accendatech Co., Ltd. (Tian-
jin, China). The details of reagents used in this study were
shown in Additional file 1: Table S1.

Animals

Primary microglia cells were isolated from the cortexes
of postnatal day 1 to day 3 wild-type mice and Sprague-
Dawley rats. TBI models were performed using adult
male C57BL/6 mice (8—12 weeks old, 20-25 g). All ani-
mals were purchased from Shanghai SLAC Laboratory
Animal Corp., (Shanghai, China). All operational proce-
dures were performed in accordance with the guidelines
of the Institutional Animal Care and Use Committee
of Shanghai Jiao Tong University, Shanghai, China and
reported according to the ARRIVE guidelines. Every
effort has been made to minimize animal suffering.

Primary microglia cells culture

Primary microglia cells culture was performed as previ-
ously described [40, 41]. Briefly, cortexes were removed
aseptically from the skulls and meninges were excised
carefully under a dissecting microscope. Primary glial
cells were obtained from the cerebral cortices, which
were earlier digested by 0.25% Trypsin/EDTA at 37 °C for
20 min and seeded into 0.01% poly-L-lysine-coated (PLL)
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75cm? culture flasks. The cultures were maintained for
2 weeks in complete DMEM. Media was replaced one day
after preparation and subsequently every 2—-3 days. After
mixed glial cultures were completely confluent, microglia
cells were separated by shaking at 180 rpm on a gyratory
shaker (Lab Companion SI-600, JeioTech Co. Ltd, Korea)
for 30 min at 37 °C and then reseeded in culture dishes
for subsequent research. The percentage of the primary
microglia cells was confirmed by Ibal staining with over
97% purity.

TBI models

The CCI model of TBI is an open-head model of mechan-
ical contusion injury to cortex. The impact parameters
can be modified to produce CCI injuries that range from
mild to severe [42]. After anesthetization with xylazine
(10 mg/kg) and ketamine (75 mg/kg), the mice were
secured in a stereotaxic frame (Stoelting, Wood Dale, IL,
USA) with a hot pack placed under the body to maintain
core body temperature at 37.0£0.5 °C. The surgical area
was disinfected with 75% alcohol and then a mid-line
incision (1.5-2 cm) was made on the scalp. After that, a
4-mm-diameter craniotomy was performed using a port-
able drill over the right parietal cortex between bregma
and lambda, 1 mm lateral to the midline. The dura mater
was kept intact over the cortex and mice were excluded
if dural integrity was breached. A contusion injury was
performed perpendicular to brain surface by using a CCI
device (PinPoint Precision Cortical Impactor PCI3000;
Hatteras Instruments Inc., USA) with a rounded steel
impactor probe (3-mm-diameter). The impact veloc-
ity was 1.5 m/s, the impact duration was 100 ms and the
impact depth was 1.5 mm. After injury, the bone flap was
sealed with sterile bone wax and the scalp was sutured
with interrupted 6-0 silk sutures. All animals were
placed in 37 °C heated cages until completely ambulatory.
Sham animals underwent the same procedure as TBI
group excepting for CCIL.

Drug administration

For in vivo studies, ACT001 was dissolved in 0.1 mmol
phosphate buffered saline (PBS) to reach final concen-
trations of 20 mg/ml. PBS or ACT001 was administered
daily by oral gavage (100 mg/kg) from the day of CCI
surgery until 7 days after the surgery. CSFIR inhibitor,
PLX5622, was provided by Plexxikon Inc. (Berkeley, CA)
and formulated in AIN-76A standard rodent chow by
Research Diets Inc. (New Brunswick, NJ) at a concentra-
tion of 1200 parts per million [ppm]. The specialized diet
was stored in 4 °C. All mice had free access to PLX5622
diet to deplete microglia cells or AIN-76A chow as vehi-
cle control. After being raised for 2 weeks, mice were
subjected to CCI injury for further research.
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LPS is the principal component of outer membrane of
Gram-negative bacteria, which can significantly induce the
activation of microglia cells and improve pro-inflammatory
cytokine expression in a dose-dependent manner in vivo
[43, 44]. In order to further evaluate whether the inhibitory
effect of ACT001 on microglial activation could still work
effectively with increased concentrations of LPS treatment
in vitro, the concentrations of 100 ng/mL and 500 ng/mL
were selected in this study as reported previously [45-48].
ACTO001 was dissolved in cells culture medium at different
concentrations (from 1 uM to 500 pM). After stimulating
cells with LPS, ACT001 were added immediately.

Brain Tissue preparation

Mice were anesthetized and transcardially perfused with
PBS and 4% paraformaldehyde (PFA) at indicated time
post-injury. Brain tissues post-fixed overnight in 4% PFA
were dehydrated in 30% sucrose until they sank to the
bottom of the liquid and then stored at —80 °C. Subse-
quently, 30 pm coronal sections from bregma —1.0 to
—3.0 mm were collected in 24-well plates filled with PBS
plus 0.05% sodium azide and stored at 4 °C until use.

Lesion volume assessment

To measure the lesion volume in ipsilateral cortex after
TBI, cresyl violet stained sections were digitized and
analyzed by using Image] (National Institutes of Health,
Bethesda, MD, USA). The total volume was computed
by outlining the injured brain areas and multiplying with
the inter-slice distance. Hemispheric tissue loss was cal-
culated by the formula: Lesion Volume = [(contralateral
hemispheric volume — ipsilateral hemispheric volume)/
(contralateral hemispheric volume) x 100%].

Measurement of evans blue (EB) extravasation

Alterations in microvascular permeability after TBI was
evaluated by measuring the extravasation of EB. EB dye
(0.2 ml/100 g) was injected through the femoral vein and
circulated for 2 h. Then, the mice were anesthetized and
sacrificed by cardiac perfusion. Subsequently, the brain
was collected and divided into two hemispheres. Each
sample was weighed immediately and homogenized
with 1 mL of 50% trichloroacetic acid solution, then
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centrifuged at 12,000 x g for 20 min. The supernatant
was transferred to mix with triple volumes of ethanol and
measured with a spectrophotometer at a wavelength of
610 nm (BioTek, Winooski, VT, USA).

Neurobehavioral function assessments

Neurobehavioral assessments were recorded at 1, 3, 5, 7,
and 14 days after TBI by an investigator blinded to exper-
imental design using the modified Neurological Severity
Score (mNSS), Grid-Walking Test, Rotarod Test (Rotor-
Rod) and Hanging Wire Test. The detailed criterias were
shown in Additional file 2: Table S2.

Immunofluorescence staining

4% PFA fixed cells or brain sections with antigen retrieval
were treated with 100% methanol (chilled at —20 °C) for
10 min and then incubated with 1% bovine serum albu-
min (BSA) for 1 h. Next, cells or brain sections were incu-
bated overnight with primary antibodies at 4 °C followed
by fluorescent conjugated secondary antibodies for 1 h at
37 °C, after which they were stained with DAPI solution.
Staining was visualized on an LSM710 laser scanning
confocal fluorescence microscope with a 363-oil immer-
sion lens (Carl Zeiss, Oberkochen, Germany), and images
were obtained. The indicated antibodies were listed in
Additional file 1: Table S1.

For positive staining quantification analysis, microglia
cells, neurons and cerebral microvessels were imaged
based on Ibalt, NeuN" and CD31% immunostaining,
respectively. The numbers of positive staining cells with a
signal-to-noise ratio (S/N)>10.0 were quantified to dis-
tinguish the positive fluorescence intensity (The Signal)
from the cellular autofluorescence (The Noise). For each
section, two or three fields were imaged in the defined
space. Subsequent images were processed and quantified
while the investigators were blind to the experimental
conditions. The calculation methods have been described
in detail as reported previously [49, 50].

Terminal dexynucleotidyl transferase mediated dUTP nick
end labeling (TUNEL) assay

Apoptotic cells were detected by TUNEL assay using One
Step TUNEL Apoptosis Assay kit, which was performed

(See figure on next page.)

Fig. 1 ACT001 attenuated neurological impairment and promoted neurobehavioral recovery in mice CCl models. a Overview of experimental
timeline for in vivo studies and neurobehavioral tests. b Surgical process illustration of CCl models. After contusion injury (left), the bone flap was
sealed with sterile bone wax (middle), indicated by orange arrow. The peri-contusional tissue region at 14 days post-insult was shown on the right
panel. ¢ Representative photographs of whole brains in Sham, TBI and TBI+ ACT001 groups at 3 and 7 days post-insult. The circles represented

the approximate area of lesion cortex. d Representative cresyl violet-stained brain sections at indicated time points post-insult. n=6/group. e
Representative images of EB extravasation in three groups at indicated time points post-insult (blue areas indicated the dye extravasation). n =6/
group. f-i Line graphs showed four neurobehavioral function assessments at indicated time points including mNNS scores (f), Grid-Walking test (g),
Rotarod test (h) and Hanging Wire test (i). n =8/group. Data were presented as mean 4 SEMs, *P < 0.05, **P < 0.01, versus TBI group
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following manufacturer’s instruction. Briefly, the samples
were subjected to react with the TUNEL mixture solution
for 1 h at 37 °C, and then stained with DAPI. Apoptotic
cells were observed and recorded under a confocal fluo-
rescence microscope. The apoptosis rate was calculated
by the formula: apoptotic cells/all cells in a field x 100%.

Transmission electron microscopy (TEM)

Samples were processed in the Electron Microscopy
Department at Shanghai Jiao Tong University. Cell pellets
were fixed with 2.5% glutaraldehyde overnight in PBS and
post-fixed with 1% osmium tetroxide (pH 7.4) for 2 h at
room temperature. The pellets were then dehydrated in
a graded ethanol series and infiltrated with Spurr’s resin
to embed the tissues. Samples were then polymerized for
48 h at 60 °C, cut into 60-nm-thick sections on an LKB-I
microtome (LKB, Sweden), positioned on 200-mesh grids
and stained with uranyl acetate and lead citrate. TEM was
performed on a PHILIPS CM120 transmission electron
microscope at an accelerating voltage of 120 kV. Images
were acquired with a Gatan-type UltraScan 4000SP CCD
camera (Pleasanton, CA) connected to the microscope.

Cell viability assays

Cell viability was measured by Cell Counting kit-8 (CCK-
8) assay according to manufacturer’s protocol. Cells
(8000-10,000 per well) were plated in 96-well plates and
cultured overnight. Then different concentrations of LPS,
ACTO001 or PBS alone as control were treated with cells.
At indicated time after treatment, 10 uL CCK-8 solution
was added to 90 pL of culture medium. The cells were
subsequently incubated for 3 h and the absorbance was
read at 450 nm using a spectrophotometer (TECAN,
Switzerland).

Real-time PCR

Total RNA was extracted from BV2 cells by using TRI-
zol™ reagent, according to manufacturer’s instruction.
RNA concentrations were examined by the spectropho-
tometer (NanoDrop 1000, Thermo). First-strand cDNAs
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were synthesized using cDNA Synthesis SuperMix kit.
Each ¢cDNA (2 pL) was amplified using Hieff qPCR SYBR
Green Master Mix (final volume, 20 mL) and analysed on
the Applied Biosystems 7900 Real-time PCR Detection
System. Thermal cycling conditions were performed as
follows: melting step (95 °C for 30 s), annealing step (40
cycles of 95 °C for 10 s), and elongation (60 °C for 30 s).
RNA primers were listed in Additional file 3: Table S3.

Measurement of NO Production

Nitric oxide (NO) production was determined indirectly
through the measurement of nitrite released into micro-
glial culture supernatants using Total Nitric Oxide Assay
kit. 50 pL supernatants were mixed with equal volume of
Griess reagent, incubated for 30 min at room tempera-
ture and the absorbance was measured at 540 nm using
a microplate reader (Tecan, Hombrechtikon, Switzer-
land). Results were expressed as percentage of control
and sodium nitrite reference curve was prepared for each
determination.

The cell-cell interaction models

To establish an in vitro co-culture system model, BV2
cells were indirectly co-cultured with HT22 or bEnd.3
cells using a Transwell culture system (0.4 pm pore size,
Corning, NY, USA). 10° BV2 cells were cultured in upper
chambers and pre-treated with LPS or PBS alone as con-
trol for 24 h, while 3 x 10° HT22 or bEnd.3 cells were
added into the bottom of 24-well plates and allowed to
attach overnight. After that, the upper chambers were
switched into 24-well plates and co-cultured in ACT001-
added complete DMEM for 24-48 h. Then, the culture
supernatants were centrifuged at 2000 x g for 10 min
to remove cell debris and used immediately or frozen at
—80 °C after allocation. The cells in lower chambers were
harvested for further research.

Cell death analysis by flow cytometry
To determine the cell death of HT22 cells induced by
BV2-secreted pro-inflammatory cytokines, PE Annexin

(See figure on next page.)

Fig.2 ACT001 alleviated microglial activation, decreased neuronal apoptosis and protected the continuity of tight junction proteins in BBB in vivo.
a Representative fluorescence images for dual staining of Ibal and CD68 in peri-contusion region from Sham, TBI and TBI 4+ ACTO001 groups at 3
and 7 days post-insult. Scale bar= 250 um. b Representative fluorescence images of NeuN staining with TUNEL labelling in peri-contusion region
from Sham, TBI and TBI4+ ACT001 groups at 1 and 3 days post-insult. Scale bar=75 um. ¢ Representative fluorescence images for dual staining

of CD31 and ZO-1, as well as CD31 and Occludin, in peri-contusion region from Sham, TBl and TBI+ ACT001 groups at 3 and 7 days post-insult.
Scale bar=200 um. Cell nuclei were shown in blue (DAPI) in (@a—c). d Representative transmission electron microscope images of BBB structure in
peri-contusion region from Sham, TBI and TBI4+ ACT001 groups at 3 and 7 days post-insult. The ultrastructure of BBB in Sham group was normal,
the tight junction (orange arrows) of endothelium was compacted and continuous. In mice CCl models, contusion injury disrupted BBB integrity
seriously, characterized by translucent cytoplasm, swelling mitochondria and membrane breakdown of endothelium. The tight junction was
debonding bead-like (red arrows) at 3 days post-insult in TBI and TBI+ ACTO01 groups. After ACTOO1 treatment for 7 days, the BBB integrity (green
arrows) in TBI4+ACT001 group improved obviously compared with TBI group. Scale bar=2 um
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V Apoptosis Detection Kit I was used according to man-
ufacturer’s instruction. A total of > 10* cells were resus-
pended in binding buffer and incubated with 5 pL of
Annexin V-FITC and 5 pL of PI for 15 min in dark. The
proportions of cells in early apoptosis and late apopto-
sis were reported as percentage of Annexin V/PI™- and
Annexin VT/PI*-labeled cells, respectively. The stained
cells were analyzed directly by flow cytometry using a
FACSCalibur with the Cell Quest program (BD Bio-
sciences, USA) for data analysis.

Tube formation assay

To evaluate the angiogenic ability of co-cultured bEnd.3
cells, tube formation was performed as described
before [51]. Briefly, Chilled liquid growth factor reduced
Matrigel Matrix was prepared in serum-free cold DMEM
at a dilution of 1:1 and dispensed into 24-well plates
(200 uL/well). After being incubated at 37 °C for 1 h,
bEnd.3 cells were seeded in each Matrigel-coated well
and co-cultured with pre-treated BV2 cells for 24 h. Tube
formation was observed and captured with a phase con-
trast microscope.

Enzyme-linked immunosorbent assay (ELISA)
VEGF expression was measured using a commercially
available ELISA kit according to the manufacturer’s
instruction. The minimal detectable dose of mouse VEGF
concentration was 3.0 pg/mL with inter-assay and intra-
assay coeflicients of variation less than 10%.

Immunoblotting

Cell lysates were extracted with cell lysis buffer and the
protein concentrations in lysates were quantified using an
Enhanced BCA Protein Assay kit. Protein samples (30—
50 pg) were separated by SDS-PAGE and then transferred
to PVDF membranes. The membranes were immunob-
lotted with primary antibodies followed by HRP-linked
secondary antibodies. Immunoreactive proteins were vis-
ualized using ECL western blot detection kit and images
were developed using a Bio-Rad system (Bio-Rad, USA).
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The indicated antibodies were listed in Additional file 1:
Table S1.

Pull-down of ACT001-biotin bound proteins
ACTO001-biotin-bound proteins were isolated as
described previously [38, 52]. We constructed ACT001-
biotin probe as positive group and ACTO001-S-biotin
probe as negative group. Briefly, cells were lysed and cen-
trifuged, and the supernatant (1.5 mg/mL) was collected
and equally divided into three samples, which were used
in the protein pull-down assay. One supernatant sample
was used as input group. The other two samples were
either incubated with 100 pM (active) ACTO001-biotin
or ACTO001-S-biotin (inactive ACTO001-biotin) in RIPA
buffer overnight at 4 °C. Then, the samples were incu-
bated with streptavidin beads, separated by SDS-PAGE,
and visualized by silver staining and western blot assays.

Statistical analysis

All statistical analyses were carried out using SPSS 16.0
statistical software package (SPSS Inc., Chicago, IL, USA).
Continuous variables were expressed as means=+SE. In
each experiment, all conditions were evaluated at least in
triplicate. Statistical significance between two measure-
ments was determined by two-tailed unpaired Student’s
¢ test, and among groups of three or more, it was deter-
mined by one-way analysis of variance (ANOVA). P val-
ues < 0.05 were considered statistically significant.

Results

ACTO001 relieved the extent of neurological impairment
and alleviated motor function deficits in mice after TBI
Mounting evidences have shown that ACTO001 was
effective in neurological disease treatment [28, 35, 36,
53]. However, little is known regarding its role in TBIL
Therefore, we constructed CCI models to examine the
therapeutic effect of ACT001 on TBI. The experimen-
tal timeline was shown in Fig. 1a, all mice used to assess
neurobehavioral outcomes would undergo adaptive train-
ing for 3 days before TBI. After model establishment, the
bone flap was sealed with sterile bone wax to maintain

(See figure on next page.)

Fig. 3 Elimination of microglia cells with the CSF1R antagonist PLX5622 attenuated therapeutic effects of ACTO01 in mice CCI models. a Overview
of experimental timeline for in vivo studies and neurobehavioral tests. Before CCl injury, the mice were provided diets formulated with either vehicle
(Veh, AIN-76A chow) or PLX5622 (PLX) for 14 days. b Representative fluorescence images for dual staining of Iba1l and CD68 in peri-contusion
region from Sham +Veh and Sham + PLX groups (up panel), TBI+Veh and TBI 4 PLX groups (middle panel), as well as TBI+Veh + ACT001 and
TBI+4PLX 4+ ACT001 groups (bottom panel). Cell nuclei were shown in blue (DAPI). Scale bar= 100 pm. ¢ Representative photographs of whole
brains in TBI+ Control +ACT001, TBI 4+ Veh + ACT001 and TBI+ PLX + ACT001 groups at 3 and 7 days post-insult. The circles represented the
approximate area of lesion cortex. d-g Line graphs showed four neurobehavioral function assessments at indicated time points including mNNS
scores (d), Grid-Walking test (e), Rotarod test (f) and Hanging Wire test (g). n=8/group. Data were presented as mean = SEMs, *P < 0.05, versus
TBI4Veh + ACT001 group. TBI4 Control 4+ ACT001 group was the CCl models fed with normal chow and ACTO01. TBI+Veh + ACT001 group was
the CCI models fed with AIN-76A and ACTO01. TBI+ PLX + ACT001 group was the CClI models fed with PLX5622 and ACT001
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structural integrity (Fig. 1b), and mice were randomly
divided into Sham group, TBI group and TBI+ ACT001
group for subsequent experiments. Firstly, extravasated
blood present in ipsilateral cortex was quantified at 3 and
7 days post-TBL. The amount in ACT001+ TBI group
was significantly less than that in TBI group at 7 days,
and there was no significant difference at 3 days (Fig. 1c).
Additionally, consecutive brain contusion sections
stained with cresyl violet were used to assess gross patho-
logical changes between TBI and ACT001 + TBI groups.
As demonstrated, TBI caused tissue defect in ipsilateral
cortex over time, and ACTO001 administration could
partly relieve the extent of lesion volume (Fig.1 d). Com-
pared with TBI group, lesion volume in ACT001+ TBI
groups decreased by 5.36+1.41% at 7 days after TBI
(P<0.001; Additional file 4: Fig. S1A). Then, EB extrava-
sation assay was performed to assess protective function
of ACT001 on BBB disruption (Fig. 1e). Statistical analy-
ses revealed that ACT001+ TBI group exhibited lower
EB leakage level in ipsilateral cortex compared with TBI
group at 7 days (P<0.001; Additional file 4: Fig. S1B) and
no significant differences at 3 or 14 days. Next, we evalu-
ated neurobehavioral function recovery in mice after
TBI. As compared with sham group, TBI mice showed
much severer neurobehavioral deficiency (Fig. 1f-i).
Interestingly, ACT001 administration exhibited a cer-
tain extent improvements in mNSS scores (P<0.05,
Fig. 1f), Grid-Walking test (P<0.05, Fig. 1g), Rotarod
test (P<0.05, Fig. 1h) and Hanging Wire test (P<0.001,
Fig. 1i) at 14 days post-TBL

Furthermore, in order to investigate precise role of
ACTO001 treatment in TBI, CD68 immunoreactivity in
microglia cells (Ibal™) was used to evaluate trauma-
induced microglial activation (Fig. 2a) [54]. TUNEL posi-
tive staining in neurons (NeuN') was used to estimate
cell apoptosis (Fig. 2b). Besides, tight junction proteins
(ZO-1 and Occludin) expression in cerebral microvessels
(CD31%) and TEM analysis were used to detect functional
integrity of BBB (Fig. 2c, d). The results revealed that
the number of Ibal*/CD68" cells (P<0.01, Fig. 2a and
Additional file 4: Fig. S1C) and NeuN"T/TUNEL" cells
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(P<0.001, Fig. 2b and Additional file 4: Fig. S1D) reduced
gradually near contusional area in ACT001+ TBI group
over time. ACT001 partly attenuated ZO-1 and Occludin
mediated gaps formation (P<0.01, Fig. 2c and Additional
file 4: Fig. S1E) and improved the continuity of tight junc-
tion proteins in BBB (Fig. 2d) at 7 days post-TBIL.

Taken together, these findings suggested that ACT001
treatment had therapeutic effects on CCI models and
was beneficial for recovery after TBI in vivo.

Delayed depletion of microglia cells with PLX5622
attenuated the efficacy of ACT001 in mice after TBI

Then we identified whether microglia cells absence
altered the therapeutic effects of ACTO001 after TBI
in vivo. For this, we depleted microglia cells by feeding
the mice with PLX5622 [55], which was able to achieve
robust brain-wide microglial elimination with low
side-effects on other CNS-resident cells [56, 57]. The
experimental timeline was shown in Fig. 3a. Dietary
administration of PLX5622 (Sham+PLX group), initi-
ated 2 weeks prior to TBI, resulted in almost 95% deple-
tion efficiency of microglia cells (Ibal™), which stood in
sharp contrast to mice administered with AIN-76A chow
(Sham + Veh group, Fig. 3b).

Having confirmed efficient depletion of brain micro-
glia cells with PLX5622 administration, we next sub-
jected the mice to CCI injury and ACTOO1 treatment.
The results showed that TBI significantly promoted pro-
liferation and activation of microglia cells in TBI+ Veh
group and PLX5622 could partly reverse this situation,
leaving a few of the activated microglia cells to exist
at the edge of lesion area (TBI+PLX group, Fig. 3b).
Even though ACTO001 inhibited TBI-induced micro-
glial activation, delayed depletion of microglia cells
still represented notable influence on drug efficacy in
TBI+PLX+ACTO001 group (P<0.01, Additional file 4:
Fig. S1F). The amount of extravasated blood presented in
TBI+ Control+ ACTO001 or TBI+ Veh+ ACTO001 group
was significantly less than that in TBI+PLX+ ACT001
group at 7 and 14 days post-TBI, and there was no signifi-
cant difference at 3 days (Fig. 3¢).

(See figure on next page.)

Fig.4 ACTO001 mitigated LPS-induced pro-inflammatory activation of BV2 cells in vitro. a BV2 cells were treated with indicated doses of ACT001

for 12-48 h, then the cytotoxicity of ACTO0T was measured by CCK-8 assay. The cell viability result was normalized to BV2 cells without ACT001
treatment (Control) for 12 h. b, ¢ Indicated doses of ACTO01 were co-treated with 100 ng/ml LPS (b) or 500 ng/ml LPS (c) in BV2 cells for 12-48 h,
then the cytotoxicity of co-treatment was measured by CCK-8 assay. The cell viability result was normalized to BV2 cells without ACTO01 and LPS
treatment (Control) for 12 h. d The effect of ACTO01 and LPS co-treatment on morphological changes of BV2 cells. The normal morphology of BV2
cells cultured in complete DMEM for 24 h was shown as Control. Red arrows indicated inflammatory amoeboid morphology of activated BV2 cells.
Scale bar=50 um. e, f After co-treatment with indicated doses of ACT001 and 500 ng/ml LPS for 24 and 48 h, relative mRNA expression levels of
pro-inflammatory cytokines (e) and anti-inflammatory cytokines (f) in BV2 cells were quantified by Real-time PCR. Cells without ACTO01 and LPS
treatment were shown as Control. Data were presented as means £ SEMs of three independent experiments. *P < 0.05, **P<0.01, ***P < 0.001 versus
Control group; # P<0.05, ## P<0.01, ### P<0.001 versus ACTO01 0 uM + LPS group
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As to neurobehavioral function recovery evaluation
in mice, we first confirmed that microglial depletion did
not affect animal behavior in non-injured mice (Addi-
tional file 4: Fig. S1G-S1J). After TBI, ACT001 treat-
ment could still exert its neuroprotective function in
TBI+Veh+ACTO001 group. Similar results were also
obtained from the CCI models fed with normal rodent
chow (TBI+ Control+ACT001 group). However,
PLX5622 administration partly attenuated the efficacy
of ACTO001 treatment and exacerbated neurobehavioral
deficiency in mNSS scores (P<0.05, Fig. 3d), Grid-Walk-
ing test (P<0.05, Fig. 3e), Rotarod test (P<0.05, Fig. 3f)
and Hanging Wire test (P<0.001, Fig. 3g).

Collectively, these data indicated that the therapeutic
effects of ACT001 in TBI might be related with the acti-
vation of microglia cells.

ACTO001 suppressed LPS-induced pro-inflammatory
activation of BV2 cells

The aforementioned findings prompted us that ACT001
might possess inhibitory effect on microglia-mediated
neuroinflammatory response in vivo. Therefore, we used
LPS-induced microglial activation in vitro model to sim-
ulate trauma-induced condition in vivo as reported pre-
viously [58-60], which could further help to investigated
whether its therapeutic effect was also a general function
working in vitro. Prior to verify precise role of ACT001
in microglia cells, CCK-8 assay was performed to iden-
tify its cytotoxicity to BV2 cells. After treatment with
different concentrations of ACT001 (ranging from 1 to
500 uM) for 12—48 h, we determined the safe concentra-
tion range of ACT001 was within 10 uM (Fig. 4a), and the
cell viability of BV2 cells could significantly decrease in
both dose- and time-dependent manner when ACT001
concentration exceeded 10 pM (Additional file 5: Fig.
S2A). Thus, the concentrations of ACTO001 ranging from
1 to 10 uM were used in subsequent experiments. Next,
we investigated the inhibitory effects of ACT001 on LPS-
induced microglial activation. The results of CCK-8 assay
showed that the viability of BV2 cells increased mod-
erately after being treated with 100 or 500 ng/ml LPS
(Additional file 5: Fig. S2B), and this LPS-stimulated
viability improvement was not altered significantly with
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gradient concentrations (within 10 pM) of ACTO001 co-
treatment for 12—48 h (Fig. 4b, c).

The morphological changes of BV2 cells were also
evaluated after treatment with LPS and ACTO0O01. As
shown in Fig. 4d, classic BV2 cells grew with adherence,
showing spindle shaped bodies with ramified morphol-
ogy, characterized by small soma and distal arborization.
LPS treatment (100 or 500 ng/ml) transformed BV2 cells
into inflammatory amoeboid morphology, character-
ized by thick and short cell bodies. However, ACT001
could attenuate LPS-induced morphological changes of
BV2 cells. Then, Real-time PCR was used to investigate
whether ACTO001 regulated the expression of inflamma-
tory cytokines produced by BV2 cells. The results showed
that the expression of pro-inflammatory cytokines
increased significantly after 100 ng/ml (Additional file 5:
Fig. S2C) or 500 ng/ml (Fig. 4e) LPS treatment for 24 h
and 48 h, as evidenced by production of CD16, CD86,
iNOS, IL-1B, TNF-a and INF-y. While the level of anti-
inflammatory cytokines, such as Argl, CD206, TGF-$
and IL-10, decreased significantly (Additional file 5: Fig.
S$2D and Fig. 4f). Interestingly, ACT001 treatment could
suppress LPS-induced pro-inflammatory cytokines pro-
duction and partly elevate anti-inflammatory cytokines
synthesis in a dose-dependent manner (1-10 pM).

All results above indicated that ACT001 possessed
potent anti-inflammatory effects on LPS-induced BV2
microglial activation.

ACTO001 moderated LPS-induced primary microglia
activation

Primary microglia cells, which exhibit more complex bio-
logical characteristic than BV2 cells, are prevalent in neu-
roinflammatory research due to more similar phenotype
to in vivo state [61]. Therefore, we next intended to verify
whether ACTO001 also exerted its therapeutic potential
in primary microglia cells. We first subjected mouse and
rat primary microglia cells to CCK-8 assay. The results
showed that LPS treatment (100 or 500 ng/ml) had slight
inhibitory effect on mouse and rat primary microglia
cells (Additional file 6: Fig. S3A and S3B) and the cell
viability was not altered significantly with (within 5 M)

(See figure on next page.)

Fig. 5 ACTO001 exerted its inhibitory effect on LPS-induced primary microglia activation in vitro. a, b Indicated doses of ACT001 were co-treated
with LPS in mouse (a) and rat (b) primary microglia cells for 24 and 48 h, then the cytotoxicity of co-treatment was measured by CCK-8 assay. The
cell viability result was normalized to primary microglia cells without ACTO01 and LPS treatment (Control) for 24 h. ¢, d After co-treatment with
indicated doses of ACTO01 and LPS for 24 and 48 h, the NO production levels in culture supernatants of mouse (c) and rat (d) primary microglia
cells were determined using Griess reagent. e, f Representative fluorescence images for dual staining of Iba1l and CD68 in mouse (e) and rat (f)
primary microglia cells after co-treatment with indicated doses of ACT001 and 500 ng/ml LPS for 24 h. Cell nuclei were shown in blue (DAPI). Scale
bar=400 um. Cells without ACT001 and LPS treatment were shown as Control. Data were presented as means & SEMs of three independent
experiments. *P<0.05, **P<0.01, ***P<0.001 versus Control group; # P<0.05, ## P<0.01, ### P<0.001 versus ACTO01 0 uM + LPS group
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ACTO001 co-treatment for 12—48 h (Fig. 5a, b). Then, we
examined whether ACTO01 treatment could suppress
LPS-stimulated NO production in primary microglia
cells by Griess assay. As shown in Fig. 5¢, d, compared
with control group, NO production in mouse and rat pri-
mary microglia cells increased obviously after LPS treat-
ment. Conversely, ACT001 co-incubation could decrease
NO levels in a dose-dependent manner.

Next, the amounts of CD68 presented in Ibal™ microglia
cells were used to assess microglial activation. The results
showed that CD68™ cells were rare in control group, but
were identified frequently after various concentrations of
LPS treatment in mouse (Additional file 6: Fig. S3C and
Fig. 5e) and rat primary microglia cells (Additional file 6:
Fig. S3D and Fig. 5f). In contrast, accompanying with
increased concentrations of ACTO001 treatment, the pro-
portion of CD68" cells decreased gradually.

Based on these findings, LPS-induced mouse and rat
primary microglia cells activation could also be alleviated
by ACTO001 treatment.

ACT001 reduced neuronal apoptosis induced by activated
microglia cells in vitro

Microglial activation state results in high-released
levels of pro-inflammatory and cytotoxic mediators,
which can induce delayed BBB repairment and neu-
ronal apoptosis [10, 20, 21]. Next, we subjected LPS-
stimulated BV2 and HT22 cells to cell-cell interaction
models to further evaluate the effect of ACT001 on
microglia-mediated neuronal apoptosis. First, we
treated HT22 cells with LPS and ACTOO01 to identify
drug cytotoxicity to cells viability. The results showed
that the safe concentration range of ACTO001 was
within 10 pM (Additional file 7: Fig. S4A), and LPS
treatment had mild inhibitory effect on HT22 cells
(Additional file 7: Fig. S4B). Then, the cell-cell inter-
action models were set up to further study the effect
of ACT001 (1-2 puM) on neuronal apoptosis due to
the pro-inflammatory cytokines secreted by microglia
cells. BV2 cells were cultured in upper chambers and
pre-treated with LPS or PBS alone as control for 24 h,
while HT22 cells were added into the bottom of 24-well
plates. After that, upper chambers were switched to
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co-culture with HT22 cells in ACT001-added medium
(without LPS) for 24—48 h (Fig. 6a). The culture super-
natants were collected to determine NO levels. As
shown in Fig. 6b, NO production in HT22 and LPS-
stimulated BV2 cells co-cultured medium increased
significantly as compared with control group. How-
ever, ACTO001 could decrease LPS-induced NO levels
in a dose-dependent manner. The apoptotic cells of
HT22 were detected by TUNEL assay. Compared with
control group, TUNEL-positive expression of HT22
cells (NeuN™) increased significantly after co-cul-
turing with LPS-stimulated BV2 cells for 24 h (Addi-
tional file 7: Fig. S4C and Fig. 6¢), and ACTO001 could
partly suppress cell apoptosis induced by activated
BV2 cells. Similar results were also obtained from
Annexin V-FITC/PI apoptosis assay, the numbers of
both early and late apoptotic HT22 cells increased in
LPS-stimulated BV2 cells co-cultured group, whereas
ACTO001 reversed the effect in a dose-dependent man-
ner (Fig. 6d).

To conclude, these results suggested that HT22 cells
apoptosis induced by activated BV2 microglia cells
could be reversed by ACT001 treatment in vitro.

ACTO001 alleviated angiolysis mediated by activated
microglia cells in vitro

Next, we investigated whether ACTO001 treatment
affected angiogenesis and angiolysis after micro-
glia-mediated inflammatory response. First, we per-
formed CCK-8 assay to verify the cytotoxicity of LPS
and ACTO001 treatment to bEnd.3 cells. The results
showed that the safe concentration range of ACT001
was within 5 pM (Additional file 7: Fig. S4D), and LPS
had inhibitory effect on bEnd.3 cells (Additional file 7:
Fig. S4E). Then, bEnd.3 cells and LPS-stimulated BV2
cells were subjected to cell-cell interaction models
and co-cultured in ACT001-added (1-2 pM) medium
(without LPS) for 24 h (Fig. 7a). In tube formation
assay, LPS-stimulated BV2 cells significantly inhibited
tube formation capacity of bEnd.3 cells at 24 h as com-
pared with control group. On the contrary, ACT001
treatment alleviated this angiolysis effect and partly

(See figure on next page.)

ACTO01 0 uM 4+ LPS group

Fig. 6 ACTO001 reversed HT22 cells apoptosis induced by activated BV2 cells. a Schematic diagram of BV2-HT22 cell interaction model structure.
BV2 cells were pre-treated with LPS for 24 h, then switched into models and co-cultured with HT22 cells in ACT001-added complete DMEM for 24
and 48 h. b After co-culturing for 24 and 48 h, the NO production levels in supernatants of cell interaction models were determined by using Griess
reagent. ¢ Representative fluorescence images of NeuN staining with TUNEL labelling in HT22 cells after co-culturing in models for 24 h. Cell nuclei
were shown in blue (DAPI). Scale bar= 100 um. d After co-culturing for 24 h, HT22 cells apoptosis were analyzed through flow cytometry assay

by Annexin V-FITC/PI dual staining. Cell interaction models without ACT001 and LPS treatment were shown as Control. Data were presented as
means = SEMs of three independent experiments. *P < 0.05, **P <0.01, ***P < 0.001 versus Control group; # P<0.05, ## P<0.01, ### P<0.001 versus
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Fig. 7 ACT001 promoted angiogenesis of bEnd.3 in cell interaction models. a Schematic diagram of BV2-bEnd.3 cell interaction model structure.
bEnd.3 cells were seeded in each Matrigel-coated well and co-cultured with pre-stimulated BV2 cells for 24 h. b The tube formation of bEnd.3 cells
after co-culturing with BV2 cells for 24 h without ACT001 and LPS treatment were shown as Control. Scale bar= 150 um. b (cont) After co-culturing
with 100 ng/ml LPS (B, up panel) or 500 ng/ml LPS (b, down panel) pre-stimulated BV2 cells for 24 h, the tube formation of bEnd.3 cells decreased
markedly. Conversely, ACTOO1 treatment could reverse this effect and promote the angiogenesis in a dose-dependent manner. Scale bar= 150 pm.
c The VEGF expression in bEnd.3 and LPS-stimulated BV2 cells co-cultured medium was analyzed by ELISA assays. d Representative western blot
results of ZO-1 and Occludin in bEnd.3 cells after co-culturing for 24 h. Actin was used as control for protein loading. * P < 0.05, **P < 0.01, ***P <
0.001 versus Con trol group; # P < 0.05, ## P < 0.01, ### P<0.001 versus LPS group

promoted angiogenesis of bEnd.3 cells (Fig. 7b). In  could induce tight junction disassembly and break-
addition, ELISA assays showed that the concentration = down of endothelial permeability barrier by altering
of VEGF increased significantly in bEnd.3 and LPS- the organization of tight junction proteins, such as
stimulated BV2 cells co-cultured medium. Acting as ZO-1 and Occludin [62-64]. However, ACT001 treat-
a cytokine involved in inflammatory response, VEGF  ment could partly reverse this effect and decrease
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VEGEF levels (Fig. 7c). Subsequently, western blot anal-
yses also proved that ZO-1 and Occludin expression in
bEnd.3 cells decreased initially after being co-cultured
with LPS-stimulated BV2 cells for 24 h, and ACT001
treatment could restore the protein expression to a
certain extent (Fig. 7d).

All these data indicated that activated BV2 micro-
glia cells inhibited angiogenesis and reduced the tight
junction proteins expression in bEnd.3 cells, and
ACTO01 could alleviate these effects in vitro.

ACTO001 suppressed NFKB/NLRP3 neuroinflammatory
pathway by binding to AKT

NFkB/NLRP3 pathway played an important role in regu-
lating microglia-mediated neuroinflammatory response
after TBI [65—67]. In order to further clarify the under-
lying mechanism of ACTO001 treatment, we subjected
rat primary microglia cells and BV2 cells to western
blotting assays. In accordance with previous studies, we
found that the expression levels of p-IKKa/p, p-NFkB,
NLRP3, ASC, cleaved-Caspase-1 and IL-1f notably
increased after LPS treatment. However, accompanying
with increasing concentrations of ACT001 treatment, the
proteins expression decreased gradually in rat primary
microglia cells (Fig. 8a) and BV2 cells (Fig. 8b). Besides,
ACTO001 could markedly reverse the nuclear transloca-
tion of NF«B induced by LPS treatment in mouse and
rat primary microglia cells (Additional file 8: Fig. S5A
and S5B). Specifically, the phosphorylation level of AKT,
acting as an upstream regulatory protein to NFxB [68],
showed remarkable changes after LPS and ACTO001
treatment. Therefore, we isolated ACTO001-biotin-bound
proteins as described previously to verify the interac-
tion between ACT001 and NF«B/NLRP3 pathway [38,
52] (Fig. 8c). The active probe and inactive probe of
ACTO001 were designed and synth esized (Fig. 8d). The
proteins pulled down by probe in rat primary microglia
cells and BV2 cells were further visualized by silver stain-
ing. The results showed positive bands at approximately
70-55 kDa, which corresponded to molecular weight
of AKT (60 kDa, Fig. 8e). Furthermore, western blot-
ting assays also confirmed that AKT was one of proteins
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precipitated by biotin-ACTO001 but not biotin-S-ACT001,
illustrating that AKT might interact with ACTO001 in rat
primary microglia cells and BV2 cells.

Based on these findings, we determined that ACT001
inhibited the nuclear translocation of NFkB and further
suppressed NLRP3 pathway activation via decreasing the
phosphorylation of AKT.

Discussion

Previous research has indicated that ACT001 possessed
anti-inflammatory properties in multiple diseases and
cancer treatment [29, 53, 69-71] with little toxicity and
few side effects. However, whether ACT001 also exerts
its therapeutic effects on microglia-mediated neuroin-
flammatory response following TBI is unclear. In this
study, we demonstrated for the first time that ACTO001
treatment relieved neurological impairment and facili-
tated recovery process in mice CCI models, indicating
that ACT001 had potential clinical application for TBI.
In addition, microglial elimination by PLX5622 could
restrain the pharmacological action of ACT001 dra-
matically in vivo, which further verified that microglia
cells might be the target cells to ACT001 treatment,
and the drug efficacy was associated with increased
microglial activity.

TBI was peculiarly challenging to treat because of
its heterogeneous nature and complex pathological
mechanism. Recently, neuroinflammation has been
recognized as an important molecular and cellular
characteristic following TBI [10, 65], further exacerbat-
ing mechanical insult (primary injury) and initiating
neuronal cell death and BBB disruption [8, 9]. Micro-
glia, acting as primary mediators of innate immune
response in CNS, play critical roles in neuroinflam-
mation and secondary injury [11, 15, 16]. Even though
activated microglia cells are beneficial at acute phase
of TBI, these advantages could be countered when the
activation is uninterrupted [10, 56]. CNS injuries trig-
ger a series of injurious biochemical cascades and
disinhibited reactive microglial activation state result-
ing in high-released levels of pro-inflammatory and
cytotoxic mediators [10]. Our research suggested that

(See figure on next page.)

Fig. 8 ACT001 suppressed NFkB/NLRP3 neuroinflammatory pathway by inhibiting the phosphorylation of AKT. (a-b) After co-treatment with

indicated doses of ACTO01 and 100 ng/ml LPS for 24 h, rat primary microglia cells (a) and BV2 cells (b) were subjected to immunoblot analysis for
p-AKT/Total-AKT, p-IKKa/B/Total-IKKPB, p-NFkB/Total-NFkB, NLRP3, ASC, cleaved-Caspase-1/pro-Caspase-1, IL-13/pro-IL-1(3 expression, and GAPDH
was used as ¢ ontrol for protein loading. ¢ Schematic diagram of ACTO01 probe pull-down experiment. d Chemical structure of ACTO01-S-biotin
probe (inactive) and ACT001-biotin probe (active) were shown as indicated. e Proteins pulled down by the probe in rat primary microglia

cells and BV2 cells were detected through silver staining. Input referred to the whole protein lysates from these two cells; negative referred to
ACTO001-S-biotin probe solution; and positive referred to proteins pulled down by ACT001-biotin probe. f Proteins precipitated by ACTO01-biotin
probe or ACT001-S-biotin probe in rat primary microglia cells and BV2 cells were detected by western blotting using an anti-Total-AKT primary
antibody
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nuclear translocation by inhibiting the phosphorylation of AKT
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ACTO001 possessed potential anti-inflammatory effects
on BV2 and primary microglia cells (derived from mice
and rats) activation. Meanwhile, ACTO001 could effec-
tively inhibit LPS-induced pro-inflammatory cytokines
release (CD16, CD86, iNOS, IL-1B, TNF-a, INF-y)
in BV2 cells, which were also considered as “M1-like”
microglial phenotype markers, and partly promote
the expression of some “M2-like” microglial pheno-
type markers, such as Argl, CD206, TGF-f and IL-10.
This was a very interesting phenomenon worthy of
attention. We speculated that the alternation of “M1/
M2-like” paradigm induced by ACTO001 in microglia
cells was the major influential factor explaining its ther-
apeutic effect on trauma-induced neuronal apoptosis
and angiolysis.

In studies involving microglial activation, “M1/
M2-like” paradigm debate has always been an inevitable
“hot-button” issue. These two distinct phenotypes were
first theorized based on the original finding that IL-4
mediated inflammatory macrophages (M1-like) adopted
an alternative activation phenotype with reduced
pro-inflammatory cytokines secretion (M2-like) [72].
However, with the development of biomedical study,
researchers later recognized that microglia cells had
distinctive lineage and molecular signatures com-
pared with bone-marrow derived macrophages [73, 74].
“M1/M2-like” phenotypes only represented two major
extreme types of activated microglia cells, and this simple
division standard has been challenged [75]. In mice CCI
model, microglia cells could concurrently express both
M1- and M2-like phenotype markers on the same cell
at multiple time points [76]. Besides, there was no clear
transformation form between M1- and M2-like micro-
glia cells [77, 78]. In this regard, we proposed that any
therapeutic strategy that targeted trauma-induced micro-
glial activation should be fine-tuned from “M1/M2-like”
paradigm debate to selectively suppress “danger signaling
pathways” (i.e., pro-inflammatory response) and/or pro-
mote “healthy signaling pathways” (i.e., anti-inflamma-
tory response) [65, 79].

Among these “danger signaling pathways’, NFkB/
NLRP3 inflammasome, which has been documented to
regulate inflammatory activation of glial cells (including
astrocytes and microglia cells), is considered as a main
causative factor of neuroinflammation and neurologi-
cal dysfunction following TBI [66]. NLRP3 inflammas-
ome mainly consists of three protein subunits: NLRP3,
which is a cytosolic sensor molecule, an adaptor pro-
tein containing a caspase activating recruitment domain
named ASC, and an effector protein acting as a cysteine
protease, pro-Caspase-1 [80]. The activation of NLRP3
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inflammasome required a two-checkpoint signal process.
The initial external stimulation, such as TBI, promoted
NF«B activation and translocation into the nucleus and
further enhanced transcriptional expression of inflamma-
some components. This process was called priming sig-
nal. Next, subsequent (or prolonged) stimulation induced
assembly of these components into complete NLRP3
inflammasome, and it further cleaved pro-Caspase-1 into
its active isomer. Caspase-1 then facilitated the matura-
tion and release of IL-1f, which played an important role
in innate immune response to trauma and creating gen-
eralized pro-inflammatory environment. This process
was called activation signal [80]. In this study, we found
that ACTO0O01 treatment could inhibit nuclear transloca-
tion of NFkB in microglia cells and arrest NLRP3 inflam-
masome formation in priming signal stage. Subsequent
pull-down and western blotting assays further indicated
that ACT001 decreased the phosphorylation level of
AKT, an upstream kinase catalyzing the phosphoryla-
tion of IKKa/p and IkBa, resulting in the deactivation of
NF«B [81, 82] (Fig. 9).

Conclusions

In summary, combined with data from previous studies
regarding the properties of ACT001 in CNS diseases [28,
36, 38, 39] such as the characteristics of minimal adverse
effects and high BBB permeability, our study uncovered
that ACT001 could attenuate microglia-mediated neu-
roinflammation and improve recovery of neurological
deficits following TBI, and the associated mechanism was
related to its inhibitory effect on AKT phosphorylation,
which could further restrain NFkB nuclear translocation
and suppress NLRP3 inflammasome formation. These
findings provided us with novel insight into the mecha-
nism of ACTO001 function, as well as its potential thera-
peutic effect on TBI. Follow-up clinical trials would be
necessary to further evaluate its treatment value in TBI.
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Additional file 4: Fig. S1 (A) Statistical results of cresyl violet-stained brain
sections at indicated time points post-insult in mice CCl models. n = 6/
group. (B) Statistical results of EB extravasation in brain tissue at indicated
time points post-insult in mice CCl models. n = 6/group. (C) Statistical
results of CD68+ cells in microglia cells (Iba1+) at indicated time points
post-insult in mice CCl models. (D) Statistical results of apoptotic cells
(Tunel+) in neurons (NeuN+) at indicated time points post-insult in mice
CClI'models. (E) Statistical results of ZO-14 (left) or Occludin+ (right) cells
in cerebral microvessels (CD314) at indicated time points post-insult in
mice CCl models. (F) Statistical results of CD68+ cells in microglia cells
(Iba1+) at indicated time points post-insult in mice CCI models (fed with
PLX5622 and ACT001). (G-J) Bar graphs showed four neurobehavioral
function assessments at indicated time points including mNNS scores
(G), Grid-Walking test (H), Rotarod test (I) and Hanging Wire test (J). n

= 8/group. The results showed that no statistical difference was found
between Vehicle group (non-injured mice provided diets formulated with
AIN-76A chow) and PLX5622 group (non-injured mice provided diets
formulated with PLX5622). Data were presented as mean =+ SEMs. **P <
0.01, ***P < 0.001 versus TBI group or TBI + Veh 4+ ACT001 group.

Additional file 5: Fig. S2 (A) BV2 cells were treated with indicated doses
of ACT001 for 12-48 hours, then the cytotoxicity of ACT00T was measured
by CCK-8 assay. The cell viability result was normalized to BV2 cells without
ACT001 treatment ( Control) for 12 hours. (B) BV2 cells were treated with
indicated doses of LPS for 12-48 hours, then the cytotoxicity of LPS was
measured by CCK-8 assay. The cell viability result was normalized to BV2
cells with 100 ng/ml LPS treatment for 12 hours. (C-D) After co-treatment
with indicated doses of ACT001 and 100 ng/ml LPS for 24 and 48 hours,
relative mRNA expression levels of pro-inflammatory cytokines (C) and
anti-inflammatory cytokines (D) i n BV2 cells were quantified by Real-time
PCR. Cells without ACT001 and LPS treatment were shown as control. Data
were prese nted as means =+ SEMs of three independent experiments.

*P < 0.05,**P < 0.01,***P < 0.001 versus Control group or 100 ng/ml LPS
group;#P < 0.05,## P < 0071, ### P<0.001 versus ACTO01 0 uM
+ LPS group.

Additional file 6: Fig. S3 (A-B) Mouse (A) and rat (B) primary microglia
cells were treated with indicated doses of LPS for 24 and 48 hours, then
the cytotoxicity of LPS was measured by CCK-8 assay. The cell viability
result was normalized to cells with 100 ng/ml LPS treatment for 24 hours.
(C-D) Representative fluorescence images for dual staining of Iba-1 and
CD68 in mouse (C) and rat (D) primary microglia cells after co-treatment
with indicated doses of ACT001 and 100 ng/ml LPS for 24 hours. Cell
nuclei were shown in blue (DAPI). Scale bar = 400 um. Cells without
ACT001 and LPS treatment were shown as Control. Data were presented
as means & SEMs of three independent experiments. *P < 0.05, **P < 0.01,
*¥*P < 0.001 versus 100 ng/ml LPS group.

Additional file 7: Fig. S4 (A) HT22 cells were treated with indicated doses
of ACT001 for 12-48 hours, then the cytotoxicity of ACTO01 was measured
by CCK-8 assay. The cell viability result was normalized to HT22 cells with-
out ACT001 treatment (Control) for 12 hours. (B) HT22 cells were treated
with indicated doses of LPS for 12-48 hours, then the cytotoxicity of LPS
was measured by CCK-8 assay. The cell viability result was normalized to
HT22 cells with 100 ng/ml LPS treatment for 12 hours. (C) Representative
fluorescence images of NeuN staining with TUNEL labelling in HT22 cells
after co-culturing in models for 24 hours. Cell nuclei were shown in blue
(DAPI). Scale bar = 100 um. (D) bEnd.3 cells were treated with indicated
doses of ACT001 for 12-48 hours, then the cytotoxicity of ACTO01 was
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measured by CCK-8 assay. The cell viability result was normalized to
bEnd.3 cells without ACTOO1 treatment (Control) for 12 hours. (E) bEnd.3
cells were treated with indicated doses of LPS for 12-48 hours, then the
cytotoxicity of LPS was measured by CCK-8 assay. The cell viability result
was normalized to bEnd.3 cells with 100 ng/ml LPS treatment for 12 hours.
Data were presented as means & SEMs of three independent experi-
ments. **P < 0.01, ***P < 0.001 versus Control group or 100 ng/ml LPS
group.

Additional file 8: Fig. S5 (A-B) Representative fluorescence images for
dual staining of NFkB and Iba1 in mouse (A) and rat (B) primary microglia
cells after co-treatment with indicated doses of ACT001 and 100 ng/ml
LPS for 24 hours. Cell nuclei were shown in blue (DAPI). Scale bar = 10 um.
Cells without ACT001 and LPS treatment were shown as control.
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