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ABSTRACT

Neuroinflammation is one of the key secondary injury mech-
anisms triggered by traumatic brain injury (TBI). Microglial
activation, a hallmark of brain neuroinflammation, plays a
critical role in regulating immune responses after TBI and
contributes to progressive neurodegeneration and neurologic
deficits following brain trauma. Here we evaluated the role of
neutral sphingomyelinase (nSMase) in microglial activation by
examining the effects of the nSMase inhibitors altenusin and
GW4869 in vitro (using BV2 microglia cells and primary
microglia), as well as in a controlled cortical injury (CCI) model
in adult male C57BL/6 mice. Pretreatment of altenusin or
GW4869 prior to lipopolysaccharide (LPS) stimulation for 4 or
24 hours, significantly downregulated gene expression of the

pro-inflammatory mediators TNF-«, IL-18, IL-6, iNOS, and
CCL2 in microglia and reduced the release of nitric oxide and
TNF-a. These nSMase inhibitors also attenuated the release of
microparticles and phosphorylation of p38 MAPK and ERK1/2.
In addition, altenusin pretreatment also reduced the gene
expression of multiple inflammatory markers associated with
microglial activation after experimental TBI, including TNF-«,
IL-1B, IL-6, INOS, CCL2, CD68, NOX2, and p22P"°*, Overall,
our data demonstrate that nSMase inhibitors attenuate mul-
tiple inflammatory pathways associated with microglial acti-
vation in vitro and after experimental TBI. Thus, nSMase
inhibitors may represent promising therapeutics agents tar-
geting neuroinflammation.

Introduction

Recent clinical and experimental studies show that trau-
matic brain injury (TBI) initiates a sustained neuroinflamma-
tory response with microglial activation that contributes to
posttraumatic neurodegeneration and chronic neurologic deficits
(Loane and Byrnes, 2010; Loane et al., 2014a). Such neurotoxic
microglial activation is associated with both phenotypic and
genotypic changes (Loane and Kumar, 2016). The latter include
activation of inflammatory cytokines, chemokines, and micro-
RNAs (miRs) (Perry et al., 2010; Prinz and Priller, 2014).
Activated microglia also release extracellular vesicles (EVs),
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including microparticles (MP; also called microvesicles) and
exosomes containing pro-inflammatory molecules, which can
further enhance and potentially propagate the inflammatory
response after TBI (Hazelton et al., 2018; Paolicelli et al.,
2018). Several in vitro and in vivo models, including lipopoly-
saccharide (LPS)-treated primary microglia, cell lines (e.g.,
BV2 microglia), and LPS-challenged mice have been used to
mimic such neurotoxic microglial activation (Loane et al.,
2009; Mao et al., 2012; Fenn et al., 2014; Yuan et al., 2015;
Hung et al., 2017). The LPS model stimulates microglial
activation pro-inflammatory phenotypic changes, and it has
also been used in EVs studies whereby MP released from
activated microglia are enriched in pro-inflammatory media-
tors such as interleukin-18 (IL-18) (Kumar et al., 2017; Yang
et al., 2018). Experimental neuroprotection strategies for
TBI have included modulation of upstream activation mecha-
nisms using NADPH-oxidase (NOX2) inhibitors or mGluR5
agonists (Loane et al., 2013; Kumar et al., 2016a,b), as well as
strategies serving to inhibit the release of specific inflammatory

ABBREVIATIONS: AD, Alzheimer’s disease; Arg-1, arginase 1; CCl, controlled cortical injury; CCL2, C-C motif chemokine ligand 2; D68, cluster of
differentiation 68; ERK, extracellular signal-regulated kinase; EV, extracellular vesicles; IkBa, nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha; IL-18, interleukin-1B; IL-6, interleukin 6; IL-4ra, IL-4 receptor subunit alpha; JNK, c-Jun N-terminal kinase; LPS,
lipopolysaccharide; MAPK, mitogen-activated protein kinase; miR, microRNA; MP, microparticles; Mrc1/CD206, mannose receptor C-type 1/cluster
of differentiation 206; MTT, tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-«B, nuclear factor kappa-light-
chain-enhancer of activated B cells; Nos2/iNOS, nitric oxide synthase 2/inducible nitric oxide synthase; NOX2, NADPH oxidase 2; nSMase, neutral
sphingomyelinase; TBI, traumatic brain injury; TBS-T, Tris-buffered saline containing 0.1% Tween 20; TNF-a, tumor necrosis factor-alpha;

Ym1/Chil3, Ym1/chitinase-like 3.
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factors such as pro-inflammatory cytokines (Kumar et al.,
2016b). We recently showed in a murine experimental TBI
model that neutralization of EVs using a novel surfactant
polyethylene glycol telomere B can serve to reduce the release
of pro-inflammatory factors (Kumar et al., 2017); this treat-
ment was also found to be neuroprotective in a porcine model
of TBI (Bohman et al., 2016).

A number of studies have also begun to examine the effects
of nSMase inhibitors, such as altenusin and GW4869, on brain
immune cell function and as potential anti-inflammatory
agents (Iguchi et al., 2016; Chua et al., 2017; Dickens et al.,
2017; Huang et al., 2018; Sobue et al., 2018). The nSMases are
a family of sphingomyelin phosphodiesterase enzymes that
catalyze hydrolysis of sphingomyelin, a major component of
eukaryotic cell membrane, to produce phosphocholine and
ceramide (Wu et al.,, 2010; Figuera-Losada et al., 2015).
Regulation of innate immune responses mediated through
nSMase inhibition might provide beneficial effects for several
neurodegenerative diseases (Guo et al., 2015; Dinkins et al.,
2016; Bilousova et al., 2018). Prior studies demonstrate that
nSMase inhibitors can limit neuroinflammation and neuronal
cell death (Brann et al., 2002). Thus, such drugs can protect
neurons, astrocytes, and oligodendrocytes against ceramide-
induced cell death produced by pro-inflammatory molecules
(tumor necrosis factor-a; TNF-a), B-amyloid, and cerebral
ischemia (Luberto et al., 2002; Lee et al., 2004; Zeng et al.,
2005; Martinez et al., 2012; Gu et al., 2013). Recent stud-
ies indicate that myeloid cells can release EVs/MP that
spread inflammatory signals both in vitro and in vivo to alter
neuronal functions (Harrison-Brown et al., 2016; Nigro et al.,
2016; Beneventano et al., 2017; Kumar et al., 2017). Impor-
tantly, EV levels are significantly increased following TBI in
humans and animal models, as well as in chronic neurode-
generative and autoimmune disorders such as Alzheimer’s
disease (AD) and multiple sclerosis, supporting the concept
that spreading inflammation via EVs release may play a role
in these neuropathologies (Taylor and Gercel-Taylor, 2014;
Xiao et al., 2017; Pieragostino et al., 2018). Thus, nSMase
inhibitors have emerged as new pharmacological agents for
preventing release of EVs and thus can modulate inflamma-
tion and oxidative stress.

In the present study, we investigated the therapeutic
potential of the nSMase inhibitors altenusin and GW4869
in BV2 murine microglial cell line and primary microglia
in vitro, as well as in the mice subjected to controlled cortical
impact (CCI), a well-characterized experimental TBI model.
More specifically, we examined their ability to modulate
LPS-induced microglial activation, as well as release of pro-
inflammatory molecules and EVs in vitro, and on markers
of secondary neuroinflammation following TBI in mice. In
addition, we evaluated the potential underlying signal
transduction mechanisms involved.

Materials and Methods

Animals. Studies were performed using 10- to 12-week-old
C57BL/6 male mice (22-26 g wt; Taconic Biosciences, Germantown,
NY). Mice were housed in the Animal Care Facility at the University of
Maryland School of Medicine under standard laboratory conditions,
maintained on 12-hour light/dark cycle with temperature of 24°C, with
ad libitum access to food and water. Mice were acclimatized in the
animal surgery room half an hour before the surgery. All surgical
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procedures were performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at the
University of Maryland School of Medicine.

Controlled Cortical Impact. Brain injury in mice was induced
using our custom-designed CCI injury device, consisting of a
microprocessor-controlled pneumatic impactor with a 3.5 mm di-
ameter tip as described previously (Kabadi et al., 2012). Briefly,
mice were anesthetized in gas chamber containing evaporated
mixture of gases 70% NoO and 30% O, along with isoflurane (induction
at 4% and maintenance at 2%) and directed through a nose mask.
Depth of anesthesia was assessed, before initiation of the surgical
procedure, by monitoring respiration rate and pedal withdrawal
reflexes. Animals were placed on a heated pad to maintain a body
temperature of 37°C under the anesthesia. The head was mounted in a
stereotaxic frame and a 10-mm midline incision was made over the
skull. After reflecting the skin and fascia, a 5-mm craniotomy was
made on the central aspect of the left parietal bone. The impounder tip
of the injury device was positioned to the surface of the exposed dura
after extending to its full stroke distance (44 mm) and reset to impact
the cortical surface. Moderate injury was induced using an impactor
velocity of 6 m/s and deformation depth of 2 mm. After performing the
CCI injury, the incision was closed with interrupted 6-0 silk sutures.
After anesthesia withdrawal, the animal was placed into a heated cage
for at least 45 min postinjury to maintain the normal body temper-
ature. All animals were monitored carefully for at least 4 hours after
surgery. Sham animals underwent the same procedure as injured
mice except for craniotomy and cortical impact.

In Vivo Drug Treatments. At 30 minutes postinjury injured,
mice received a single intraperitoneal injection of altenusin (Millipore
Sigma, St. Louis, MO) at 2 or 10 mg/kg in saline + dimethyl sulfoxide
(DMSO; Millipore Sigma) or equal volume of vehicle (saline + DMSO).
Drug dosages were partly based upon prior in vivo studies for
altenusin in mice (Chua et al., 2017). At 24 hour postinjury, mice
were humanely euthanized and brain tissues were rapidly dissected
and stored at —80°C following transcardial perfusion with ice-cold
sterile phosphate-buffered saline (PBS).

BV2 Cell Culture. BV2 murine microglial cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies,
Carlsbad, CA) supplemented with 10% fetal calf serum (Life Technol-
ogies) and 1% penicillin and streptomycin (40 U/ml and 40 wg/ml,
respectively; Millipore Sigma) at 37°C with 5% CO,. Cells were split 1:
5 until their confluency using 0.05% Trypsin-EDTA (Life Technolo-
gies) solution in phosphate buffered saline (PBS). For activation
of BV-2 microglia, lipopolysaccharide (LPS from Escherichia coli;
20 ng/ml; Millipore Sigma) was used. BV2 microglia were seeded at a
density of either 3 x 10° cells/well (6-well plate), 1.5 x 10° cells/well
(12-well plate), 0.75 x 10 cells/well (24-well plate), or 20,000 cells/well
(96-well plate). Cells were incubated with or without various concen-
tration of altenusin (10-100 uM) or GW4869 (5-10 uM; Millipore
Sigma) followed by LPS stimulation (20 ng/ml) for either 4 or 24 hours.

Primary Microglia Cultures. Primary microglia cultures were
prepared from cerebral cortices of postnatal day P1-3 Sprague-
Dawley rats as previously described (Olajide et al., 2014; Singh
etal., 2014). In brief, brains were carefully taken, and cerebral cortices
were collected and freed from meninges in Hanks’ balanced salt
solution (without calcium, magnesium, and phenol red; Life Technol-
ogies). Forebrains were minced and gently dissociated by repeated
pipetting in DMEM/F-12 medium (Life Technologies) and filtered by
passing through 70-um cell strainer (Millipore Sigma). Cells were
collected by centrifugation (1000 g, 10 minutes at 4°C) and resus-
pended in DMEM/F-12 containing 10% fetal calf serum (Life Technol-
ogies) and 1% penicillin and streptomycin (40 U/ml and 40 wg/ml,
respectively) and cultured on Poly-D-lysine coated 75 cm? cell culture
flask (Millipore Sigma) in 5% CO- at 37°C. After 12—-14 days in culture,
floating microglia were harvested from mixed glia (astrocyte-
microglia) cultures and reseeded into cell culture plates at the density
of either 0.75 x 10° cells/well (24-well plate) or 1.5 x 10° cells/well
(12-well plate). On the next day, nonadherent cells were removed by
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changing the media, and after 1 hour cells were used for experiments.
Cells were incubated with altenusin (10-50 uM) followed by LPS
stimulation (20 ng/ml) for either 4 or 24 hours.

Cell Viability Assay. Cell viability was determined using a
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Millipore Sigma) colorimetric assay (Mosmann, 1983).
BV2 microglia cells were incubated in 96-well plates in DMEM
containing 10% fetal calf serum and 1% penicillin and streptomycin
(40 U/ml and 40 ug/ml, respectively) containing various concentra-
tions of altenusin (1-100 uM) and GW4869 (1-20 uM) for 24 hours.
Ten microliters of MTT at a final concentration of 0.5 mg/ml were
added to each well. After 3-hour incubation in 5% COs at 37°C, media
was discarded and formazan crystals were dissolved by adding
100 ul of DMSO to each well. The absorbance was measured at
540 nm using absorbance microplate reader (Biotek, Winooski, VT)
and is directly proportional to cell viability. Cell viability was
expressed as a percentage of surviving cells compared with the
nonstimulated control cells.

mRNA Real-Time PCR. RNA was isolated using Direct-zol
RNA mini prep kit (ZYMO Research, Irvine, CA). For ¢cDNA
synthesis, total RNA was reverse transcribed using High-Capacity
cDNA Reverse Transcription Kit (ThermoFisher Scientific,
Waltham, MA) as per manufacturer’s instructions. In brief, each
20 wl of reverse transcription (RT) reaction consisted of 2 ul of 10x
RT buffer, 0.8 ul of 25x dNTP mix (100 mM), 2.0 ul of 10x RT
random primers, 1.0 ul of MultiScribe reverse transcriptase, 4.2 ul
of nuclease-free water, and 10 ul of RNA sample. Thermal cycling
conditions used for reverse transcription are 10 minutes at 25°C,
120 minutes at 37°C, and finally 5 minutes at 85°C followed by
stop at 4°C. The synthesized cDNA was the template for the real-
time PCR amplification that was carried out either by ABI
7900HT or Quant Studio 5 real-time PCR System (ThermoFisher
Scientific), using TagMan Universal Master Mix II, no UNG
(ThermoFisher Scientific) as per the company’s protocol. Reaction
conditions were 10 minutes at 95°C, followed by 40 cycles of
15 seconds at 95°C, 60 seconds at 60°C, followed by the final plate
read. The following primers were used in this study: Mm00443258_m1
TNF-a (mouse), Rn01525859_g1 TNF-a (rat), Mm00446190_m1 IL-6
(mouse), Rn01410330_m1 IL-6 (rat), Mm01336189_m1 IL-18 (mouse),
Rn00580432_m1 IL-18 (rat), Mm00440502_m1 Nos2/iNOS (mouse),
Rn00561646_m1 Nos2/iNOS (rat), Mm00441242_m1 CCL2
(mouse), Rn00580555_m1 CCL2 (rat), Mm01288386_m1 IL-10
(mouse), Mm99999915_g1, GAPDH (mouse), Rn01775763_g1
GAPDH (rat), Mm03047343_m1 CD68 (mouse), Mm01287743_m1
CYBB/NOX2 (mouse), Mm00514478_m1 CYBA/p22P'°* (mouse),
MmO01275139_m1 IL4ra (mouse), Mm01329362_m1 Mrc1/CD206
(mouse), Mm00475988_m1 Arg-1 (mouse), Mm00657889_mH
Ym1/Chil3 (mouse). GAPDH served as an internal control for sample
normalization and the comparative cycle threshold method (2724¢)
was used for data quantification as described previously (Livak and
Schmittgen, 2001).

microRNA Real-Time PCR. Following RNA isolation using
Direct-zol RNA mini prep kit (ZYMO Research), miRNAs were
reverse-transcribed by using TagMan microRNA reverse transcrip-
tion kit (ThermoFisher Scientific) according to manufacturer’s protocol.
In brief, the master mix of 7 ul contained 1.5 ul of reverse transcription
buffer (10x), 0.15 ul of dNTPs (100 mM; with deoxythymidine
triphosphate), 1 ul of MultiScribe Reverse Transcriptase (50 U/ul),
0.19 ul of RNase inhibitor (20 U/ul), and 4.16 ul nuclease-free water.
Each 15 ul of RT reaction consisted of 7 ul of master mix, 3 ul of
RT primer (5x), and 5 ul of RNA sample (10 ng). Thermal cycling
conditions used for reverse transcription are 30 minutes at 16°C,
30 minutes at 42°C, and finally 5 minutes at 85°C followed by stop at
4°C. For real-time PCR amplification of mature miRNA, TagMan
Universal PCR master mix II (2x) with no UNG and TagMan Small
RNA assays (20x) were used according to manufacturer’s protocol
(mmu480953_mir miR-155, mmu478399_mir miR-146a, 001973 U6
snRNA). In brief, the reaction setup for real-time PCR of 20 ul

contained 10 ul of TagMan Universal PCR master mix IT (2x), 1 ul of
TagMan Small RNA assay (20x), 1.33 ul of template cDNA, and 7.67
of ul nuclease-free water. The cycling condition for real-time PCR
involved 40 cycles started with PCR initial enzyme activation step for
10 minutes at 95°C and then 15 seconds at 95°C and 60 seconds at
60°C. The real-time qPCR results were normalized to RNU6 (Life
Technologies) and quantified using comparative Ct method 27 24C
(Livak and Schmittgen, 2001). PCR reactions were carried out either by
ABI 7900HT or Quant Studio 5 real-time PCR System (ThermoFisher
Scientific).

Microparticle Analysis by Flow Cytometry. Microparticles
(MP), a special class of extracellular vesicles released into BV2
microglial media were characterized using a MACSQuant flow
cytometer (Miltenyi Biotec, Auburn, CA) as described previously
(Kumar et al., 2017). For MP analysis, fetal calf serum (Life
Technologies) was subjected to 18 hours centrifugation at 100,000 g.
DMEM media was filtered using 0.22-um filter (Millipore). Cells were
pretreated with altenusin and GW4869 for 30 minutes followed by
LPS stimulation for 24 hours. To induce the MP shedding, cells were
conditioned with 100 uM of BzATP for 30 minutes. At the end of the
experiment, cell supernatants were used to collect total MP that were
purified by using ultracentrifugation at the speed of 300 g for
10 minutes, 2100 g for 10 minutes followed by 100,000 g for 1 hour
at 4°C as previously described (Poncelet et al., 2015; Tian et al., 2015;
Kumar et al., 2017) with minor modification. To characterize the size
of MP, MACSQuant was first calibrated with calibration beads
(Miltenyi Biotec), and forward and side scatters were set at logarith-
mic gain. Photomultiplier tube voltage and triggers were optimized to
detect submicron-sized particles. Microbead standards of various sizes
300 nm (Sigma, St. Louis, MO; LB3), 1090 (BCP-10-5; Spherotech),
and 3000 nm (BP-30-5; Spherotech, Lake Forest, IL) were used to set
the initial parameters in the flow cytometer. MP were distinguished
from larger (apoptotic body; >1000 nm) and smaller (exosomes;
<100 nm) vesicles based on size (SSC), and their phenotype was
confirmed using the APC-conjugated Annexin V (Catalog No. 550474;
BD Bioscience, San Jose, CA). All reagents and solutions used for MP
analysis were sterile and filtered (0.1 or 0.22 um filter; Millipore)
before use.

Western Blotting. To generate whole cell extracts, cells were
washed with cold PBS and lysed in the radioimmunoprecipitation
assay buffer (RIPA buffer; Teknova, Hollister, CA), with 3% phospha-
tase (Phosphatase Inhibitor Cocktail 2 and 3; Millipore Sigma) and
protease inhibitor cocktail (Millipore Sigma). Protein concentration of
the samples was measured using the bicinchoninic acid protein assay
kit (ThermoFisher Scientific) according to the manufacturer’s instruc-
tions. For Western blotting, 15 ug of total protein from each sample
was subjected to 5%—20% gradient gels for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Proteins were transferred onto
nitrocellulose membranes and blocked in 5% BSA in Tris-buffered
saline containing 0.1% Tween 20 (TBS-T). After blocking, membranes
were incubated with primary antibodies, including phospho-p38
MAPK (1:1000; Cell Signaling Technology, Danvers, MA), phospho-
ERK1/2 (1:1000; Cell Signaling Technology), phospho-JNK (1:1000; Cell
Signaling Technology), anti-IkB-a (1:1000; Cell Signaling Technology),
and rabbit anti-actin (1:5000; Cell Signaling Technology). Primary
antibodies were diluted in TBS-T' and 5% BSA. Membranes were
incubated with the primary antibody overnight at 4°C followed by
incubation in appropriate horseradish peroxidase-conjugated secondary
antibodies (Jackson Immuno Research Laboratories, West Grove, PA)
for 1 hour at room temperature. After extensive washing (3 times for
15 minutes each in TBS-T), proteins were visualized using Super Signal
West Dura Extended Duration Substrate (ThermoFisher Scientific).
Chemiluminescence was captured using ChemiDoc TM XRS+ System
(Bio-Rad, Hercules, CA). Densitometry analyses of the proteins were
performed using Imaged software (NIH, Bethesda, MD), and B-actin
was used to confirm equal sample loading and normalization of the data.

Nitrite Release. Nitrite levels in cell culture supernatant were
measured using a Griess reagent kit (ThermoFisher Scientific)
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according to manufacturer’s instruction. Absorbance was measured at
548 nm using the Synergy HT multi-mode microplate reader (Biotek)
and normalized with the reference sample. Amount of nitrite
(expressed in micromoles) released by microglia cells in each sample
was calculated by plotting standard curve.

Determination of TNF-«a Release from LPS-Activated Micro-
glia. Levels of TNF-a released in BV2 and primary rat microglia cell
culture supernatant were measured using mouse and rat ELISA kit from
R&D Systems, Minneapolis, MN; and BD Biosciences, respectively, as per
manufacturer’s instructions. Briefly, standards or samples were added to
antibody-coated 96-well plates and incubated for 2 hours at RT. After
washing the plates with wash buffer, samples were incubated with
detection antibody for another 2 hours at RT. Plates were washed and
incubated in horseradish peroxidase-conjugated streptavidin for 20 min-
utes at RT in dark. Substrate solution was added and plate was left for
incubation 30 minutes in the dark. After the incubation, stop solution was
added and absorbance was measured at 450 nm using a Synergy HT
Multi-Mode Microplate Reader (Biotek). A standard curve was used to
calculate the levels of TNF-a release and expressed as picograms of
cytokine/milliliters.

Statistical Analysis. Statistical analyses were performed using
GraphPad Prism software (GraphPad Software Inc., San Diego,
CA). Values of all experiments are represented as mean = S.E.M.
of at least three independent experiments. Values were compared
using one-way analysis of variance with Tukey’s post hoc correc-
tion (multiple comparisons). The level of significance was set at
*P < 0.05, **P < 0.01, ***P < 0.001.

Results

Effects of Altenusin and GW4869 on the Microglial
Cell Viability. To determine the cytotoxic potential of alte-
nusin (Fig. 1A) and GW4869 (Fig. 1B), the viability of BV2
microglia was evaluated using an MTT assay. Treatment with
altenusin (ranging from 1 to 100 uM) prior to LPS stimulation
(20 ng/ml) did not adversely affect BV2 microglia viability when
compared with control or unstimulated cells (Fig. 1C). Simi-
larly, pretreatment of GW4869 (ranging from 1 to 10 uM) did
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not affect microglial cell viability (Fig. 1D); however, 20 uM
GW4869 with (P < 0.05) and without LPS (P < 0.01)
significantly decreased cell viability, indicating GW4869
cytotoxicity >10 uM.

Altenusin and GW4869 Attenuate LPS-Induced Acti-
vation of BV2 Microglia. To investigate whether altenusin
and GW4869 exerts anti-inflammatory effects, BV2 microglia
were preincubated with altenusin and GW4869 for 30 minutes
and then stimulated with or without LPS. We evaluated gene
expression levels of key pro-inflammatory cytokines (TNF-«,
IL-1B, and IL-6), inducible form of nitric oxide synthase (iNOS),
chemokine (CCL2), and the anti-inflammatory cytokine (IL-10).
Based on time-course analysis (data not shown), we identified the
time point for mRNA analysis to be 4 hours post-LPS stimulation
when pro-inflammatory mRNAs were robustly induced. LPS
stimulation of BV2 microglia significantly increased the expres-
sion of TNF-« (LPS vs. control, P < 0.001), IL-18 (LPS vs. control,
P < 0.001), IL-6 (LPS vs. control, P < 0.001), iNOS (LPS vs.
control, P < 0.001), and CCL2 (LPS vs. control, P < 0.001) (Fig. 2,
A-E). Pretreatment of altenusin significantly reduced expression
of TNF-a (Fig. 2A) and IL-6 (Fig. 2B) at 75 (TNFa, P < 0.001;
IL-6, P < 0.001) and 100 uM (TNF-«, P < 0.001; IL-6, P < 0.001)
compared with LPS alone. Altenusin also significantly decreased
expression of IL-18 (Fig. 2C), iNOS (Fig. 2D), and CCL2 (Fig. 2E),
starting at 50 uM (LPS vs. LPS + altenusin; IL-18, P < 0.001;
iNOS, P < 0.001; CCL2, P < 0.01). Similarly, pretreatment of
GW4869 for 30 minutes significantly reduced gene expression
of TNF-a (5-10 uM, P < 0.001; Fig. 2G), IL-6 (5-10 uM,
P < 0.001; Fig. 2H), IL-18 (5-10 uM, P < 0.001; Fig. 21), iNOS
(10 uM, P < 0.05, Fig. 2J), CCL2 (5-10 uM, P < 0.001; Fig. 2K)
following LPS stimulation. Altenusin and GW4869 did not
significantly increase IL-10 gene expression following LPS
stimulation (Fig. 2, F and L).

With regard to protein markers, peak expression of TNF-«
and nitric oxide production in BV2 and primary microglia is
at 24 hours following LPS stimulation (Loane et al., 2014;
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Fig. 1. Effects of altenusin (A) and GW4869 (B) on the viability of BV2 microglia cells. (C and D) Cells were pretreated with altenusin (1-100 uM; C) and
GW4869 (1-20 uM; D) for 30 minutes, afterward cells were stimulated with or without LPS (20 ng/ml) for the next 24 hours. At the end of incubation
period, MTT assays were performed on the cells to assess the cell viability. All values are expressed as mean + S.E.M. for at least three independent
experiments. Data were analyzed using one-way analysis of variance (ANOVA) for multiple comparison with post hoc Tukey’s test. *P < 0.05, **P < 0.01
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Fig. 2. Effects of altenusin and GW4869 on the expression of pro-inflammatory mediators in BV2 microglia (A-L). Cells were pretreated with altenusin
(10-100 uM) for 30 minutes, afterward cells were stimulated with or without LPS (20 ng/ml) for 4 hours for studying gene expression of TNF-« (A), IL-6
(B), IL-18 (C), iNOS (D), CCL2 (E), IL-10 (F). Similarly, for analyzing effect of GW4869 on gene expression of inflammatory mediators, cells were
pretreated with GW4869 (5-10 uM) for 30 minute followed by stimulation with or without LPS (20 ng/ml) for the next 4 hour for analyzing gene
expression of TNF-«a (G), IL-6 (H), IL-18 (I), iNOS (J), CCL2 (K), IL-10 (L). Data are presented as percentage control of LPS. Statistical analyses were
carried out by using one-way ANOVA with post hoc Tukey’s test (multiple comparisons). Results are expressed as mean * S.E.M. of at least three
independent experiments. *P < 0.05, **P < 0.01, **P < 0.001 in comparison with LPS; **P < 0.001 in comparison with control.

Stoica et al., 2014; Kumar et al., 2017). As predicted, we
observed a significant increase in the nitrite levels and TNF-«
protein in the supernatant of BV2 stimulated with LPS at
24 hours compared with control treated cells (Fig. 3). Altenusin
pretreatment significantly decreased nitrite production in a dose-
dependent manner, starting at 25 uM (LPS vs. LPS + altenusin;
P < 0.001; Fig. 3A). Similarly, GW4869 pretreatment signifi-
cantly reduced nitrite release following LPS stimulation, start-
ing at 5 uM (LPS vs. LPS + GW4869; P < 0.001; Fig. 3B).
Altenusin and GW4869 treatment did not significantly
change the nitrite levels when added to BV2 microglia in

the absence of LPS. Pretreatment of altenusin significantly de-
creased TNF-« protein levels following LPS stimulation, starting at
75 uM (LPS vs. LPS + altenusin; P < 0.001; Fig. 3C), whereas
TNF-« levels were significantly decreased following GW4869
treatment at 10 uM (LPS vs. LPS + GW4869; P < 0.05; Fig. 3D).

Altenusin Attenuate LPS-Induced Activation of Pri-
mary Microglia. To confirm the data obtained from BV2
microglial cells, we also tested the anti-inflammatory proper-
ties of altenusin in primary rat microglia. In response to LPS
stimulation, we observed a robust increase in the mRNA levels
of TNF-a (LPS vs. control, P < 0.001), IL-6 (LPS vs. control,
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Fig. 3. Effects of altenusin and GW4869 on the release of nitrite (A and B) and TNF-« (C and D) in BV2 microglia cells. For nitrite estimation, cells were
pretreated with altenusin [10-100 uM (A)] and GW4869 [5-10 uM (B)]. For TNF-a ELISA, cells were pretreated with altenusin [50-100 uM (C)] and
GW4869 [5-10 uM (D)]. Cells were pretreated for 30 minutes followed by stimulation with or without LPS (20 ng/ml) for the next 24 hours. At the end of
incubation, cell supernatants were collected, centrifuged, and levels of nitrite, and TNF-a was quantified by using Griess reagent assay and
mouse specific ELISA assay, respectively. Statistical analyses were carried out by using one-way ANOVA with post hoc Tukey’s test (multiple
comparisons). Results are expressed as mean = S.E.M. of at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 in

comparison with LPS; **¥P < 0.001 in comparison with control.

P < 0.001), IL-18 (LPS vs. control, P < 0.01), iNOS (LPS vs.
control, P < 0.001), and CCL2 (L.PS vs. control, P < 0.01; Fig. 4).
Pretreatment with altenusin resulted in a significant down-
regulation of TNF-« (Fig. 4A), IL-6 (Fig. 4B), and iNOS (Fig. 4D)
starting at 10 uM (TNFe, P < 0.001; IL-6, P < 0.001; iNOS,
P < 0.001), whereas IL-18 (Fig. 4C) and CCL2 (Fig. 4E)
expression were significantly decreased starting at 25 (IL-18,
P < 0.05; CCL2, P < 0.01) and 50 xM (IL-18, P < 0.01; CCL2,
P < 0.01) of altenusin. Next, we investigated the LPS-induced
release of nitrite and TNF-« in primary rat microglia (Fig. 5, A
and B). LPS stimulation resulted in a significant increase in the
release of nitrite (Fig. 5A) and TNF-a protein (Fig. 5B). Pre-
treatment with altenusin significantly reduced nitrite levels
starting at 10 uM (LPS vs. LPS + altenusin; P < 0.001; Fig. 5A),
whereas levels of TNF-a protein was significantly reduced
starting at 25 uM (LPS vs. LPS + altenusin; P < 0.001; Fig. 5B).

Altenusin and GW4869 Attenuate LPS-Induced Ele-
vation of Pro-inflammatory miR-155. We assessed changes
in pro-inflammatory miR-155 and miR-146 levels in BV2
microglia pretreated with altenusin and GW4869 and stim-
ulated with LPS (Fig. 5, C and D). Altenusin or GW4869
treatment prior to LPS stimulation significantly decreased
miR-155 expression at 100 uM altenusin (P < 0.01 vs. LPS)
and at 10 uM GW4869 (P < 0.01 vs. LPS) (Fig. 5C),
respectively, but these inhibitors had no significant effects
on LPS-induced miR-146 expression (Fig. 5D).

Effects of Altenusin and GW4869 on the Microparti-
cle Release Induced by Combined Treatment with LPS
and BzATP. Next, we investigated if altenusin and GW4869
had any effect on the MP release in activated microglia (Fig. 6).
P2X7 triggers MP shedding in the microglia, which can be
activated by agonists such as ATP or BzATP (synthetic analog

of ATP) (Bianco et al., 2005, 2009). Therefore, BV2 microglia
were pretreated with altenusin and GW4869 for 30 minutes
and then stimulated with or without LPS for 24 hours followed
by an additional BzATP stimulation for 30 minutes to induce
MP shedding (Kumar et al., 2017). MP were quantified by
flow cytometry using annexin V, which binds the externalized
phosphatidylserine present on the MP surface. Apoptotic
bodies (>1000 nm) and exosomes (<100 nm) were excluded
by gating analysis, and MP ranging in size between 300 and
1000 nm were analyzed (Fig. 6A). LPS/BzATP significantly
induced the shedding of annexin V positive MP compared with
MP levels in control BV2 microglia (P < 0.001; Fig. 6B).
Interestingly, we found that altenusin (50 and 100 M) and
GW4869 (5 and 10 uM) significantly decreased the micropar-
ticle count (P < 0.001) in the activated BV2 microglia.

Altenusin Inhibits the Pro-inflammatory Pathways
P38 MAPK and ERK1/2. Mitogen-activated protein kinase
(MAPK) pathways are implicated in several cellular process-
es, including neuroinflammation (Kaminska, 2005; Kaminska
et al., 2009). To further investigate the mechanism by which
altenusin modulates cytokines production, we assessed alte-
nusin effects on the activation of various components of MAPK
in LPS-activated BV2 microglia (Fig. 7A). LPS treatment of
microglia for 30 minutes led to the phosphorylation, and
thus activation of p38 MAPK (P < 0.001), ERK1/2 (P < 0.05),
and JNK (P < 0.001) (Fig. 7, B-D). Notably, pretreatment of
altenusin at 100 uM significantly reduces phosphorylation of
p38 (P < 0.05 vs. LPS; Fig. 7B). Similarly, there was a
significant reduction in the phosphorylation of ERK1/2 by
altenusin (P < 0.05 vs. LPS; Fig. 7C). In contrast, altenusin
failed to reduce LPS-stimulated phosphorylation of JNK (Fig. 7D)
or degradation of IxBa (Fig. 7TE).



344 Kumar et al.
150+
A ] Control
s Il LPS
) Hi# L+10uM Alt
~ © & 100- R L+25uM Alt
- £ L+50uM Alt
Z
- o °u
,E'a*- 504
o
©
o *edkk Fedek
0
C 150+
c
o
0 i
gm 100'
aes
awy
=9°
,EE\ 50
[+
©
[0 4
oLl
1501
=
o
]
gtn 100+
35
o "q",' o
_ES\ 50+
[1+]
@
(1
0..

B 150+

c

2

a HHE

8 o 1001
@ 25
Jwy

14 o

235 50

L

[

[1'4 wokk

kek -
0 T
D
150+

c

2

n HH#

gm 100+
g &3
)
€09

_E‘c‘r- 504

=

[

o

c *kk *kk e

Fig. 4. Effects of altenusin on the expression of pro-inflammatory mediators in primary rat microglia (A-E). Cells were pretreated with altenusin (10-50
uM) for 30 minutes; afterward cells were stimulated with LPS (20 ng/ml) for 4 hours for studying gene expression of TNF-a (A), IL-6 (B), IL-18 (C), iNOS
(D), CCL2 (E). Data are presented as percentage control of LPS. Statistical analyses were carried out by using one-way ANOVA with post hoc Tukey’s
test (multiple comparisons). Results are expressed as mean = S.E.M. of at least three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 in

comparison with LPS; #P < 0.01; **P < 0.001 in comparison with control.

Systemic Treatment of Altenusin Attenuates Acute
Neuroinflammation following Experimental Traumatic
Brain Injury in Mice. We then investigated whether alte-
nusin has similar anti-inflammatory properties in vivo. We
used a well-established model of CCI in adult male C57BL/6
mice to induce a cortical focal contusion injury and examined
whether the increases in gene expression of proinflammatory
cytokines and chemokines were ameliorated by altenusin
treatment. Two and ten milligrams per kilogram of altenusin
was administered systemically (intraperitoneally) to moderate-
level CCI mice starting at 30 minutes postinjury (Fig. 8A).
Sham-treated and CCI mice were euthanized 24 hours later,
and cortical tissue was collected for mRNA analysis of TNF«,
IL-6, IL-1B3, iNOS, CCL2, CD68, NOX2, and p22P"°*. Follow-
ing CCI, there was a robust increase in mRNA for pro-
inflammatory mediators TNF«, IL-6, IL-13,iNOS, and CCL2
(P < 0.001 vs. sham; Fig. 8, B-F). Altenusin (10 mg/kg)
treatment significantly reduced the expression levels of
TNF-a (P < 0.01; Fig. 8B), IL-6 (P < 0.05; Fig. 8C), IL-1

(P < 0.05; Fig. 8D), iNOS (P < 0.05; Fig. 8E), and CCL2
(P < 0.01; Fig. 8F) compared with vehicle-treated CCI
group. We also evaluated the expression of CD68, a marker
of activated and phagocytic microglia (Song et al., 2011; Fu
et al., 2014; Walker and Lue, 2015). CD68 expression was
significantly increased in the vehicle-treated CCI group
(P < 0.05 vs. sham; Fig. 8G), and its expression was
significantly reduced with altenusin (10 mg/kg) treatment
(P < 0.05 vs. vehicle-treated CCI). NOX2 has been impli-
cated in microglial-mediated neurotoxicity in TBI (Loane
et al., 2014; Kumar et al., 2016), so we analyzed the gene
expression of NOX2 and p22P"°* in the injured cortex. There
was a significant increase in the expression of NOX2 and
p22Pho* MmRNA expression with CCI (P < 0.001 vs. sham; Fig. 8,
H and I), and altenusin treatment (10 mg/kg) significantly
reduced both subunit expression (P < 0.05 vs. vehicle-treated
CCD.

Finally, to investigate whether altenusin has modulatory
effects on anti-inflammatory and proresolution immune
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Fig. 5. Effects of altenusin on the release of nitrite and TNF-« in primary rat microglia (A and B). For estimation of nitrite and TNF-« release, cells were
pretreated with altenusin (10-50 uM) for 30 minutes followed by stimulation with LPS (20 ng/ml) for the next 24 hours. At the end of incubation, cell
supernatants were collected and centrifuged and levels of nitrite (A), and TNF-«a (B) was quantified by using Griess reagent assay and rat specific ELISA
assay, respectively. For miRNA expression of miR-155 (C) and miR-146 (D), cells were pretreated with altenusin (50-100 uM) and GW4869 (5-10 M)
for 30 minutes, followed by LPS stimulation for 4 hours. Altenusin (100 uM) and GW4869 (10 uM) significantly decreased the miR-155 (C), but not miR-
146 (D), expression in LPS-stimulated BV2 cells. Statistical analyses were carried out by using one-way ANOVA with post hoc Tukey’s test (multiple
comparisons). Results are expressed as means = S.E. of at least three independent experiments. **P < 0.01; ***P < 0.001 in comparison with LPS;

#HPp < 0.001 in comparison with control.

responses, we assessed anti-inflammatory and alternative
activation microglial markers (IL-10, IL-4ra, Arg-1, Mrc1/CD206,
and Ym1/Chil3). CCI induced significant increase in IL-10,
IL-4ra, Arg-1 mRNA expression in the injured cortex (P <
0.05-0.001 vs. sham; Fig. 9, A, B, and D), as well as increased
Mrc1/CD206 and Ym1/Chil3 expression that failed to reach
statistical significance (Fig. 9, C and E). Post-injury treatment
of altenusin at both doses (2 and 10 mg/kg) did not increase
expression of these anti-inflammatory and proresolving
genes in the injured cortex beyond vehicle-treated CCI
levels (Fig. 9).

Discussion

In the present study, we demonstrate the anti-inflammatory
effects of nSMase inhibitors in activated microglia in vitro and
in an experimental TBI model in mice. Altenusin and GW4869
significantly suppressed neuroinflammation, reducing the
gene expression of proinflammatory cytokines (TNFe, IL-18,
IL-6), chemokines (CCL2), and iNOS, as well as microglia
activation markers (CD68) and components of NADPH oxi-
dase (NOX2, p22P"%). They also reduced the extracellular
release of TNF-a and nitric oxide in activated BV2 cells and
primary microglia. These inflammatory molecules are known to
be important mediators of microglial activation and neuro-
inflammation associated with several neurologic conditions,

including TBI (Hanisch, 2002; Woodcock and Morganti-
Kossmann, 2013; Thelin et al., 2017).

GW4869 is a selective, noncompetitive nSMase2 inhibitor
that shows no inhibitory activity on acid sphingomyelinase
(aSMase) (Luberto et al., 2002), whereas altenusin is a non-
steroidal fungal metabolite with broader nSMase inhibitor
activity, known to target multiple isoforms of nSMase
(Uchida et al., 1999; Dickens et al., 2017). In the current
study, we demonstrated that both nSMase inhibitors atten-
uated LPS-induced microglial activation and the release of
pro-inflammatory mediators in vitro, although altenusin
had greater potency and less cytotoxicity than GW4869.
Some prior studies have demonstrated therapeutic effects
of GW4869 at 20 uM in breast cancer cells, macrophages,
and mesenchymal stem cells (Wu et al., 2005; Essandoh
et al., 2015; Xiao et al., 2018); however, in our studies 20 uM
GW4869 significantly induced cytotoxicity, thereby nega-
tively impacting microglial cell viability beginning at
concentration of >10 uM. The differences we identified in
the GW4869 cytotoxicity profile compared with the above-
mentioned studies may be due to the different cell types
examined (microglia vs. non-brain-derived cells). Collec-
tively, our data suggest that a more general inhibition of
nSMase activity may improve effectiveness. A limitation of
pharmaceutical intervention approaches used to address
potential mechanisms is that they may have off-target
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Fig. 6. Microglia-derived MP are decreased in the BV2 cell culture supernatant following treatment of altenusin and GW4869. BV2 microglial cells
were pretreated with altenusin (50-100 uM) and GW4869 (5-10 uM) for 30 minutes followed by LPS (20 ng/ml) stimulation for 24 hours. Afterward
cells were incubated with BzATP (100 uM) for 30 minutes. (A) At the end of incubation, cell supernatants were collected, centrifuged, and release of
MPs were quantified by flow cytometry. Flow cytometry analysis of enriched MP isolated from the supernatant using sequential centrifugation at
300 g for 10 minutes, 2100 g for 10 minutes followed by 100,000 g for 1 hour. Representation of gating strategy used to characterize MP/MV using
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activity. For example, altenusin has been shown to have
inhibitory effects on a number of kinases, including Src
kinase (Aly et al., 2008), and it is an agonist of the Farnesoid
X receptor, a member of the nuclear receptor subfamily
(Zheng et al., 2017).

Recent preclinical studies have implicated nSMases in neuro-
degenerative disorders and as regulators of neuroinflammation.
A recent study in an animal model of AD suggested that nSMase2
may contribute to the progression of the disease and that
nSMase2 loss of function improves neurocognitive function
(Dinkins et al., 2016) and limits pathologic changes. Pharmaco-
logical inhibition of nSMases with altenusin also inhibits aggre-
gation of tau protein in vitro (Chua et al., 2017). Gene expression
of mitochondrial-associated sphingolipid-metabolizing enzymes
was shown to increase significantly in the brain of TBI mice
(Novgorodov et al., 2014). Another study reported the activa-
tion of the nSMase2/ceramide pathway in astrocytes, but not
neurons, in the hippocampus after cerebral ischemia in rats
(Gu et al.,, 2013). nSMases appear to regulate leukocyte
migration to the brain following IL-18-induced brain injury,
and their pharmacological inhibition by intrastriatal admin-
istration of altenusin significantly reduced glial cell activation
and cytokine expression (Dickens et al., 2017). Furthermore,
GW4869 significantly downregulates the gene expression of
pro-inflammatory cytokines (TNFe, IL-13, IL-6) in rat hippo-
campus after cerebral ischemia (Gu et al., 2013). Notably,
GW4869 suppressed the production of pro-inflammatory
cytokines in LPS-stimulated RAW264.7 macrophages and
in a sepsis-induced inflammatory model (Essandoh et al.,
2015). Furthermore, mature dendritic cells, upon LPS stim-
ulation, can produce pro-inflammatory cytokines, including
TNF-a contained exosomes that are attenuated by GW4869
(Gao et al., 2016).

In previously published studies, we demonstrated that
secondary neurodegeneration and chronic neurologic deficits
following experimental TBI are driven by a pronounced pro-
inflammatory and neurotoxic microglial activation that per-
sists in injured cortex for days, weeks, or potentially months to
years following the initial traumatic event (Byrnes et al., 2012;
Loane et al., 2014a,b; Kumar et al., 2016a,b). We also showed
that LPS stimulation of BV2 microglia and primary microglia
represent excellent in vitro model that mimic the pro-
inflammatory neuroinflammatory events initiated acutely
in our TBI model (Loane et al., 2009, 2013). By using an LPS
model of microglial activation in vitro, we demonstrate that
both altenusin and GW4869 treatment attenuate the gene
expression of TNFe«, IL-18, IL-6, iNOS, and CCL2. A previous
study has shown that nSMase2 is activated by TNF-« (Clarke
et al.,, 2011). Thus, our data are consistent with others
indicating that nSMase2 activation is an important step for
the amplification (positive feedback) of the neuroinflamma-
tory signaling program. We investigated the effects of nSMase
inhibition on the gene expression of anti-inflammatory cyto-
kine IL-10 in activated microglia. We found that although
transcriptional levels of IL-10 increased somewhat following
altenusin and GW4869 pretreatment, such changes did not
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reach statistical significance. These preliminary results indicate
that nSMase inhibition produces robust anti-inflammatory re-
sponse in microglia without upregulating inflammation-
resolving programs driven by IL-10. Further investigation
into mechanisms by which nSMase inhibition regulates pro-
and anti-inflammatory microglial activation phenotypes will
be required to identify signal transduction pathways leading
to beneficial inflammation-resolving responses in microglia.

Accumulating evidence supports the involvement of
miRNAs as key regulators in the pathogenesis of various
neurologic conditions, including neuroinflammation (Guedes
et al., 2013), neurodegeneration (Sabirzhanov et al., 2018),
autoimmune diseases (Ponomarev et al., 2011), and central
nervous system injury (Sabirzhanov et al., 2014). miR-155 and
miR-146 are two well-characterized pro-inflammatory miRs
that are associated with microglial activation and regulate
cytokine release, chemokine production, and oxidative stress
(Cardoso et al., 2012; Saba et al., 2012, 2014; Guedes et al.,
2014; Butovsky et al., 2015). Prior work has shown that
miR-155 and miR-146 may be involved in modulation of
microglial-mediated neuroinflammation by inducing proin-
flammatory cytokines in microglia (Jayadev et al., 2013; Yin
et al., 2017) and neuronal cell death in various brain injury
models (Caballero-Garrido et al., 2015; Harrison et al., 2016,
2017; Pena-Philippides et al., 2016). It has been demonstrated
that miRNA-155 and -146a mediate cell-to-cell communica-
tion through exosomes/microvesicles (MV) and participate in
target gene modulation in bone marrow-derived dendritic
cells and cardiovascular disease (Montecalvo et al., 2012;
Hulsmans and Holvoet, 2013). We recently showed that miR-
155 is significantly upregulated in cortex after experimental
TBI and that central administration of miR-155 inhibitors
(antagomirs) can reduce neuroinflammation and improve
outcomes (Henry et al., 2018). In the present study, upregu-
lation of miR-155 and miR-146 expression were observed in
LPS-activated BV2 microglial cells. Following treatment with
altenusin or GW4869, expression of miR-155 was substan-
tially decreased, whereas no changes were observed in
miR-146 expression, providing evidence that nSMase2 acts
upstream of the key pro-inflammatory miR-155.

We and others previously showed that microglia can release
EVs that further activate the neighboring microglia and
propagate the neuroinflammatory responses in the injured
brain (Brites and Fernandes, 2015; Kumar et al., 2017;
Paolicelli et al., 2018; Yang et al., 2018). The nSMase pathway
is known to be involved in the biogenesis of EVs (Menck et al.,
2017). Studies have shown that LPS-induced systemic in-
flammation causes the choroid plexus to secrete exosome and
propagate a pro-inflammatory response in the brain and that
these processes can be attenuated by GW4869 (Balusu et al.,
2016). LPS also enhances exosome release from pulmonary
artery smooth muscle cells, promoting cell proliferation and
apoptosis resistance and contributing to the pathogenesis of
pulmonary hypertension; GW4869 may attenuate pulmonary
hypertension by inhibiting the exosome release (Zhao et al.,
2017). Inhibition of nSMase with altenusin resulted in sharp

SSC-H and standard microbeads (300-1000 nm diameter). Standard microbeads were used as an internal control to determine the size of MP in the
supernatant, and annexin V staining confirmed MP characteristics. (B) Flow cytometric quantification. Bars represent mean * S.E.M. Data
represent results of at least three independent experiments. **#P < 0.001 in comparison with LPS and BzATP combined; ***P < 0.001 in comparison

with control.
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Fig. 7. Effects of altenusin on the phosphorylation of p38, ERK 1/2, JNK, degradation of IkBa induced by LPS. BV2 cells were pretreated with altenusin
(50-100 uM) for 30 minutes followed by stimulation with LPS (20 ng/ml) for 30 (for phospho-p38, -ERK1/2, and -JNK) and 15 minutes (for IkBa). Whole
cell lysates were used for Western blot analysis. (A) Representative blots and densitometric analysis (B-E) of p38 MAPK (B), ERK1/2 MAPK (C), JNK
(D), and I«Ba (E), respectively. Statistical analyses were carried out by using one-way ANOVA with post hoc Tukey’s multiple comparisons test. Results
are expressed as means = S.E.M. of at least three independent experiments. *P < 0.05, in comparison with LPS-activated cells; *P < 0.05, **P < 0.001 in

comparison with control.

decline in the IL-18 induced EVs in vitro and in vivo
(Dickens et al., 2017). The ATP receptor P2X7 and its
agonists have been implicated in the shedding of IL-18-
containing MP (Bianco et al., 2009; Li et al., 2017) and
release of proinflammatory mediators during CNS inflam-
matory events (Hide et al., 2000; Shieh et al., 2014), and these
mechanisms require acid sphingomyelinase (Bianco et al.,
2009). Here we examine the effect on nSMase inhibition on
microglial pro-inflammatory responses and how it relates to
microglial-mediated MP release. Previously, we demonstrated
that MP loaded with pro-inflammatory molecules (TNFq,
IL-1B, miR-155) initially released by microglia immediately
following brain trauma can seed microglial-mediated neuro-
inflammation that may contribute to progressive neurodegen-
eration in the injured brain (Kumar et al., 2017). In the
present study, we examined the effects of nSMase inhibition
on MP release from microglia as an outcome measure, because
these drugs were previously found to modulate release of
extracellular vesicles (Essandoh et al., 2015; Dickens et al.,
2017). We determined that nSMase inhibitors reduced the
release of MP following treatment with LPS and BzATP, with
altenusin being more effective than GW4869. Thus our data
suggest that nSMases may play an important role in EVs/MP
shedding in microglial and associated inflammatory re-
sponses, but further in-depth investigations are needed to
determine the mechanisms involved.

Both MAPKSs and NF-«B play key roles in the regulation of
transcriptional activity of pro-inflammatory genes in micro-
glia (Kim and Choi, 2010; Bachstetter et al., 2011; Kopitar-
Jerala, 2015; Shih et al., 2015). The major MAPK pathway
subfamilies involved in the regulation of cytokines in LPS-
activated microglia include signaling proteins such as p38
MAPK, extracellular signal-regulated kinase (ERK1/2), and

c-jun-N terminal kinase (JNK), and NF-«B (Singh et al., 2014;
Kumar et al., 2015; Velagapudi et al., 2017). p38 MAPK is
involved in the ATP-induced MP shedding and cytokine
release in glial cultures (Bianco et al., 2009) and has been
shown to act as an upstream regulator of nSMase2 (Clarke
et al., 2007; Filosto et al., 2010). Here, altenusin treatment
significantly reduced LPS-induced phosphorylation of p38 and
ERK1/2 but had no effect on JNK phosphorylation. Stimula-
tion of microglia with LPS also leads to IxB degradation,
facilitating the translocation of NF-«B to the nucleus and
subsequent transcription of proinflammatory cytokines
(Olajide et al., 2014). In contrast to p38/ERK MAPK, we did
not observe any significant changes in the levels of IxBa
following altenusin treatment, suggesting that the anti-
inflammatory effects may involve attenuation of nSMases-
dependent activation of specific pro-inflammatory MAPK
pathways. Our data indicate that the anti-inflammatory
effects exerted by altenusin may involve p38 and ERK1/2
signaling pathways, but not the JNK and NF-«B pathways.

A major driver of the neurotoxic microglial activation
phenotype is NADPH oxidase (NOX2), an enzyme system
highly expressed on phagocytes that produces reactive oxygen
species and regulates pro-inflammatory activation pathways
through NF-«kB-dependent pathways (Gao et al., 2012). In
prior studies, we demonstrated that TBI upregulated NADPH
oxidase subunits p22PP°* and NOX2 in reactive microglia in
the injured cortex and that NOX2 was highly expressed in
CD68/Ibal-positive microglia at 1 year postinjury (Loane
et al., 2014). Furthermore, NOX2 deficiency reduces pro-
inflammatory activation of microglia following TBI (Kumar
et al., 2016). These findings indicate that NOX2 contributes
to pro-inflammatory microglial activation and release of
neurotoxic mediators following TBI. In the current study we
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Fig. 8. Systemic administration of altenusin (2 and 10 mg/kg) at 30 minutes postinjury. Mice were euthanized and perfused after 24 hours, and cortical
tissue was processed for mRNA analysis (A). Gene expression of proinflammatory molecules were analyzed in the cortex of sham, vehicle, and altenusin
administered TBI mice (vehicle-treated CCI significantly induced expression of proinflammatory mediators, TNF-a (B), IL-6 (C), IL-18 (D), iNOS (E)
CCL2 (F), and microglia activation marker CD68 (G), reactive oxygen species (ROS) inducer NOX2 (H) and p22-phox (I), compared with sham-treated
animals. Altenusin treatment (10 mg/kg) significantly reduced expression of all above mentioned genes. Analysis done by one-way ANOVA, followed
by post hoc adjustments using Tukey’s multiple comparison test. Results are expressed as means = S.E.M. (N = 5-7 animals each group). *P < 0.05,
**P < 0.01 in comparison with TBI (vehicle); ¥P < 0.01, ##P < 0.001 in comparison with sham.

demonstrate the effect of nSMase inhibition on the expres-
sion of NADPH oxidase subunit gene expression (NOX2,
p22Ph°%) and pro-inflammatory gene expression following
TBI, indicating that this important neurotoxic microglial
activation pathway is inhibited by nSMase inhibitors.
Notably, systemic administration of altenusin immediately
following TBI significantly decreased the expression of pro-
inflammatory and reactive microglial markers TNF«, IL-6,
IL-1B,iNOS, CCL2, CD68, NOX2, and p22PP°* in the injured
cortex of mice.

Microglia are not only pro-inflammatory or neurotoxic but
also produce anti-inflammatory cytokines, alternative activa-
tion markers, and neurotrophic factors that can have positive
and beneficial functions in resolving inflammation (Loane and
Kumar, 2016). To address the effect of effects of altenusin on
these programs, we examined the gene expression of anti-
inflammatory cytokines and alternative activation markers
(IL-10, IL-4ra, Arg-1, Mrcl, and Ym1) in the injured cortex
at 24 hours postinjury. Our results indicate that altenusin
reduces pro-inflammatory responses in the injured brain
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Fig. 9. Systemic administration of altenusin (2 and 10 mg/kg) at 30 minutes postinjury. Mice were euthanized and perfused after 24 hours, and cortical
tissue was processed for mRNA analyses. Gene expression of anti-inflammatory and alternative activation markers IL-10 (A), IL-4ra (B),
Mrc1/CD206 (C), Arg-1 (D), and Ym1/Chil3 (E) were analyzed in the cortex of sham, vehicle, and altenusin administered TBI mice. Analysis
done by one-way ANOVA, followed by post hoc adjustments using Tukey’s multiple comparison test. Results are expressed as means * S.E.M.
(N = 4-7 animals each group). *P < 0.05, #P < 0.01, **P < 0.001 in comparison with sham treatment.

without upregulating anti-inflammatory and alternative ac-
tivation pathways. Given altenusin’s ability to attenuate early
inflammatory events, it may be effective in improving long-
term neurobehavioral and neuropathological outcomes after
TBI. A challenge for the therapeutic application of nSMase
inhibitors is that inhibition of nSMase2 may cause memory
impairment (Tabatadze et al., 2010) and motor deficits (Tan
et al., 2018). However, when examined in the context of
AD-associated pathology, genetic nSMase2 deficiency im-
proved cognition (Dinkins et al., 2016), suggesting that in
conditions where nSMases play a key role for the develop-
ment of the pathologic process, their inhibition may, on
balance, have significant therapeutic value.

Together, our studies underscore the anti-inflammatory
effects of selective nSMase inhibition following experimental
TBI and their potential as therapeutic target after head
injury. Further investigation is warranted to elucidate the
effects of nSMase inhibitors, particularly altenusin, on be-
havioral outcomes following brain trauma.
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