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Acid sphingomyelinase deficiency protects mitochondria
and improves function recovery after brain injury
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Abstract Traumatic brain injury (TBI) is one of the leading
causes of disability worldwide and a prominent risk factor
for neurodegenerative diseases. The expansion of nervous
tissue damage after the initial trauma involves a multifacto-
rial cascade of events, including excitotoxicity, oxidative stress,
inflammation, and deregulation of sphingolipid metabolism
that further mitochondrial dysfunction and secondary brain
damage. Here, we show that a posttranscriptional activation
of an acid sphingomyelinase (ASM), a key enzyme of the
sphingolipid recycling pathway, resulted in a selective in-
crease of sphingosine in mitochondria during the first week
post-TBI that was accompanied by reduced activity of mito-
chondrial cytochrome oxidase and activation of the Nod-like
receptor protein 3 inflammasome. TBI-induced mitochon-
drial abnormalities were rescued in the brains of ASM KO
mice, which demonstrated improved behavioral deficit re-
covery compared with WT mice. Furthermore, an elevated
autophagy in an ASM-deficient brain at the baseline and dur-
ing the development of secondary brain injury seems to fos-
ter the preservation of mitochondria and brain function
after TBI. Of note, ASM deficiency attenuated the early
stages of reactive astrogliosis progression in an injured
brain.Bll These findings highlight the crucial role of ASM in
governing mitochondrial dysfunction and brain-function im-
pairment, emphasizing the importance of sphingolipids in
the neuroinflammatory response to TBI.—Novgorodov, S.
A.,J. R. Voltin, W. Wang, S. Tomlinson, C. L. Riley, and T. I.
Gudz. Acid sphingomyelinase deficiency protects mitochon-
dria and improves function recovery after brain injury. J.
Lipid Res. 2019. 60: 609-623.
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Traumatic brain injury (TBI) is a leading cause of death
in older individuals and the major cause of disability among
young adults (1, 2). TBI is defined as a disruption of brain
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structure and physiology due to an extrinsic biomechanical
insult triggering neuronal, axonal, and vascular damage
(3). Following the primary injury, multiple pathological
processes, including oxidative stress, inflammation, energy
failure, and changes in neurotransmitter concentrations,
contribute to posttraumatic neurologic symptoms such as
motor and cognitive deficits (4, 5). Although the severity of
the initial brain trauma is the key factor determining the
patients’ outcome, secondary processes that develop over
days and weeks provide an opportunity for clinical inter-
vention (2). Epidemiologic studies have implicated TBI as
an important risk factor for developing late-onset Alzheim-
er’s disease (AD) and linked TBI to other neurodegenera-
tive conditions such as Parkinson’s disease and amyotrophic
lateral sclerosis (6). Emerging evidence suggests that re-
peated brain injuries among soldiers and athletes could
lead to the development of chronic traumatic encephalop-
athy (CTE) (7). CTE is characterized by the deposition of
hyperphosphorylated tau protein and acetylcholine defi-
ciency, which are also the pathological features of AD (8).
Mitochondrial dysfunction appears to be a cardinal fea-
ture of the secondary TBI and the centerpiece of multiple
converging processes, including glutamate excitotoxicity,
oxidative stress, and inflammatory reactions (9). Mitochon-
dria are involved in both the necrotic and apoptotic cell
death, which have been reported in animal models (10)
and in humans after TBI (11). Mitochondria are known as
key players in autophagy, whereby damaged mitochondria
are eliminated to maintain proper mitochondrial numbers
and quality control. Alterations in the dynamics of autoph-
agy, which can function as a cell-survival mechanism or a
mechanism of cell death (lethal autophagy), have been
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observed in the human brain after TBI (12). Mitochondria
have been discovered to serve as a platform for Nod-like
receptor protein 3 (NLRP3) inflammasome assembly and
function (13). The inflammasome is an intracellular multi-
protein complex involved in activation of caspase-1, lead-
ing to the processing and release of interleukin (IL)-13
and IL-18, which are imperative in the post-TBI neuro-
inflammatory response (14). Mitochondrial abnormalities
[respiratory-chain dysfunction, reactive oxygen species
(ROS) production, etc.] are powerful activators of the
NLRP3 inflammasome that could also lead to caspase-
l-mediated cleavage of the caspase-3/-7, resulting in regu-
lated necrotic cell death (15).

Experimental evidence implicates the disruption of
mitochondrial sphingolipid metabolism as an important
determinant of the mitochondrial respiratory-chain dys-
function and secondary brain injury after TBI (16). A brain
sphingolipidome involves more than 40 enzymes generating
and catabolizing dozens of molecular species of sphingolip-
ids, many of which are structural components of the cellular
membranes (SMs and gangliosides), whereas bioactive
sphingolipids (ceramides, sphingosine, and sphingosine
1-phosphate) play prominent roles in signal transduction
governing cell proliferation, differentiation, and pro-
grammed cell death (17, 18).

The essential role of sphingosine accumulation as a
cause of mitochondrial dysfunction has been demonstrated
in a mouse model of TBI (16). The data showed that TBI
stimulated the de novo biosynthesis of ceramide in the
brain that did not result in an enhanced ceramide level.
In fact, ceramide gradually decreased during the first week
after TBI, suggesting its augmented conversion into the
other sphingolipids, including sphingosine. Further in-
vestigation revealed that TBI stimulated mitochondrial
neutral ceramidase (NCDase) activity that resulted in
an accumulation of mitochondrial sphingosine and mito-
chondrial dysfunction, promoting secondary brain injury.
Sphingosine levels in mitochondria from NCDase KO mice
were attenuated by 37% compared with WT mice, suggest-
ing an additional source contributing to mitochondrial
sphingosine accumulation in the injured brain. In mam-
mals, sphingosine is generated in a sphingolipid recycling
pathway that begins with an acid sphingomyelinase (ASM)-
catalyzed SM hydrolysis producing ceramide (19), which is
metabolized by an acid ceramidase localized in lysosomes,
yielding sphingosine. Transfer of ceramide between intra-
cellular compartments requires either the vesicular trans-
port pathway (20) or nonvesicular mechanisms, including
a transfer protein, ceramide transfer protein (21, 22). In
contrast, it has been shown that sphingosine can leave
the lysosomal compartment and impact mitochondria
(23, 24). We hypothesized that TBI could trigger an acti-
vation of ASM/acid ceramidase-dependent generation of
lysosomal sphingosine, which could reach mitochondria,
increasing mitochondrial sphingosine levels and mito-
chondrial dysfunction, fostering secondary brain injury.

ASM functions in the endolysosomal compartment and
on the outer leaflet of the plasma membrane (25), where
it facilitates endocytosis and damage repair in the injured
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cells (26). In apoptosis induced by TNF-«, IFN-y, and
radiation (21, 27), ASM activation led to formation of
ceramide-enriched membrane platforms that are central
for apoptotic signal transduction (28, 29). ASM/acid
ceramidase-dependent mitochondrial sphingosine accumu-
lation was shown to perturb mitochondrial function, which
results in regulated necrotic cell death, ferroptosis (24). Of
note, an inhibition of ASM activity mediates the effects of
antidepressant drugs (30, 31) and diminishes symptoms
associated with AD (32).

In this study, we provide evidence for a pivotal role of
ASM in mitochondrial dysfunction promoting neuroin-
flammation and secondary brain injury. Importantly, we
show that ASM deficiency (Smpdl gene ablation) attenu-
ates mitochondrial sphingosine accumulation, preserves
mitochondrial function, reduces NLRP3-dependent neu-
roinflammatory response, and improves brain-function
recovery after TBI. These studies suggest a novel mecha-
nism of ASM involvement in the mitochondrial injury
linked to neuroinflammation that could be an important
factor underlying cognitive deficits after brain trauma.

MATERIALS AND METHODS

Animals and reagents

C57BL6/] (8-week-old) mice (Jackson Laboratory, Bar Harbor,
ME) were acclimated for 1 week prior to experimentation. ASM
KO mice (C57BL6/] genetic background) were provided by the
Animal Core Facility at the Medical University of South Carolina
(Charleston, SC). ASM KO (Smpdlf/ ) mice show age-dependent
accumulation of SM and development of Niemann-Pick syndrome
A and B (33). We only used the Smpdl ™/~ mice younger than
12 weeks of age, before any biochemical, histological, or clinical
manifestations of Niemann-Pick disease were apparent (34). Ex-
perimental protocols were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Ralph H. Johnson VA
Medical Center (Charleston, SC) and followed the National Insti-
tutes of Health guidelines for experimental animal use. The com-
plete protease inhibitor cocktail and PhosphoStop phosphatase
inhibitor cocktail were from Roche Applied Science (Indianapo-
lis, IN). Reclast (zoledronic acid) was from Enzo Biochem
(Farmingdale, NY). All other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO).

Antibodies

Rabbit monoclonal anti-LLC3, anti-beclin-1, anti-NLRP3, and
anti-glial fibrillary acidic protein (anti-GFAP) antibodies and rab-
bit polyclonal anti-p62 antibodies were supplied by Cell Signaling
Technology (Danvers, MA). Mouse monoclonal anti-B-actin anti-
body was from Sigma-Aldrich. Mouse monoclonal anti-caspase-1
and anti-PINK-1 antibodies, as well as rabbit polyclonal anti-ASM
antibody were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal anti-aldehyde dehydrogenase 1 family
member L1 (anti-Aldh111) antibody was from ThermoFisher
(Waltham, MA). Secondary HRP-conjugated antibodies were sup-
plied by Jackson ImmunoResearch (West Grove, PA).

Controlled cortical impact (CCI) injury model of TBI

Mice were anesthetized with isoflurane and placed in a stereo-
taxic frame (Kopf Instruments, Tujunga, CA). During the sur-
gery, mice maintained a 37°C body temperature by a heating pad.



The skull was exposed, and the bite bar was adjusted to level
bregma and lambda in the horizontal plane. The bone over the
cortex was removed, exposing a 3.5 mm region at the midline.
The impact was delivered by a computer-controlled Head Impac-
tor (Precision Systems and Instrumentation, Fairfax Station, VA)
using a 3 mm flat circular impactor tip at a speed of 4 m/s and a
depth of 1.5 mm below the cortical surface for 0.1 s The parame-
ter set was to provide a moderate contusive brain injury in mice
(16, 35, 36). Sham-injured animals received craniotomy only. Af-
ter the impact, the wound was sutured, followed by application of
analgesic. Mice were placed on the heating pad until ambulatory
and then returned to the cage.

Rotarod test

To assess sensorimotor deficits after TBI, the standard ro-
tarod test was performed, as it has been shown to be effective
and reliable in rodent brain-trauma experiments (16, 37, 38).
The rotarod is a motorized cylinder that accelerates linearly un-
til the animal falls off. Rotarod training and measurement were
carried out using a four-lane rotarod apparatus (San Diego In-
struments, San Diego, CA). Each day for 3 days prior to injury,
animals were trained on the rotarod at a speed of 18 rpm in the
acceleration mode (0-18 rpm/90 s). Animals were tested using
three trials in each training or measurement session, with a
minimum of 5 min resting between trials. One hour before the
injury, mice were assessed on the rotarod to obtain preinjury
baselines. Scores were measured as the latency or time success-
fully spent running on the rotarod. Postinjury scores were normal-
ized using preinjury means to control for variability in preinjury
performance.

MWM test

To assess spatial learning and retention memory impairments
after TBI, a standard Morris water maze (MWM) test was used
(39-41). The water maze apparatus consisted of a pool (122 cm
diameter) filled with water maintained at 25°C and made opaque
with nontoxic white paint. A hidden platform (10 cm diameter)
was submerged 1 cm below the water surface. The animals were
introduced into the pool at each of four entry points, while the
platform location remained constant throughout the training pe-
riod. Starting points were randomized every day during the 4 day
trials. Initial training consisted of four trials per day. On the day of
testing, the platform was removed, and the animal’s memory-re-
tention abilities were probed by allowing them to free swim for
90 s, and the time spent swimming in each of four quadrants was
recorded. The percentage of platform quadrant retention time of
the total time was determined. After the swim, mice were warmed
and allowed to dry in an incubator at 37°C.

Isolation of mouse-brain mitochondria

All procedures were performed at 4°C as described (42, 43).
Mitochondria were isolated from the CCl-injured or sham-injured
mouse brain. Briefly, tissue was placed immediately in ice-cold
isolation medium containing 230 mM mannitol, 70 mM sucrose,
10 mM HEPES, and 1 mM EDTA, pH 7.4. Brain tissue (~1 g) was
homogenized in 10 ml of isolation medium using a Teflon-glass
homogenizer. The homogenate was centrifuged at 700 g for 10
min. The supernatant was then centrifuged at 10,000 gfor 10 min.
The pellet was resuspended in 2 ml of 15% Percoll-Plus (GE
Healthcare, Piscataway, NJ) and placed atop a discontinuous Per-
coll gradient consisting of a bottom layer of 4 ml of 40% Percoll
and a top layer of 4 ml of 20% Percoll. The gradient was spun at
43,000 g for 30 min in a SW-Ti41 rotor in a Beckman ultracentri-
fuge. The fraction at the 20-40% interface, which contained mito-
chondria, was washed three times with isolation medium (without

EDTA) by centrifugation at 10,000 g for 10 min. Protein concen-
tration was measured with a bicinchoninic acid assay (Sigma, St.
Louis, MO) using BSA as a standard.

Mitochondrial respiratory-chain activity

Mitochondrial respiration was measured by recording oxygen
consumption at 25°C in a chamber equipped with a Clark-type
oxygen electrode (Instech Laboratories, Plymouth Meeting, PA)
as previously described (42, 43). Briefly, mitochondria were incu-
bated in the medium containing 125 mM KCl, 10 mM HEPES, 2
mM KH,PO,, 5 mM MgCl,, and 0.5 mg/ml mitochondrial protein
supplemented with either complex I substrate (mixture of 5 mM
glutamate and 5 mM malate) or complex II substrate (10 mM suc-
cinate) in the presence of 5 pM rotenone or complex IV substrate
[2 mM ascorbate in the presence of 250 pM N,N,N,N-tetramethyl-
pphenelenediamine (TMPD) and 1 pg/ml antimycin]. A respira-
tory-control ratio was measured as the oxygen-consumption rate
in the presence of the substrate and 500 pM ADP (state 3) divided
by the rate in the resting state (state 4) in the presence of 2 pg/ml
oligomycin. Uncoupler-stimulated (state 3u) respiration was
measured in the presence of 50 pM 2,4-dinitrophenol (2,4-DNP).
Cytochrome oxidase (COX) activity was measured as the oxygen-
consumption rate supported by COX substrate 2 mM ascorbate
with 250 TMPD in the presence of the complex Il inhibitor 1 pg/
ml antimycin to block the endogenous oxygen consumption.

ASM and NSM activity assay

ASM activity was measured using an ASM activity assay kit (Ech-
elon Biosciences, Salt Lake City, UT) according to the manufac-
turer’s instructions. Synthetic C15-SM was used as a substrate.
Neutral sphingomyelinase (NSM) activity was determined as de-
scribed for the ASM assay, except that the reaction mixture con-
tained 100 mM Tris (pH 7.4) instead of 100 mM sodium acetate
(pH 5.0) and was supplemented with 10 mM Mg2+, which is re-
quired for NSM activity (44).

Carbonyl content measurement

Protein carbonyls were quantified in mitochondria with the
Protein Carbonyl Content Assay Kit (Sigma-Aldrich) according to
the manufacturer’s instructions.

Western blot

Proteins were analyzed by Western blot (45, 46). Proteins were
separated by 4-15% SDS-PAGE, blotted to PVDF membrane,
blocked with 5% nonfat dry milk (Bio-Rad, Hercules, CA) or 5%
BSA in TBS-T buffer (10 mM Tris, 150 mM NaCl, and 0.2%
Tween-20, pH 8.0), and subsequently probed with the appropri-
ate primary antibody. Immunoreactive bands were visualized using
a SuperSignal West Dura substrate (ThermoFisher).

Sphingolipid analysis

Sphingolipids content was determined by MS/MS (42, 46).
Briefly, to extract lipids, 0.5 mg of mitochondria or brain homog-
enate protein was added to 2 ml of the ethyl acetate/isopropanol/
water (60:30:10%, v/v/v) solvent system. The lipid extracts were
fortified with internal standards, dried under a stream of nitrogen
gas, and reconstituted in 100 pl of methanol for ESI/MS/MS
analysis, which was performed on a ThermoFisher TSQ Quantum
triple quadrupole mass spectrometer, operating in a multiple-
reaction-monitoring, positive-ionization mode. The samples were
injected onto the HP1100/TSQ Quantum LC/MS system and
gradient-eluted from the BDS Hypersil C8, 150 x 3.2 mm, 3 um
particle size column, with a 1.0 mM methanolic ammonium for-
mate and 2 mM aqueous ammonium formate mobile-phase
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system. The peaks for the target analytes and internal standards
were collected and processed with the Xcalibur software system.
Calibration curves were constructed by plotting peak area ratios
of synthetic standards, representing each target analyte, to the
corresponding internal standard. The target analyte peak area ra-
tios from the samples were similarly normalized to their respective
internal standard and compared with the calibration curves using
a linear regression model. Each sample was normalized to its re-
spective total protein levels.

Statistical analysis

Data were analyzed for statistically significant differences
between groups by one-way ANOVA with post hoc analysis or
Student’s -test where appropriate (SigmaPlot software version

13.0). Statistical significance was ascribed to the data when
P<0.05.

RESULTS

TBI triggered ASM activation via posttranscriptional
mechanisms

The majority of sphingolipids are extremely hydropho-
bic; therefore, sphingolipid metabolism is restricted to cel-
lular membranes and is highly compartmentalized (17).
De novo sphingolipid biosynthesis occurs in the endoplas-
mic reticulum and commences with the generation of
ceramide, which is then transported to the Golgi and plasma
membrane for biosynthesis of SM (17). Another major
pathway of sphingolipid metabolism starts with SM hydro-
lysis and is catalyzed by a sphingomyelinase family enzymes,
ASM and NSM, yielding phosphorylcholine and ceramide
(47). Hydrophobic ceramide is further hydrolyzed by
ceramidase to form more hydrophilic sphingosine, which
could leave the intracellular compartment, where it is gen-
erated to reach mitochondria (21, 23, 24). ASM is encoded
by the Smpd]1 gene and translated into 629 amino acid pro-
protein, which, because of differential modification and
trafficking processes, gives rise to two distinct isoforms,
lysosomal and secretory ASM (48). The lysosomal ASM
resides in the endolysosomal compartment, whereas the
secretory ASM is released by the secretory pathway and
functions in the extracellular space (26, 49).

To investigate ASM involvement in the secondary brain
injury, we used a CCI injury mouse model of TBI that re-
produces the neuropathology associated with the multiple
types of human TBI (50). Mice were exposed to CCI using
a computer-controlled head impactor device to induce the
brain injury of moderate severity as described in previous
studies (16, 51). Sham-injured mice received craniotomy
only. The brain tissue was analyzed at 24, 48, and 168 h
(7 days) following the initial insult, and a specific ASM or
NSM activity was quantified. Fig. 1A shows that TBI trig-
gered a sustained ASM activation during the first week
post-TBI, whereas NSM activity did not change. Consistent
with our previous proteomic studies (16), there were no
changes in the expression level of cerebral ASM protein in
response to TBI, indicating the involvement of posttranscrip-
tional mechanisms in ASM activation (Fig. 1B). The data
suggest that TBI triggered an activation of ASM-mediated
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hydrolysis of SM, which could result in an increased gen-
eration of sphingosine in the injured brain.

ASM is required for TBI-elicited mitochondrial
sphingosine accumulation

We have previously demonstrated a TBI-induced up-
regulation of sphingosine in brain tissue and cerebral
mitochondria that was modestly attenuated in the NCDase-
deficient mice (16). To elucidate the role of ASM as a pos-
sible source of sphingosine in the brain response to trauma,
WT and ASM KO mice were exposed to CCI, and the sphin-
golipid profile was determined at various time points dur-
ing the first week post-TBI (Fig. 2). Consistent with a
previous report, sphingosine levels were elevated in brain
tissue up to 181% at 168 h postTBI compared with sham
(Fig. 2A), which was accompanied with slightly attenuated
ceramide content up to 76% (Fig. 2B) in WT mice. In the
ASM-deficient brain, there were no significant changes in
sphingosine or ceramide levels post-TBI compared with
sham (Fig. 2A, B). In line with the previous study (16),
there was a gradual elevation of sphingosine in WT mito-
chondria isolated from the injured brain, reaching 246%
at 168 h post-TBI compared with sham (Fig. 2C), whereas
ceramide was only transiently increased at 24 h, returning
to sham levels at 48 h post-TBI (Fig. 2D). No significant
changes in mitochondrial sphingosine or ceramide levels
were detected in the brains of the ASM KO mice post-TBI
compared with sham (Fig. 2C, D). The data suggest that
ASM-dependent generation of sphingosine in lysosomes is
an important source of mitochondrial sphingosine accu-
mulation during the first week after TBI. It is conceivable
that transient elevation of mitochondrial ceramide resulted
from lysosomal sphingosine conversion into ceramide by
mitochondrial ceramide synthases (43). Given the TBI-
induced activation of mitochondrial NCDase (16), the ele-
vated ceramide could be metabolized back into sphingosine
at 48 h post-TBI, thereby normalizing ceramide content
and increasing sphingosine levels in mitochondria.

TBI-induced mitochondrial dysfunction is rescued in
ASM-deficient mice

Sphingosine is a potent endogenous inhibitor of mito-
chondrial respiratory-chain activity at the level of complex
IV in liver (52) and cerebral mitochondria (16). An in-
creased sphingosine content in cerebral mitochondria has
been shown to cause a reduced activity of respiratory-chain
complex IV (i.e., COX) at 7 days (168 h) post-TBI in WT
mice (16). To elucidate the impact of ASM on TBI-induced
mitochondrial dysfunction, the respiratory-chain activity
was assessed by measuring the oxygen-consumption rate in
cerebral mitochondria purified from WT and ASM-deficient
mice (Fig. 3). The respiratory-chain enzymes transport
electrons from the electron donors (substrates) at complex
I (glutamate) or complex II (succinate) to complex III and
then to complex IV (COX), where the electrons reach
their acceptor oxygen. The substrate of complex IV, ascor-
bate, donates electrons directly to complex IV; therefore,
the oxygen-consumption rate supported by ascorbate re-
flects the activity of the terminal enzyme of the electron
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Fig. 1. TBI triggered an activation of ASM via post-
transcriptional mechanisms. Brain tissue samples were
prepared from the WT mouse brain after the injury
imposed by a CCI device. Sham-injured animal brain
was used as a control. A: Time course of specific ASM
and NSM activity changes was determined. The en-
zyme activity is expressed as pmol of C15-SM/min
per mg of protein. Data are means + SE. * P < 0.05
(n=10). B: Time course of ASM protein expression
changes was assessed following brain trauma. Brain ly-
sates (30 pg/lane) were analyzed by Western blotting
using anti-ASM (Santa Cruz) antibody. To confirm
equal loading of samples, the membranes were
stripped and probed with anti-B-actin antibody. Data
are representative of four independent experiments.
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course of protein carbonyls changes in mitochondria was determined. Data are means + SE. * P< 0.05 (n = 16).

168 h post-TBI compared with sham (Fig. 3B). COX activ-
ity in cerebral mitochondria from ASM-deficient mice at
24, 48, or 168 h post-TBI was not different from the sham
(Fig. 3B). The data suggest that TBI-triggered activation of
ASM resulted in elevation of mitochondrial sphingosine,
which attenuated the maximal COX activity.

It has been shown that a partial suppression of COX ac-
tivity by cyanide increases mitochondrial ROS formation
(53). Moreover, sphingosine-mediated modest inhibition
of COX activity enhanced mitochondrial ROS emission in
situ (24, 52), which might contribute to oxidative stress,
causing an imbalance between oxidant and antioxidant
agents in the injured brain (54). Enhanced production of
ROS could cause oxidative/nitrosative stress, leading to
damage in lipids, proteins, and nucleic acids, known to
occur in TBI (55). As a consequence of oxidative stress-
mediated proteins modification, the transport of mito-
chondria to synaptic regions is impaired, which decreases
synaptic function and alters signal transduction following
TBI (56, 57). To elucidate whether ASM-dependent inhibi-
tion of COX leads to augmented protein oxidative modifi-
cation, protein carbonyl levels were determined in WT and
ASM-deficient mitochondria after TBI. The protein car-
bonyls were higher in WT mitochondria at 24, 48, and
168 h post-TBI (Fig. 3C). ASM knockdown attenuated the
TBI-triggered increase in protein carbonyl levels. The data
indicate that ASM is necessary for TBI-induced mitochon-
drial respiratory-chain dysfunction, leading to enhanced
oxidative protein modification in the injured brain.

Elevated autophagy in the ASM-deficient brain is
augmented after TBI

Having demonstrated ASM involvement in promoting
mitochondrial damage in the brain-injury response, we
sought to determine the role of ASM in mitochondrial
quality-control mechanisms. To curb the accumulation of
damaged mitochondria, cells could trigger an elimination
of dysfunctional mitochondria by stimulating autophagy

614 Journal of Lipid Research Volume 60, 2019

and/or mitophagy, an autophagy process facilitated by ac-
tivation of the PINK-1/Parkin pathway (58). Autophagy, a
self-catabolic process by which cells recycle their proteins
and organelles in response to stress or injury, has been
demonstrated in human injured brain and animal models
of TBI (59). Experimental evidence seems to support both
a detrimental role of autophagy dysfunction promoting
cell death and a protective role for autophagy activators in
TBI. A transient elevation of autophagy markers such as
Beclin-1 and LC3-II was shown in the mouse cortex at 24
and 48 h post-TBI, whereas the expression of p62 was de-
creased, signifying an activation of the autophagic flux.
Most of the injured cells with enhanced expression of
Beclin-1 and LC3-II were positively stained in a TUNEL assay,
indicating that elevated autophagy flux was involved in cell
death and apoptosis (60). The protective role of autophagy
in TBI was demonstrated in studies using rapamycin, an
inhibitor of the PIK3/mammalian target of rapamycin
(mTOR) signaling pathway. Rapamycin administration to
mice augmented the expression of autophagy markers
while increasing neuronal survival, reducing inflamma-
tion, and improving neurobehavioral function following
TBI (61, 62). To investigate ASM involvement in autoph-
agy, the expression of autophagy markers was determined
in the injured brain of WT and ASM KO mice at 168 h
(7 days) post-TBI (Fig. 4). In WT mice, there were no
changes in the expression of Beclin-1 and p62, as well as no
changes in the expression levels of LC3-I and its lipid-mod-
ified form LC3-II. Moreover, there was no change in the
expression of the mitophagy marker PINK-1, which has
been implicated in the mitophagy failure in Parkinson’s
disease (58). The data indicate a lack of autophagy involve-
ment in the brain response to injury in WT mice at the end
of the first week post-TBI.

Of note, the expression levels of LC3, p62, and Beclin-1
were significantly higher in the ASM-deficient brains of the
sham-injured animals compared with WT (Fig. 4). The
increased expression of autophagy markers suggests that



A WT ASM KO B C
Sham TBI Sham TBI
LC3 m—— ' ' 3 "
] . — 5 £ 161 pBeclin-1 mp62
Beclin-1 gz.s L # S 14 # h i
— — — — — 2 =
- 5 5 312
p = g 1
— — — O — :— 1.5 1 'ﬁ 0.8
O o 5
PINK-1 8, Sos
— — — — — = -
] 2 05 4 e
B-actin = 202
A e T & o
-_— WT SHAM  WTTBI ASMKO SHAM ASMKO TBI WT SHAM  WTTBI _ ASMKO ASMKO TBI

SHAM

Fig. 4. Elevated autophagy in the ASM-deficient brain is augmented after TBI. Brain tissue samples were prepared from the injured brain
of WT and ASM KO mice at 168 h (7 days) post-TBI. Sham-injured animal brain (sham) was used as a control. A: Equal amount of sample
(30 pug) was loaded into the lane. The expression of autophagy protein markers was characterized by Western blotting using anti-L.C3, anti-
Beclin-1, anti-PINK-1, and anti-p62 specific antibodies. To confirm equal loading of samples, the membranes were stripped and probed with
anti-B-actin antibody. Representative data are from six independent experiments. Quantification of the LC3-1I/LC3-I protein expression
ratio (B) and the protein expression of p62 and Beclin-1 (C) using Image] software. Data are means + SE. * P< 0.05 (compared with sham);

*P<0.05 (WT versus ASM KO, n = 6).

ASM deficiency is accompanied by an augmented autoph-
agy in the mouse brain. This is in line with a recent study
showing that an inhibition of baseline ASM activity was suf-
ficient to initiate autophagy via reducing mTOR signaling
in primary lung endothelial cells (63). After CCI insult, the
expression ratio of LC3-II/LC3-I and the expression of
Beclin-1 were elevated compared with sham, revealing an
induction of autophagy during the development of second-
ary brain injury in the ASM KO mice. The expression of
p62 was reduced in the ASM KO mouse brain at 168 h
(7 days) post-TBI compared with sham, which is indicative
of increased autophagic flux. Similar to WT, there was
no change in the expression of PINK-1 in the ASM-deficient
brain response to injury, indicating the lack of mitophagy
involvement in secondary brain-injury mechanisms. The
data suggest that the autophagy was activated in an ASM-
deficient brain at the baseline and during the development
of secondary brain injury, which could contribute to pres-
ervation of mitochondrial function by facilitated removal
of damaged organelles.

ASM KO or blocking ASM activity improved behavioral
deficits recovery after TBI

To examine the impact of ASM on brain-function recov-
ery after the injury, behavioral deficits were assessed in WT
and ASM KO mice after TBI. A standard rotarod test was
used, as it has been shown to be effective and reliable in
rodent-brain trauma experiments (38). Consistent with
previous reports (16, 38), the WT mice had significant im-
pairments in sensorimotor functions, which were gradually
recovered up to 59% compared with sham-injured mice at
168 h postinjury (Fig. 5A). ASM deficiency significantly im-
proved the sensorimotor function recovery after TBI, re-
vealing the critical role of ASM in the molecular mechanisms
underlying behavioral deficits after brain trauma. To
investigate whether the ASM activity is necessary for pro-
moting secondary brain injury, a potent inhibitor of ASM
activity was used. It has been demonstrated that several

bisphosphonate compounds are selective direct inhibitors
of ASM activity (64, 65). The most potent of the bisphos-
phonate derivatives, zoledronic acid (Reclast), a Food and
Drug Administration (FDA)-approved drug for the treat-
ment of osteoporosis, exhibited an 1G5, of 20 nM toward
ASM in vitro (64). We have previously shown that Reclast is
the most potent inhibitor of ASM activity in primary oligo-
dendrocytes, myelin-forming cells abundant in the brain
(24). Brain-function recovery after injury was determined
in WT mice treated with Reclast (2 mg/kg) via intraperito-
neal injection 1 h after the CCIL. Mice exposed to Reclast
showed significantly better sensorimotor functions recov-
ery at 48 and 168 h post-TBI (Fig. 5B) compared with vehicle-
treated control mice. The data suggest that elevated ASM
activity is an important component of the dynamic process
propagating secondary brain injury that impacts the recov-
ery of function, and hindering ASM ameliorates sensorim-
otor impairments after TBI.

To assess the role of ASM in brain cognitive deficits after
TBI, we utilized a standard MWM test, which is commonly
used for spatial learning and memory testing (39-41).
MWM performance as measured by latency to reach the
hidden platform was compared between WT and ASM KO
mice groups. All experimental animals acquired the MWM
learning task, as demonstrated by their ability to reduce
their escape latencies following training (Fig. 6A). Sham
animals (WT and ASM KO) performed significantly better
during the MWM task (i.e., shorter latency to reach the
goal platform) as compared with the WT-TBI group. The
WT injured mice did not improve their performance
beyond the second trial day, whereas sham-injured (WT-
sham) mice improved their performance throughout the
4 day trial period. Remarkably, the performance of ASM-
deficient mice after TBI was significantly better than the
WT mice (Fig. 6A). The probe trial consisted of a single 90 s
trial, with the platform removed, after the final day of hid-
den-platform testing (Fig. 6B). There were no differences
between sham WT and ASM KO mouse performances in
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Fig. 5. Hindering ASM improved sensorimotor deficits recovery after brain trauma. Sensorimotor deficits were assessed using a standard
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with vehicle-treated WT mice (control) (B). Data are means + SE. * P< 0.05 (compared with sham or control); *P<0.05 (WT versus ASM

KO, n = 16).

MWM tests. Sham animals and the TBI-ASM KO group had
significantly better memory retention of the platform loca-
tion as compared with the WI-TBI group. Together, these
studies indicate an essential role of ASM in sensorimotor
and cognitive function impairment following TBI.

TBI-triggered ASM activation leads to elevated NLRP3
inflammasome assembly and activity

Brain trauma prompts the release of endogenous media-
tors acting as danger signals, damage-associated molecular
patterns, such as extracellular ATP or heat shock proteins.

Their recognition by the innate immune system results in
production of inflammatory cytokines, including TNF-a
and IL-1B, which activates the adaptive immune response
(66). A key component of the brain innate immune re-
sponse is the NLRP3 inflammasome, an NLR-based multi-
protein complex responsible for the activation of caspase-1,
leading to processing and secretion of proinflammatory
IL-1B and IL-18, which are elevated in human or animal
brains following TBI (67). Many cell types in the CNS, in-
cluding endothelial cells, microglia, astrocytes, and neu-
rons, are capable of assembling the NLRP3 inflammasome,
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Fig. 6. ASM deficiency improved spatial learning and memory after TBI. Cognitive deficits were assessed using the MWM test in WT and
ASM KO mice. A: Spatial learning was assessed in training trials starting at day 14 post-TBI. The mice were exposed to four MWM trials/day,
with the hidden-platform location unchanged. Data are means + SE. * P< 0.05 (WI-TBI versus ASM KO-TBI); * P<0.05 (WI-TBI or ASM
KO-TBI compared with sham, n = 16). B: On day 18 post-TBI, the platform was removed, and the mice were placed back in the MWM for 90 s.
The percent of total time spent in the correct quadrant was recorded as an indicator of spatial memory. Data are means + SE. * P< 0.05
(WT-TBI versus ASM KO-TBI); ¥ P< 0.05 (WI-TBI or ASM KO-TBI compared with sham, n = 16).
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which is associated with mitochondria via an adaptor pro-
tein, MAVS (13). The NLRP3 inflammasome activates the
processing of pro-caspase-1, leading to formation of the ac-
tive caspase-1. Emerging evidence suggests that mitochon-
drial dysfunction and/or destabilization, including but not
limited to elevated ROS production and mitochondrial
permeability pore opening, results in activation of the
NLRP3 inflammasome. It has been demonstrated that ele-
vated ROS production due to inhibition of the mitochon-
drial respiratory-chain activity was sufficient to activate the
NLRP3 inflammasome (68).

Having demonstrated ASM-dependent inhibition of re-
spiratory-chain activity, we sought to determine whether
the ASM-linked mitochondrial dysfunction could be in-
volved in facilitating the neuroinflammatory response to
TBI. Following the WT and ASM-deficient mouse exposure
to CCI injury, the expression of NLRP3 inflammasome-
relevant protein markers was evaluated during the first
month post-TBI (Fig. 7). In the WT brain, TBI triggered a
robust increase in NLRP3 protein expression of about
5-fold at 7 days compared with sham, which was gradually
diminished to an approximately 2-fold increase at 28 days
(Fig. 7A, B). The expression levels of MAVS were not
changed, indicating an abundant availability of the adaptor
protein that is required for the maximal activity of the mi-
tochondria-associated NLRP3 inflammasome (not shown).
The expression of caspase-1 was increased at 7 days (3.2-
fold), peaking at 14 days (4-fold), and remaining up to a
3-fold increase at 21 and 28 days compared with sham (Fig.
7A, C). The increases in caspase-1 protein expression sug-
gest that TBI elicited enhancement of NLRP3 inflam-
masome activity during the first month post-TBI. In the

ASM-deficient mouse brain, TBI triggered an increase in
NLRP3 protein expression up to 2.2-fold at 7 days com-
pared with sham that was gradually subsided to about a 1.3-
fold increase at 28 days (Fig. 7A, B). The caspase-1 protein
expression was increased up to 2.5-fold at 7 days, peaking at
14 days (3-fold) and gradually subsiding to 1.8-fold at 28
days compared with sham (Fig. 7A, C). These studies indi-
cate that TBI-triggered assembly and activation of the
NLRP3 inflammasome were significantly attenuated in the
ASM-deficient mouse brain.

To investigate whether the ASM activity is necessary for
TBIl-induced activation of the NLRP3 inflammasome, WT
mice were treated with a potent inhibitor of ASM activity,
Reclast (2 mg/kg, ip), 1 h after the CCI. The TBI-triggered
elevation of NLRP3 protein expression in the brain of WT
mice treated with Reclast was about 39% lower at 7 days
and 34% lower at 14 days post-TBI compared with WT mice
(Fig. 7A, B). Reclast treatment significantly decreased the
TBI-induced caspase-1 expression at 14 days post-TBI, but
did not have an impact at 7, 21, or 28 days post-TBI (Fig.
7A, C). The data suggest that TBI-triggered ASM activation
is an important determinant of the neuroinflammatory cas-
cade directing assembly and activity of the NLRP3 inflam-
masome after brain trauma.

ASM deficiency alleviated early stages of reactive
astrogliosis after TBI

TBI sets in motion multifaceted events in which harmful
mechanical forces disrupt CNS homeostasis and triggers
diverse multicellular responses that evolve over time and
can lead either to neural repair or secondary cellular in-
jury. Astrocytes, the most prevalent glial cells in the brain,
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are active participants in a variety of CNS functions such as
synaptogenesis, neuronal transmission, and synaptic plas-
ticity. Astrocytes sense changes in neuronal activity and ex-
ert homeostatic mechanisms fundamental for maintaining
neural circuit function, including buffering neurotransmit-
ters, modulating extracellular osmolarity, and controlling
neurovascular coupling. In response to brain injury, astro-
cytes undergo progressive changes of gene expression,
morphology, and function that are referred to as reactive
astrogliosis (69). Upon injury, reactive astrocytes are char-
acterized by their hypertrophy and overexpression of their
canonical markers, including the GFAP and other interme-
diate filaments, vimentin, and nestin. Reactive astrocytes
also contribute to the release of proinflammatory and
antiinflammatory cytokines, such as transforming growth
factor-B, TNF-a, IFN-y, IL-1, and IL-6 that modulate in-
flammation and secondary-injury mechanisms. To eluci-
date the role of ASM in TBl-induced reactive astrogliosis,
the expression of GFAP was determined in the injured
brain of WT and ASM-deficient mice during the first month
after TBI (Fig. 8). The expression of an Aldhlll protein
was used as a pan-astrocyte marker (70). Consistent with
previous reports (71, 72), GFAP expression was signifi-
cantly enhanced at 7 days up to 2.5-fold, which was followed
by further increases up to 3-fold at 14 days and up to 3.6-
fold at 21 and 28 days, compared with sham. There were no
changes in the expression of Aldhlll protein after TBI, in-
dicating a lack of increase in astrocyte proliferation. In the
ASM-deficient brain, the GFAP expression was elevated up
to 1.9-fold at 7 days post-TBI, compared with sham;
however, that was a 39% lower increase in GFAP level com-
pared with WT (Fig. 8). There were no significant differ-
ences between dynamics of TBI-induced GFAP expression
in WT and ASM-deficient mice at later time points during
the first month post-TBI. Of note, there were no changes in

the expression of Aldhlll protein in the WT or ASM-
deficient brain after TBI, supporting the notion that
augmented GFAP expression reflects the activation of as-
trocytes, not proliferation. To investigate whether the ASM
activity is necessary for TBI-induced reactive astrogliosis,
WT mice were treated with a potent inhibitor of ASM
activity, Reclast (2 mg/kg ip), 1 h after the CCI. Reclast
treatment significantly lowered the TBI-induced GFAP
expression at 7 days post-TBI, but did not have any impact
at later time points. The data suggest that TBI-induced
activation of ASM is an essential factor promoting astro-
cyte activation at the initial stages of the reactive astrogliosis
progression during the brain response to trauma.

DISCUSSION

Our studies establish a fundamental role of ASM in the
multifaceted mechanisms governing secondary brain in-
jury after TBI. The data indicate that TBI-triggered activa-
tion of ASM and upregulation of mitochondrial sphingosine
result in mitochondrial respiratory-chain malfunction,
leading to an enhanced assembly and activity of the NLRP3
inflammasome, a pivotal factor promoting the neuroin-
flammatory response to brain injury. The results of our
studies provide further support for the emerging role of
ASM in repressing the cell-maintenance and quality-
control mechanism, autophagy, which is essential for the
neural cell survival after the injury. Thus, ASM KO rescued
mitochondrial defect, augmented the autophagic flux,
downregulated the NLRP3 inflammasome, and improved
the brain-function recovery after TBI. Importantly, ASM
deficiency did not have a major impact on the progression
of astrogliosis, a brain defense mechanism wherein activated
astrocytes minimize spread of the neuroinflammation and
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further tissue repair and regeneration in response to TBI.
Our novel findings reveal that ASM, a critical player pro-
moting secondary brain injury and neuroinflammation, is
uniquely positioned to be a promising target for the devel-
opment of effective pharmacological treatment of patients
with TBI.

These studies expand the experimental support for the
central role of brain sphingolipidome disturbance in the
development of secondary brain injury after trauma. TBI
has been shown to instigate a substantial deregulation of
cerebral sphingolipid metabolism, manifested by increases
in SM species and sphingosine concurrently with upregula-
tion of intermediates of de novo sphingolipid biosynthesis
(16). Proteomic analysis showed a lack of changes in the
expression level of 40 genes involved in sphingolipid me-
tabolism, suggesting that secondary TBI proceeds through
posttranslational mechanisms of enzyme modulation. In-
vestigation of intracellular sites of sphingolipid changes
revealed a robust elevation of sphingosine in mitochondria
that resulted in the reduced activity of the mitochondrial
respiratory-chain enzyme COX. The increased mitochondrial
sphingosine content has been shown to be partly due to
the TBI-induced disruption of the sphingosine-metaboliz-
ing enzyme activity at the mitochondrial level. Thus, TBI
triggered an activation of the mitochondrial NCDase,
generating sphingosine that was exacerbated with its re-
duced utilization by mitochondrial sphingosine kinase 2
(16). Our current studies identify the activation of lyso-
somal ASM as an important source of sphingosine contrib-
uting to mitochondrial sphingosine accumulation in the
injured brain. (Figs. 1, 2).

Activation of ASM could be the interplay of several
mechanisms involved in the development of secondary
brain damage, such as proinflammatory cytokines, oxida-
tive stress, glutamate oxidative toxicity, and disintegration
of extracellular matrix (ECM). First, ASM activation is
known to be triggered by proinflammatory cytokines, such
as TNF-a, IL-1B3, and IL-6, as well as by platelet-activating
factor, a lipid mediator of inflammation, leading to apop-
totic cell death in various cell types (73, 74). It has been
demonstrated that TNF-a-induced apoptosis was mediated
by ASM and attenuated by the inhibitors of the ASM activ-
ity in dopaminergic neurons (27). In glial cells, activation
of ASM was necessary for the formation and release of IL-
1B-containing microparticles in response to extracellular
ATP binding to ionotropic ATP receptor P2X; (75). In
TBI, activation of the receptor could occur at the lesion site
by ATP leaking from the neighboring injured cells or, dis-
tantly from the lesion, through propagation of ATP-
mediated Ca®* wave among astrocytes. It appears that astro-
cytic Ca” waves underlie the phenomenon of spreading
depression in the brain, a pathological suppression of cor-
tical neuronal excitability implicated in the propagation of
brain injury in TBI (76). Of note, systemic administration
of an antagonist of ATP-sensitive receptor P2X; reduced
anatomical spinal cord damage and improved motor recov-
ery from traumatic spinal cord injury (77).

Second, oxidative stress could trigger intracellular Ca®"-
dependent lysosome trafficking and enhance ASM activity,

leading to ASM translocation to the plasma membrane and
formation of ceramide-enriched domains accelerating
apoptotic signal transduction (28). In the injured cells, ex-
tracellular Ca” influx induces exocytosis of lysosomes and
association of ASM with the plasma membrane, where the
enzyme triggers ceramide-mediated invagination of the
damaged plasma membrane to facilitate endocytosis and
damage repair (26).

Third, recently, ASM has been implicated as a critical
determinant in a newly discovered form of programmed
cell death, ferroptosis, that was induced by excessive extra-
cellular glutamate, a key factor in secondary brain injury
(24). In oligodendrocytes, the myelin-forming cells in the
CNS, glutamate-induced decline of intracellular GSH, re-
sulted in a selective increase of ASM, not NSM, activity lead-
ing to sphingosine-mediated mitochondrial dysfunction,
elevated mitochondrial ROS, oxidative lipid damage, and
necrotic cell death. ASM inhibitors (Reclast or desipramine)
or Smpdl gene ablation preserved mitochondrial func-
tion, reduced ROS generation and oxidative lipid damage,
and augmented oligodendrocyte survival in response to
glutamate.

Fourth, emerging data suggest that disturbed interac-
tion of integrin receptors with ECM plays a critical role in
the brain tissue injury. Integrin receptor engagement with
ECM initiates an assembly of an adhesion-dependent sig-
naling scaffold containing a number of adaptor proteins
and kinases, leading to activation of signaling pathways
aimed to prevent apoptosis, which has been demonstrated
in the TBl-injured human brain (11). The disruption of
the o5 integrin receptor signaling by RNA interference
or a specific inhibitor of integrin activity (RGD peptide)
resulted in activation of ASM and ceramide accumulation,
leading to apoptosis in oligodendrocytes (44) and endo-
thelial cells (78).

Our studies extend the experimental evidence of a
prominent role of the ASM/sphingosine axis in perturbing
mitochondrial function that underlies the brain-function
impairments after trauma. Consistent with a previous re-
port (16), TBI-triggered accumulation of sphingosine in
cerebral mitochondria resulted in an attenuated COX
activity and an elevated oxidative proteins modification
(Fig. 3). Importantly, TBI-induced mitochondrial abnormali-
ties were rescued in the ASM-deficient brain. Moreover,
ASM KO or blocking ASM activity with Reclast significantly
improved sensorimotor and cognitive deficit recovery after
TBI (Figs. 5, 6). The results of these studies suggest that
ASM-dependent mitochondrial dysfunction is crucial for
propagating the secondary brain injury, and hindering
ASM could be a promising strategy for improving brain-
function recovery after TBI.

These studies provide further support for the impor-
tance of the innate immune-response mechanisms in sec-
ondary brain injury and highlight a novel role of ASM as a
facilitator of assembly and function of the NLRP3 inflam-
masome. In acute CNS injury models, a spectrum of in-
flammatory events have been reported, including activation
and recruitment of inflammatory cells, increased gene ex-
pression, and protein levels of proinflammatory cytokines
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that could lead to both detrimental and reparative pro-
cesses. An increased production of IL-1f and IL-18 has
been widely implicated in the pathophysiology of spinal
cord injury, stroke, and TBI, but the mechanism of their
generation involving an activation of the NLRP3 inflamma-
some has been recently uncovered (15). An augmented
mRNA and protein expression of NLRP3 as well as a rise of
caspase-1 protein expression were described in animal TBI
models during the first week postinjury (14, 79). Inhibiting
the NLRP3 inflammasome activation in CNS appears to
serve as a potential and effective pathway for the attenua-
tion of the secondary brain injury. Thus, MCC950, a potent
inhibitor of NLRP3 inflammasome activation, was reported
to alleviate the severity of acute brain injury; however, its
impact on chronic neuroinflammation was not investi-
gated (80). Our studies demonstrate a novel mechanism of
NLRP3 inflammasome activation that involves ASM/sphin-
gosine-dependent mitochondrial dysfunction, leading to
chronic upregulation of NLRP3 and caspase-1 protein ex-
pression after TBI (Fig. 7). Therefore, the chronic activa-
tion of the NLRP3 inflammasome after TBI was attenuated
in ASM-deficient mice and in WT mice treated with Re-
clast, a potent inhibitor of ASM activity (24, 65). One can
only speculate that a sustained ASM activation following
TBI is a part of a vicious cycle of sphingosine-mediated mi-
tochondrial dysfunction and neuroinflammation. It is con-
ceivable that the initial TBI-induced oxidative stress results
in reduced GSH, leading to ASM activation (24) and accu-
mulation of mitochondrial sphingosine that prompts mito-
chondrial dysfunction, ROS production, and activation of
the NLRP3 inflammasome. Rising proinflammatory cyto-
kines could activate ASM (73), which results in increased
mitochondrial sphingosine, leading to enhanced mitochon-
drial ROS, promoting neuroinflammation and chronic
brain impairment.

Our studies provide further support for the notion that
mitochondrial respiratory-chain dysfunction is a potent
trigger for the NLRP3 inflammasome activation along with
other known mitochondrion-associated signals, such as mi-
tochondrial DNA release and externalized cardiolipin (81).
However, the contribution of a mitochondria-independent
mechanism of ASM and/or sphingosine involvement in
NLRP3 inflammasome activation cannot be ruled out.
Thus, sphingosine has been shown to stimulate permeabili-
zation of lysosomes acting as lysosomotropic agent (82).
Conversely, destabilization of lysosomes using a lysosomo-
tropic agent (Leu-Leu-OMe) resulted in upregulation of
the NLRP3 inflammasome, leading to caspase-l-mediated
cells death, pyroptosis (83).

Emerging evidence supports a fundamental function of
ASM/sphingosine in the regulation of lysosome homeosta-
sis. Recently, it has been demonstrated that a baseline ASM
activity is required for mTOR signaling and autophagy in-
hibition (63). Blocking ASM activity with imipramine or
knocking down ASM expression with siRNA markedly re-
duced mTOR phosphorylation, instigating the modifica-
tion of transcription factor EB and activation of autophagy.
In line with these studies, our data show an augmented au-
tophagic flux in a baseline ASM-deficient mouse brain,
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supporting the ASM/sphingosine role in controlling lyso-
some functions (Fig. 4). TBI elicited further activation of
autophagy in the brain of ASM KO mice that is consistent
with ASM/sphingosine acting as an inhibitor of autophagy
(63). Although the accurate role of autophagy in TBI re-
mains to be established, many studies show that autophagy
participates in the secondary mechanisms of brain injury
after TBI and that activation of autophagy could provide
neuroprotection and ameliorate brain impairments (59).

There is increasing recognition that the potential benefi-
cial or sometimes harmful effects of cellular responses to
TBI, such as activation of autophagy or reactive astrogliosis,
are determined by a multitude of specific signaling events
defined by the nature and severity of the CNS insult.
Mounting data suggest that reactive astrocytes perform
essential functions in the regulation and restriction of neu-
roinflammation and the preservation of the tissue post-TBI.
Experimental evidence supports the notion that reactive
astrocytes are instrumental in preserving injured but sal-
vageable tissue (71). In response to brain injury or inflam-
mation, reactive astrocytes form scar borders that segregate
the damaged and inflamed tissue from potentially viable
neural tissue. These scar borders comprise almost entirely
newly proliferated astrocytes, which exhibit barrier func-
tions regulating the expansion of tissue injury, inflamma-
tion, and coordinating the wound repair process (72).
Thus, genetic ablation of reactive astrocytes responding to
TBI resulted in a greatly intensified neuroinflammatory
response with pronounced neurodegeneration (84). Al-
though astrogliosis is recognized as a defense mechanism
to minimize and repair the initial damage, it could lead to
detrimental effects. In spinal cord injury, reactive astroglio-
sis resulted in the formation of irreversible glial scarring
that acted as a barrier to recovery due to the overexpres-
sion of chondroitin sulfate proteoglycans, potent inhibi-
tors of neural repair and regeneration (85). The results of
our studies demonstrate that ASM is necessary for the ini-
tial stages of reactive astrogliosis in the injured brain and
does not play a major role in later stages of the progression
of reactive astrogliosis.

Considerable research effort aimed to develop neuro-
protective treatments for TBI suggested many promising
pharmacologic agents showing efficacy in preclinical stud-
ies. However, more than 30 phase III prospective clinical
trials have failed to show significance for their primary end
point (86). These trials mostly targeted single factors pro-
posed to mediate the secondary brain injury, whereas the
complexity and diversity of secondary injury mechanisms
led to calls to target multiple delayed injury pathways (87).
Given the multifactorial nature of the secondary injury pro-
cesses after brain trauma, it is highly unlikely that targeting
any single factor will result in significant improvement of
the outcome after TBI in human injury. In contrast, simul-
taneous targeting of several mechanisms propagating the
injury using multipotential drugs may maximize the likeli-
hood of developing an effective therapeutic intervention
for TBI patients. The results of our studies demonstrate
that ASM is critically involved in several dynamic processes
implicated in progression of the brain injury after trauma,



including mitochondrial dysfunction, neuroinflammation,
and reactive astrogliosis. It appears that ASM could be a
promising target for the development of a successful multi-
potential drug for TBI treatment that may involve repurpos-
ing of an FDA-approved inhibitor of ASM activity, Reclast.

These studies provide experimental evidence that TBI-

triggered activation of ASM results in mitochondrial im-
pairment-instigated elevation of NLRP3 inflammasome
activity promoting brain-function deficits and highlight a
fundamental role of sphingolipid-metabolizing enzymes in
the neuroinflammation processes following brain trauma.Hli
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