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For many years, apoptosis was used as a synonym of pro-
grammed cell death, whereas the term necrosis was re-
served for nonregulated cell death, which was not amenable 
to therapeutic manipulation. The recent discovery of regu-
lated necrotic cell death mechanisms presents exciting pos-
sibilities for gaining control over cell survival in disease (1). 
The uncovering of necroptosis and ferroptosis as the alter-
native forms of programmed cell death has resulted in a 
few studies implicating regulated necrotic cell death as an 
important contributing factor in tumor suppression, neu-
rodegeneration, and ischemia/reperfusion (IR) tissue in-
jury (2, 3).

In the brain, cessation of blood flow followed by reoxy-
genation, IR, induces a complex cascade of events involv-
ing an energy failure and an alteration of ionic homeostasis 
that results in excessive release of neurotransmitters, in 
particular, glutamate, into the extracellular space (4). Mi-
crodialysis studies in both humans and rodents have also 
demonstrated a rise in extracellular glutamate following 
traumatic brain injury (TBI) (5). Glutamate can harm oli-
godendrocytes (OLs), unique myelin-forming cells in the 
CNS, and neurons by excitotoxicity, caused via sustained 
activation of ionotropic glutamate receptors and/or by 
blocking the cystine/glutamate antiporter, system xc

, lead-
ing to oxidative stress (6–8). System xc

 is an amino acid 
antiporter that imports cystine, the oxidized form of cys-
teine, into cells with 1:1 countertransport of glutamate. 

Abstract  Inhibiting the glutamate/cystine antiporter sys-
tem xc

, a key antioxidant defense machinery in the CNS, 
could trigger a novel form of regulated necrotic cell death, 
ferroptosis. The underlying mechanisms of system xc

-
dependent cell demise were elucidated using primary oligo-
dendrocytes (OLs) treated with glutamate to block system 
xc

 function. Pharmacological analysis revealed ferroptosis 
as a major contributing factor to glutamate-initiated OL 
death. A sphingolipid profile showed elevations of ceramide 
species and sphingosine that were preventable by inhibiting 
of an acid sphingomyelinase (ASM) activity. OL survival was 
enhanced by both downregulating ASM expression and 
blocking ASM activity. Glutamate-induced ASM activation 
seems to involve posttranscriptional mechanisms and was as-
sociated with a decreased GSH level. Further investigation 
of the mechanisms of OL response to glutamate revealed 
enhanced reactive oxygen species production, augmented 
lipid peroxidation, and opening of the mitochondrial per-
meability transition pore that were attenuated by hindering 
ASM. Of note, knocking down sirtuin 3, a deacetylase gov-
erning the mitochondrial antioxidant system, reduced OL 
survival.  The data highlight the importance of the mito-
chondrial compartment in regulated necrotic cell death and 
accentuate the novel role of ASM in disturbing mitochon-
drial functions during OL response to glutamate toxicity, 
which is essential for pathobiology in stroke and traumatic 
brain injury.—Novgorodov, S. A., J. R. Voltin, M. A. Gooz, L. 
Li, J. J. Lemasters, and T. I. Gudz. Acid sphingomyelinase 
promotes mitochondrial dysfunction due to glutamate- 
induced regulated necrosis. J. Lipid Res. 2018. 59: 312–329.

Supplementary key words  brain lipids • ferroptosis • glutamate/cys-
tine antiporter • lipids/peroxidation • mitochondria • sphingolipids • 
sirtuin • oligodendrocytes

This work was supported in part by National Institutes of Health Grants 
R01NS083544 (T.I.G.) and R01DK073336 (J.J.L.), Veterans Affairs Merit 
Award I01BX002991 (T.I.G.). The Lipidomics Core facility at the Medical Uni-
versity of South Carolina was supported, in part, by National Institutes of Health 
Grant P30 GM103339. The Cell Imaging Core facility at Medical University of 
South Carolina was supported, in part, by US Public Health Service Grant S10 
OD018113. The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Institutes of Health.

Manuscript received 6 September 2017 and in revised form 5 December 2017.

Published, JLR Papers in Press, December 27, 2017
DOI https://doi.org/10.1194/jlr.M080374

Acid sphingomyelinase promotes mitochondrial 
dysfunction due to glutamate-induced regulated necrosis

Sergei A. Novgorodov,* Joshua R. Voltin,* Monika A. Gooz,† Li Li,† John J. Lemasters,† and 
Tatyana I. Gudz1,*,§

Departments of Neuroscience* and Drug Discovery,† Medical University of South Carolina, Charleston, SC 
29425; and Ralph H. Johnson Veterans Affairs Medical Center,§ Charleston, SC 29401

Abbreviations:  acTEMPO, 4-acetamido-2,2,6,6-tetramethylpiperidine 
1-oxyl; ASM, acid sphingomyelinase; BSO, buthionine sulfoximine; 
C10-BPA, C10-biphosphonate; CerS, ceramide synthase; CPX, ciclopirox 
olamine; CSA, cyclosporin A; CypD, cyclophilin D; DCF, dichlorofluores-
cein; DFA, deferoxamine; ER, endoplasmic reticulum; FB1, fumonisin 
B1; H2-DCF, 2′,7′-dichlorodihydrofluorescein; FCCP, carbonyl cyanide 
4-(trifluoromethoxy)phenylhydrazone; IDO, indolamine 2,3-deoxy-
genase; IR, ischemia/reperfusion; LDH, lactate dehydrogenase; MDA, 
malondialdehyde; MPTP, mitochondrial permeability transition pore; 
MLKL, mixed-lineage kinase domain-like; MUSC, Medical University 
of South Carolina; NAC, N-acetylcysteine; NSM, neutral sphingomye-
linase; NOX, NADPH oxidase; OCR, oxygen consumption rate; OL, 
oligodendrocyte; OSCP, oligomycin sensitivity-conferring protein; PLL, 
poly-l-lysine; PMC, 2,2,5,7,8-pentamethyl-6-chromanol; RIPK, receptor-
interacting protein kinase; ROS, reactive oxygen species; Rot, rotenone; 
SIRT3, sirtuin 3; TBI, traumatic brain injury.

1 To whom correspondence should be addressed. 
  e-mail: gudz@musc.edu.

https://doi.org/10.1194/jlr.M080374
http://crossmark.crossref.org/dialog/?doi=10.1194/jlr.M080374&domain=pdf&date_stamp=2018-01-25


Acid sphingomyelinase in ferroptosis 313

It is composed of a regulatory protein, SLC3A2 (4F2hc), 
linked by a disulfide bridge to the 12-pass transmembrane 
protein, SLC7A11 (xCT), which is credited for the trans-
port activity of the dimer (9). The transport is driven by a 
transmembrane glutamate gradient and it can be inhibited 
by high extracellular glutamate, which is the only physio-
logical inhibitor identified so far (10, 11).

Ferroptosis is believed to be distinct from other types of 
regulated cell death, such as apoptosis, necroptosis, and 
autophagic cell death at morphological, biochemical, and 
genetic levels (12, 13). Ferroptosis has been described as a 
form of regulated necrotic cell death characterized by ex-
cessive reactive oxygen species (ROS) generation and iron-
dependent accumulation of lipid peroxidation products 
(13). Ferroptosis can be induced through inhibition of sys-
tem xc

 or by blocking glutathione peroxidase 4 function 
(3, 13). System xc

 negatively regulates lipid peroxidation 
by providing cysteine, a substrate for biosynthesis of GSH 
that is required for activity of glutathione peroxidase 4, 
which reduces the accumulation of phospholipid peroxides 
and protects cells (1, 3). Blocking the system xc

-dependent 
pathway has been considered as a promising cancer ther-
apy (1). Yet, the mechanisms of system xc

-mediated cell 
death in the neural cells and its relevance to neurological 
disease remain unclear. We hypothesized that high extra-
cellular glutamate, a key factor in cerebral IR and TBI, 
could suppress the activity of the system xc

, leading to ex-
cessive ROS formation and OL death via ferroptosis.

Experimental evidence implicates sphingolipids, which 
are elevated in cerebral mitochondria after IR and TBI, as 
a causal factor of mitochondrial dysfunction and elevated 
ROS (14–18). We have previously reported the augmented 
sphingosine levels in brain tissue and mitochondria in 
an animal model of TBI (16). Several studies showed that 
sphingolipid ceramide increases in the brain after experi-
mental stroke, and reduction of ceramide generation was 
neuroprotective, leading to smaller infarct sizes (19–21). 
Ceramides, a family of distinct molecular species character-
ized by various acyl chains, are synthesized de novo in the 
endoplasmic reticulum (ER) or generated through the re-
cycling pathway from SM hydrolysis by acid sphingomyelin-
ase (ASM) (15). ASM is a phosphodiesterase that converts 
SM, a structural component of membranes, into ceramide 
and phosphocholine (22). Hereditary mutations of ASM 
result in a toxic accumulation of SM in lysosomes and are 
the cause of Niemann-Pick disease. More recently, it was 
discovered that inhibition of ASM activity mediates the 
effects of antidepressant drugs (23) and diminishes symp-
toms associated with Alzheimer’s disease (24).

In this study, we provide evidence for a critical role of 
ASM in mitochondrial dysfunction leading to system xc

-
dependent regulated necrotic OL death. Importantly, we 
show that ASM inhibitors or Smpd1 gene ablation pre-
serves mitochondrial function, reduces ROS generation 
and oxidative lipid damage, and augments OL survival in 
response to glutamate. These studies suggest a novel mech-
anism of ASM involvement in regulated necrosis that could 
be an important contributing factor to brain injury in 
stroke and TBI.

MATERIALS AND METHODS

Animals and reagents
Female timed-pregnant Sprague-Dawley rats (Charles River 

Laboratories, Wilmington, MA) were acclimated for 1 week prior 
to experimentation. ASM-deficient mice were provided by the ani-
mal core facility at the Medical University of South Carolina 
(MUSC), Charleston SC (25). Experimental protocols were re-
viewed and approved by the Institutional Animal Care and Use 
Committee of MUSC and followed the National Institutes of 
Health guidelines for experimental animal use. DMEM/F12 and 
FBS used for cell culture were from GIBCO (Thermo Fisher, 
Waltham, MA). The complete protease inhibitor cocktail and 
PhosphoStop phosphatase inhibitor cocktail were from Roche 
Applied Science (Indianapolis, IN). Reclast (zoledronic acid),  
Z-VAD-fmk, and epoxyquinone G109 were from Enzo Biochem 
(Farmingdale, NY). Fumonisin B1 (FB1), myriocin, and GKT137831 
were purchased from Cayman Chemical (Ann Arbor, MI). The 
2′,7′-dichlorodihydrofluorescein (H2-DCF) diacetate, 4-acetamido-
TEMPO, and MitoSox Red were from Thermo Fisher, C10-biphos-
phonate (C10-BPA) was from Avanti Polar Lipids (Alabaster, AL). 
Necrostatin-1 (methyl-thiohydantoin-tryptophan) and necrostatin-
1s (7-Cl-O-necrostatin-1) were from BioVision (Milpitas, CA). 
LOXBlock-1 was from ChemBridge Corporation (San Diego, CA). 
GSK-872 and 4-amino-N-(3-chloro-4-fluorophenyl)-Nʹ-hydroxy-
1,2,5-oxadiazole-3-carboximidamide indolamine 2,3-deoxygenase 
(IDO) inhibitor were from EMD Millipore (Billerica, MA). 
NIM811 was generously provided by Novartis (Cambridge, MA). 
LCL-521 was provided by the Lipidomics Core facility at MUSC. 
All other chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO).

Antibodies
Rabbit monoclonal anti-receptor-interacting protein kinase 

(RIPK)1, anti-RIPK3, anti-caspase-8, anti-LC3, anti-beclin-1 anti-
bodies, and rabbit polyclonal anti-p62 antibodies were supplied 
by Cell Signaling Technology (Danvers, MA). Mouse monoclonal 
anti--actin antibody was from Sigma-Aldrich. Mouse monoclonal 
anti-RIPK1 antibody was purchased from R&D Systems (Minne-
apolis, MN). Rabbit polyclonal anti-ASM antibody was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit poly-
clonal anti-mixed-lineage kinase domain-like (MLKL) antibody 
was from Thermo Fisher. Secondary horseradish peroxidase-
conjugated antibodies were supplied by Jackson ImmunoResearch 
(West Grove, PA).

Cell culture
Dissociated cortices of rat and mouse 2-day-old pups were 

cultured on poly-l-lysine (PLL)-coated flasks as described (26). 
Briefly, the cerebra of pups were dissected and minced to gener-
ate a single-cell suspension. Cells were plated into 75 cm2 flasks 
and grown in DMEM/F12 medium with 10% FBS at 37°C and 5% 
CO2. By day 10, mixed glial cultures were obtained, consisting of 
OLs and microglia growing on an astrocyte monolayer. OLs were 
purified from mixed glial cell cultures using a shake-off proce-
dure. OLs were collected by centrifugation at 1,000 g for 5 min. 
OLs were used immediately for transfections or further cul-
turing. Cell culture dishes and plates were precoated with PLL 
(50 g/ml). Cells were plated in cell culture dishes and 96-well 
(4 × 105 cells/well) plates in DMEM/F12 medium with 10% FBS 
and N2 supplement and allowed 24 h for attachment. Cells 
were treated with glutamate and/or inhibitors in DMEM me-
dium without cystine for a defined time. All cultures contained 
less than 2% of GFAP+ astrocytes and nondetectable CD11+ 
microglia.
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RNAi
To downregulate ASM (Smpd1) and sirtuin 3 (SIRT3), ON-

TARGET plus SMARTpool silencing RNAs were obtained from 
GE Healthcare/Dharmacon (Rockford, IL). The set consists of 
four siRNAs targeting different regions of the gene to minimize 
the off-target effects. The following target sequences were used: 
Smpd1, 5′-GAACAUAGCGCCACUAAAU-3′, 5′-GCAACAGUCUC-
GACAAGAU-3′, 5′-GCAUAUAAUUGGGCACAUU-3′, 5′-CGCCU-
CAUCUCUCUCAAUA-3′; or Sirt3, 5′-GCUCAUGGGUCCUUU-
GUAU-3′, 5′-GGAUGGGACAGGACGGAUAA-3′, 5′-CAGCAA
GGUUCUUACUACA-3′, 5′-CAGCUUGUCUGAAUCGGUA-3′. 
OLs were transfected with siRNA using a Nucleofector electro-
poration system (Amaxa Biosystems, Gaithersburg, MD) accord-
ing to the manufacturer’s instructions with efficiencies of >70% as 
described (26). Cells (6 × 106) were mixed with 100 l of Nucleo-
fector reagent and 20 nM (1 l) siRNA in the cuvette of the 
Amaxa electroporation device. ON-TARGET plus nontargeting 
pool siRNA (GE Healthcare/Dharmacon) was used as a control.

Cell survival assay
Cell death was measured using a lactate dehydrogenase (LDH)-

based CytoTox-ONE™ homogeneous membrane integrity assay 
(Promega, Madison, WI) according to the manufacturer’s recom-
mendations. The fluorescence of the sample was measured at 
590 nm emission with 560 nm excitation in a microplate reader 
(FLUOstar Optima; BMG LABTECH Inc., Durham, NC).

Caspase activity assay
The activities of executioner caspase 3/7 were determined 

using an Apo-One® homogeneous kit (Promega) according to 
the manufacturer’s instructions. Cleavage of nonfluorescent sub-
strate, Z-DEVD-Rodamine-110, by caspase 3/7 resulted in fluores-
cent Rodamine-110. The fluorescence of the sample was measured 
at 530 nm emission and 490 nm excitation in the microplate 
reader, Synergy H1 (BioTek, Winooski, VT).

Isolation of mitochondria
Mitochondria were isolated from OLs using a hypotonic swell-

ing procedure (27).

Cell respiration
OLs (3 × 105 cells/well) were plated on 96-well Seahorse XF-96 

plates (Seahorse Biosciences, Billerica, MA) coated with PLL and 
maintained in DMEM/F12 medium for 24 h in humidified 5% 
CO2/95% air at 37°C. OLs were treated with glutamate in cystine-
free medium for 6 h, then the medium was replaced with DPBS 
(PBS containing Ca2+ and Mg2+) supplemented with 10 mM glu-
cose, respiration [oxygen consumption rate (OCR)] was mea-
sured in a Seahorse Bioscience XF-96 extracellular flux analyzer, 
and respiratory rates were calculated using Seahorse XF-96 soft-
ware and the Direct ACOS fast algorithm with continuous averag-
ing, as described (28).

Confocal microscopy
Cells in modified HBSS were loaded (30 min at 37°C) with 

200 nM TMRM or 5 M MitoSox Red. After loading and washing, 
subsequent incubations were performed with 50 nM TMRM or 1 
M MitoSox Red to maintain equilibrium distribution of the fluo-
rophore (29). Cells incubated in HBSS in humidified 5% CO2/air 
at 37°C were imaged with a Zeiss LSM 510 NLO inverted laser 
scanning confocal/multiphoton microscope (Thornwood, NJ) 
using a 63 × 1.4 N.A. plan apochromat oil immersion lens. Fluo-
rescence of TMRM was detected at 560 nm (excitation 543 nm) or 
fluorescence of MitoSox Red was detected at 580 nm (excitation 
510 nm) through a filter and a 1 airy unit-diameter pinhole.

ROS generation
After the treatment with glutamate and test compounds, cells 

were washed three times with DPBS and incubated in the pres-
ence of 2 M H2-DCF diacetate in DPBS supplemented with  
10 mM glucose (DPBS buffer) at 37°C. Cellular ROS formation 
was assessed by oxidation of H2-DCF. Fluorescence of oxidized 
H2-DCF was measured at 520 nm emission and 490 nm excita-
tion in the microplate reader, Synergy H1 (BioTek). Mitochon-
drial ROS formation was measured using MitoSox Red 
fluorescent dye. Cells were incubated with 5 M MitoSox Red 
(Molecular Probes) in DPBS buffer for 30 min at 37°C to allow 
the dye to reach mitochondria. Cells were washed twice with 
DPBS buffer to remove excess dye. Fluorescence was measured 
at 580 nm emission and 510 nm excitation in the Synergy H1 
microplate reader.

ASM and neutral sphingomyelinase activity assay
ASM activity was measured using an ASM activity assay kit 

(Echelon Biosciences, Salt Lake City, UT) according to the manu-
facturer’s instructions. Neutral sphingomyelinase (NSM) activity 
was determined as described for the ASM assay, except that the 
reaction mixture contained 100 mM Tris (pH 7.4) instead of 100 mM  
sodium acetate (pH 5.0) and was supplemented with 10 mM Mg2+, 
which is required for NSM activity (26).

GSH content
GSH content was determined using a glutathione fluorometric 

assay kit (BioVision) according to the manufacturer’s instructions.

Lipid peroxidation measurements
After the treatment with glutamate and test compounds for  

18 h, cells were incubated in the presence of 1 M of BODIPY 
581/591 C11, a fluorescent reporter for lipid peroxidation, for  
1 h. Upon oxidation, the reagent shifts the fluorescence excita-
tion/emission peak from 581/591 nm to 488/510 nm. The ratio 
of fluorescence intensities at 590 nm to 510 nm gives the read-out 
for lipid peroxidation. Lipid peroxidation products were mea-
sured using a malondialdehyde (MDA) assay kit (Sigma-Aldrich) 
according to the manufacturer’s instructions.

Immunoprecipitation
Immunoprecipitations were performed as we previously de-

scribed (17, 30, 31). For immunoprecipitation, cell lysates (500 g) 
were precleared in buffer A [0.15 M NaCl, 0.5 mM EDTA, 0.5% 
Igepal CA-630, protease and phosphatase inhibitor cocktail, 0.05 
M Tris (pH 7.5), and 0.2% BSA] by incubation with appropriate 
species-specific IgG-conjugated magnetic beads (Dynabeads, Dy-
nal; Thermo Fisher) for 1 h. Antibodies were then added. After 
incubation at 4°C overnight with gentle mixing, antibody- 
antigen complexes were captured with Dynabeads and washed two 
times with buffer A (without BSA), and then washed twice with 
TBS (pH 7.5). The immunoprecipitates were eluted by boiling in 
SDS-sample buffer. As a control, the same immunoprecipitation 
procedure was performed except for the primary antibody 
application.

Western blot
Proteins were analyzed by Western blot (17, 30). Proteins 

were separated by 4–15% SDS-PAGE, blotted to PVDF mem-
brane, 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 appropriate primary antibody. Immunoreactive bands were 
visualized using a SuperSignal West Dura substrate (Thermo 
Fisher).
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Sphingolipid analysis
Sphingolipid content was determined by MS/MS (14, 17). 

Briefly, to extract lipids, 0.5 mg of mitochondria or cell lysate pro-
tein was added to 2 ml of the ethyl acetate/isopropanol/water 
(60:30:10%, v/v/v) solvent system. The lipid extracts were forti-
fied with internal standards, dried under a stream of nitrogen gas, 
and reconstituted in 100 l of methanol for ESI-MS/MS analysis, 
which was performed on a Thermo Fisher TSQ Quantum triple 
quadrupole mass spectrometer, operating in a multiple reaction-
monitoring positive-ionization mode. The samples were injected 
onto the HP1100/TSQ Quantum liquid chromatography/MS sys-
tem and gradient-eluted from the BDS Hypersil C8, 150 × 3.2 mm, 
3 m particle size column, with a 1.0 mM methanolic ammonium 
formate 2 mM aqueous ammonium formate mobile-phase system. 
The peaks for the target analytes and internal standards were col-
lected and processed with the Xcalibur software system. Calibra-
tion curves were constructed by plotting peak area ratios of 
synthetic standards, representing each target analyte, to the cor-
responding internal standard. The target analyte peak area ratios 
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 respective total protein levels.

Statistical analysis
Data were analyzed for statistically significant differences be-

tween groups by one-way ANOVA or Student’s t-test where appro-
priate (SigmaPlot software version 12.0). Statistical significance 
was ascribed to the data when P < 0.05.

RESULTS

Glutamate-induced OL demise does not engage 
necroptotic or autophagic signaling mechanisms

OLs were treated with various concentrations of gluta-
mate in cystine-free medium for 24 h. Relative cell survival 
was determined using a LDH-based assay, which measures 
a release of cytosolic LDH from the cells providing the 
quantification of the plasma membrane integrity. Consis-
tent with previous reports (7, 32), glutamate-triggered OL 
death was attenuated by cystine, supporting the involvement 
of the glutamate/cystine antiporter, system xc

 (Fig. 1A).  
To rule out the contribution of ionotropic glutamate re-
ceptor-mediated Ca2+-dependent mechanisms, OLs were 
pretreated with 10 M of the intracellular Ca2+ chelator, 
BAPTA-AM, for 1 h and then exposed to glutamate. OL 
survival was determined 24 h later. There was no effect of 
BAPTA on glutamate-induced OL death (not shown), indi-
cating a lack of involvement of excitotoxicity mechanisms 
mediated by ionotropic glutamate receptors. The pan- 
caspase inhibitor, Z-VAD-fmk, failed to protect OLs from 
glutamate toxicity (Fig. 1B). Moreover, there was no exe-
cutioner caspase 3/7 activation in response to glutamate, 
indicating that OL loss was not mediated by a caspase- 
dependent apoptotic mechanism (Fig. 1C). We have previ-
ously reported that OL exposure to glutamate in cystine-
containing medium resulted in an activation of caspase 3/7 

Fig.  1.  Glutamate-elicited OL death does not involve apoptotic signaling mechanisms. OLs were treated with glutamate alone and in the 
presence of 1 mM cystine (A) or 30 M ZVAD-fmk (B) for 24 h and cell survival was determined. Data are mean ± SE, *P < 0.05, n = 9. C: OLs 
were treated with glutamate with/without 30 M Z-VAD-fmk for 24 h and caspase 3/7 activity was measured. Data are mean ± SE, n = 6.  
D: Cells were exposed to 1 mM glutamate in the presence of the necroptosis inhibitors, necrostatin-1 (Nec-1) and necrostatin-1s (Nec-1s), 
GSK-872, a RIP3 kinase inhibitor, and an IDO inhibitor. Cell survival was determined 24 h later. Data are mean ± SE, *P < 0.05, n = 9.
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and Ca2+-dependent apoptotic mechanism of OL demise 
(31). Lack of caspase 3/7 activation and Ca2+ involvement 
in OL death following treatment with glutamate in cystine-
free medium (Fig. 1C) indicates that cystine is an impor-
tant factor controlling the mechanisms of OL survival.

Various stimuli can engage a nonapoptotic form of cell 
death called necroptosis that is a regulated programmed 
necrosis (2). Necroptosis, like unprogrammed necrosis, is 
characterized by cellular organelles swelling and the rup-
ture of the plasma membrane. Central molecular compo-
nents of necroptosis signaling include RIPK1 and RIPK3 
(33). The initiation of necroptosis leads to activation of 
RIPK1 and RIPK3 and formation of a multi-protein com-
plex necrosome, which includes a key downstream target 
of RIPK3, a MLKL pseudokinase. MLKL does not regulate 
necrosome assembly, but is required for RIPK3 to kill cells 
following its binding and phosphorylation by RIPK3 (34). 
To determine whether OL treatment with glutamate ini-
tiates the necroptotic cell death cascade, we employed 
necrostatin-1, a cell-permeable inhibitor of RIPK1 activity 
(EC50 = 490 nM) and its more potent analog, necrostatin-1s 
(EC50 = 210 nM) (35). Figure 1D shows that necrostatin-1 
significantly augmented OL survival, whereas necrostatin-
1s was not effective. It has also been reported that necro-
statin-1 could inhibit the activity of IDO, whereas 
necrostatin-1s lacks the activity against IDO (35). To distin-
guish between necrostatin-1 targeting necroptosis and 
IDO-related processes, we used a cell-permeable competi-
tive IDO inhibitor, which lacks the activity toward necrop-
tosis. The IDO inhibitor did not have any effect on OL 
survival in response to glutamate (Fig. 1D). The data sug-
gest that OL protection by necrostatin-1 seems to implicate 

other proteins than its canonical target, RIPK1. Further-
more, a selective inhibitor of RIPK3 activity, GSK-872 (36), 
did not impact OL survival, ruling out the engagement of 
RIPK3-mediated pathways.

Among several control mechanisms governing core 
necroptosis mediators, caspase-8 certainly plays an impor-
tant role. Caspase-8 could initiate apoptosis and prevent 
necroptosis through cleavage of multiple pronecroptotic 
proteins, including RIPK1 and RIPK3. Depending on the 
availability of downstream molecules, cells die via necrop-
tosis (if caspase-8 is lacking or inhibited) or apoptosis (if 
MLKL is absent) (33). To validate the presence of key 
necroptosis mediators in OLs, the expression of RIPK1, 
RIPK3, MLKL, and caspase-8 was determined in untreated 
cells and OLs treated with glutamate with/without necro-
statin-1. Although RIPK1, RIPK3, MLKL, and caspase-8 
were expressed in OLs, there were no changes in the ex-
pression of necroptosis mediators in response to glutamate 
treatment (Fig. 2A). Of note, immunoprecipitation studies 
using RIPK1 and RIPK3 antibodies showed no formation 
of necrosome complex in OLs following glutamate expo-
sure (Fig. 2B). The data suggest that glutamate-induced 
OL death does not engage necroptosis machinery.

Emerging evidence indicates that the execution of cell 
death requires an orchestrated interplay between three im-
portant processes: apoptosis, necrosis, and autophagy. It has 
been reported that activating autophagy could protect 
from nutrient- and energy-deprivation-induced necroptosis 
(37). To assess a possible involvement of the autophagic path-
way, key autophagy markers, including LC3A, beclin-1, 
and p62, were examined in OLs treated with glutamate 
(Fig. 2C). There was no impact of glutamate on the key 

Fig.  2.  OL demise in response to glutamate is not mediated by necroptotic or autophagic signaling machinery. A: OLs were exposed to  
1 mM glutamate (Glut) with/without 40 M necrostatin-1 (Nec-1) for 24 h and cell lysates were analyzed by Western blotting using anti-RIPK1 
(Cell Signaling Technology), anti-RIPK3 (Cell Signaling Technology), anti-MLKL (Thermo Fisher), and anti-caspase-8 (Cell Signaling Tech-
nology) antibodies. To confirm equal loading of samples, the membranes were stripped and probed with anti--actin (Sigma-Aldrich) anti-
body. Data are representative of three independent experiments. Con, control. B: Necrosome complex formation was probed in 
immunoprecipitation experiments. OLs were treated with 1 mM glutamate (Glut) with/without 40 M necrostatin-1 (Nec-1) for 24 h. Cell 
lysates were immunoprecipitated with anti-RIPK1 antibodies (R&D Systems) and probed using anti-RIPK3 (Cell Signaling Technology) or 
anti-MLKL (Thermo Fisher) antibodies. In reciprocal experiments, cell lysates were immunoprecipitated with anti-RIPK3 antibodies (Cell 
Signaling Technology) and probed using anti-RIPK1 antibodies (R&D Systems). Input load: 20 g/lane. As a control, the same immunopre-
cipitation procedure was performed except for primary antibody application (IgG). C: OLs were exposed to 1 mM glutamate (Glut) for 6 h 
or 24 h and the cell lysates’ (20 g/lane) expression of autophagy markers was assessed by Western blotting using anti-LC3A (Cell Signaling 
Technology), anti-beclin-1 (Cell Signaling Technology), and anti-p62(Cell Signaling Technology) antibodies. To confirm equal loading of 
samples, the membranes were stripped and probed with anti--actin (Sigma-Aldrich) antibody. Data are representative of three independent 
experiments.
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autophagy mediators’ expression in OLs, ruling out the 
contribution of autophagic mechanisms.

Pharmacologic inhibitors of ferroptosis protect OLs from 
glutamate toxicity

Ferroptosis, a form of regulated necrosis, is character-
ized by excessive ROS generation and iron-dependent  
accumulation of lipid peroxides (38). Most inhibitors of fer-
roptosis are anti-oxidants or iron chelators. High-throughput 
screening efforts have identified ferrostatin-1 and liprox-
statin-1 as highly potent and specific inhibitors of fer-
roptosis, which was ascribed to their ability to slow the 
accumulation of lipid peroxides (39) and by acting as radi-
cal-trapping antioxidants (40). Importantly, ferrostatin-1 
and liproxstatin-1 have been shown to protect against IR 
tissue injury in vivo (12). Another group of compounds 
with a specific anti-ferroptotic activity is lipoxygenase in-
hibitors. Lipoxygenases oxygenate free or esterified fatty 
acids at various positions, thereby generating hydroperoxyl 
intermediates that promote lipid peroxidation. Zileuton, a 
5-lipoxygenase inhibitor, and LOXBlock-1, a 12/15-lipoxy-
genase inhibitor, have been shown to protect cells in sev-
eral in vitro models of ferroptosis (12). Furthermore, the 
NADPH oxidase (NOX) family of superoxide-producing 
enzymes (NOX1–5) has been implicated in promoting 
ferroptosis in cancer cell lines (38). Thus, inhibition of 

NOX1/4 with GKT137831 protected HT-1080 cells from 
ferroptosis induced by inhibiting system xc

 with erastin 
(13). Of note, the NOX2 inhibitor, apocynin, improved 
neuronal survival and attenuated the infarct size in an ani-
mal stroke model (41).

To determine whether glutamate-initiated OL death in-
volves the mechanisms and signaling pathways of ferropto-
sis, several specific inhibitors of ferroptosis were utilized. 
There was a significant OL protection against glutamate 
toxicity by ferrostatin-1 (Fig. 3A), liproxstatin-1 (Fig. 3B), 
zileuton (Fig. 3A), and LOXBlock-1 (Fig. 3A). Importantly, 
ferroptosis inhibitors significantly reduced OL death in 
both control cells and cells treated with glutamate in a con-
centration-dependent manner (not shown). The data indi-
cate that OLs underwent ferroptotic cell death at the 
baseline in cystine-free medium. Furthermore, iron chela-
tors, CPX (Fig. 3A) and deferoxamine (DFA) (Fig. 3C), 
augmented OL survival. Antioxidants, such as hydrophilic 
N-acetylcysteine (NAC) (Fig. 3C) and lipophilic vitamin E 
homologs 2,2,5,7,8-pentamethyl-6-chromanol (PMC) (Fig. 
3B) and trolox (Fig. 3D), significantly reduced OL demise. 
The NOX inhibitors, apocynin (Fig. 3C) and GKT137831 
(Fig. 3D), increased OL survival. The data suggest that OL 
exposure to glutamate triggers ferroptotic cell death.

To elucidate the intracellular compartments engaged by 
ferroptotic oxidative mechanisms, a mitochondria-targeted 

Fig.  3.  OL survival in response to glutamate was augmented by ferroptosis inhibitors. A–D: OLs were treated with 1 mM glutamate in the 
presence of inhibitors for 24 h and relative cell survival was determined. Data are mean ± SE, *P < 0.05, n = 12.
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antioxidant, mitoTEMPO, and its analog, 4-acetamido-
2,2,6,6-tetramethylpiperidine 1-oxyl (acTEMPO), which is 
devoid of mitochondria-targeting moieties, were employed. 
mitoTEMPO is a mitochondria-targeted superoxide dis-
mutase mimetic that possesses superoxide and alkyl radical 
scavenging properties. This compound combines the anti-
oxidant piperidine nitroxide, TEMPO, with the lipophilic 
cation, triphenylphosphonium, which allows it to pass 
through lipid bilayers and accumulate in mitochondria 
(42). Figure 3D shows that mitoTEMPO augmented OL 
survival in response to glutamate, whereas acTEMPO did 
not have any effect. The data point to the importance of 
intra-mitochondrial oxidative mechanisms in glutamate-
induced ferroptosis in OLs.

Glutamate treatment results in activation of SM hydrolysis 
in OLs

A hallmark of OL metabolism is the generation of large 
quantities of sphingolipids, which are key lipid compo-
nents of myelin. Sphingolipids, ubiquitous structural com-
ponents of cellular membranes, have emerged as a new 
class of lipid biomodulators of cell proliferation, differen-
tiation, migration, autophagy, and apoptosis (15, 43). The 
bioactive sphingolipid metabolites, ceramide and sphingo-
sine, have been shown to promote apoptotic cell death, 
while sphingosine-1 phosphate has been implicated in me-
diating cell proliferation and survival. Most sphingolipids 
of mammalian cellular membranes contain long fatty acyl 
chains of 14–28 carbon atoms, rendering them extremely 

hydrophobic lipids. As a result, sphingolipid metabolism is 
restricted to cellular membranes and is highly compart-
mentalized (44). De novo synthesis of bioactive sphingolip-
ids occurs in the ER and commences with generation of 
ceramide, which is then transported to the Golgi and 
plasma membrane for biosynthesis of SM (44). Another 
major source of bioactive sphingolipids is the degradation 
of SM by ASM yielding ceramide, which takes place in lyso-
somes (45). Ceramide is further hydrolyzed by acid cerami-
dase to form sphingosine, which could leave the lysosome 
and reach other intracellular compartments, such as the 
ER and mitochondria. In contrast, transfer of ceramide 
between intracellular compartments requires either the 
vesicular transport pathway or involves a transfer pro-
tein, CERT (45). In addition, SM could be hydrolyzed by 
Mg2+-dependent NSM localized at the inner leaflet of the 
plasma membrane (46).

To explore the role of bioactive sphingolipids in OL re-
sponse to glutamate, the sphingolipid profile was deter-
mined using a MS/MS lipidomics approach (Fig. 4). OL 
treatment with glutamate significantly increased ceramide 
and sphingosine content, while SM was reduced (Fig. 4A). 
The sphingolipid changes were prevented by cystine, con-
firming that glutamate’s effect is mediated by blocking sys-
tem xc

 function. The content of intermediates of the de 
novo sphingolipid synthesis, dihydroceramide and dihy-
drosphingosine, was not affected, suggesting a lack of 
sphingolipid biosynthesis activation (Fig. 4A). Consistent 
with the reduced SM, ceramide and sphingosine increases 

Fig.  4.  Sphingolipid changes in glutamate-treated OLs indicate activation of SM hydrolysis. Sphingolipids were analyzed in OLs treated 
with 1 mM glutamate alone and in the presence of 1 mM cystine for 24 h. Total ceramide, sphingosine, SM, dihydroceramide (DHCe-
ramide), and dihydrosphingosine (DHSph) (A), SM species (B), and ceramide species (C) were quantified. Data are mean ± SE, *P < 0.05, 
n = 8. Each sample was normalized to its respective total protein levels. D: OLs were exposed to 1 mM glutamate with/without inhibitors of 
de novo sphingolipid synthesis, including myriocin and FB1 or SM hydrolysis pathway (desipramine and LCL-521) for 24 h and relative cell 
survival was determined. Data are mean ± SE, *P < 0.05, n = 12.
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seem to be due to activation of SM hydrolysis elicited by OL 
treatment with glutamate.

The content of SM species characterized by long-chain 
fatty acid, including C16:0-, C18:0-, C18:1-, and C20:0-SM, was 
decreased, whereas the content of SM species containing 
very long-chain fatty acid, C22:0-, C24:0-, C24:1-, and C26:0-SM, 
did not change (Fig. 4B). Ceramide species containing 
long-chain fatty acid, such as C16:0-, C18:0-, and C18:1-ce-
ramide, were increased, while C20:0-ceramide was unchanged 
(Fig. 4C). The content of ceramide species containing 
very long-chain fatty acid, including C22:0-, C24:0-, and C24:1-
ceramide, was elevated, whereas C26:0-ceramide did not 
change. The increase in ceramide species containing long-
chain fatty acid was associated with reduced SM species, 
indicating that these ceramide species are generated from 
SM hydrolysis, potentially by ASM.

Importantly, a lack of the hydrolysis of SM species con-
taining very long-chain fatty acids suggests that the in-
creased ceramide species containing very long-chain fatty 
acids are not produced via ASM-mediated hydrolysis of SM 
in lysosomes. These ceramide species could be generated 
from sphingosine by ceramide synthase (CerS) in another 
intracellular compartment, such as mitochondria and/or 
ER, where CerS isoforms are expressed. Each of six known 
CerS proteins displays a distinct substrate specificity profile 
for fatty acid acyl-CoA: CerS1 generates C18:0- and C18:1-ce-
ramide; CerS2 and CerS4 produce C20:0-, C24:0-, and C24:1-
ceramide; and CerS5 and CerS6 generate C14:0-, C16:0-, C18:0-, 
and C18:1-ceramide. In brain, the ER contains CerS1, -2, -4, -5,  
and -6, whereas mitochondria express CerS1, -2, -4, and -6 
(14, 17). The data suggest that the products of SM hydroly-
sis, ceramides containing very long-chain fatty acid, are 
likely generated by CerS2 or CerS4 from sphingosine in the 
mitochondria and/or ER.

To investigate the role of sphingolipids and sphingo-
lipid-metabolizing enzymes in glutamate-induced OL 
response, the impact of pharmacological inhibitors of 
sphingolipid-metabolizing enzyme activity on OL survival 
was determined (Fig. 4D). In line with the sphingolipid 
profile changes (Fig. 4A), a specific inhibitor of the de 
novo ceramide synthesis, myriocin, did not have any effect 
on OL survival. Desipramine, a selective inhibitor of lyso-
somal ASM, and LCL-521, a specific inhibitor of lysosomal 
acid ceramidase (47), significantly augmented OL survival. 
Desipramine, a clinically used antidepressant, is an indirect 
ASM inhibitor (48). ASM appears to be bound to intra-
lysosomal membranes, thereby being protected against 
proteolytic inactivation. Protonated bases (desipramine and 
related drugs) accumulate in the acidic lysosomal com-
partment and hinder ASM binding to the inner mem-
brane, resulting in selective proteolytic degradation of the 
enzyme without disturbing the integrity of the lysosome 
(49). The protective effect of desipramine on OL survival 
suggests an evident role for ASM in glutamate-induced OL 
death. Of note, FB1, a specific inhibitor of CerS, did not 
significantly improve OL survival. The data suggest that OL 
exposure to glutamate resulted in activation of SM hy-
drolysis by ASM, generating ceramide that was, in part, fur-
ther metabolized into sphingosine by acid ceramidase in 

lysosomes. Sphingosine appears to be converted into 
ceramide by CerS, which is not localized in lysosomes, but 
rather in mitochondria and/or the ER. The lack of the 
CerS inhibitor’s impact on cell survival suggests that ceramide 
is dispensable for glutamate-triggered regulated necrotic 
OL death.

ASM activation is required for glutamate-induced 
ferroptosis in OLs

The breakdown of SM to ceramide and phosphorylcho-
line is catalyzed by sphingomyelinase family enzymes, 
which can be distinguished on the basis of the optimal pH 
values required for their activation: acid (ASM) and neu-
tral (NSM) (46). ASM is encoded by the SMPD1 gene and 
translates into a 629 amino acid pro-protein, which, be-
cause of differential modification and trafficking processes, 
gives rise to two distinct isoforms, lysosomal and secretory 
ASM (50). The lysosomal ASM resides in the endolyso-
somal compartment, whereas the secretory ASM is released 
by the secretory pathway and functions in the extracellular 
space.

In addition to indirect ASM inhibitors (desipramine), it 
has recently been discovered that several bisphosphonate 
compounds are selective direct inhibitors of ASM activity, 
including C10-BPA and zoledronic acid (48, 51). The most 
potent of the bisphosphonate derivatives, zoledronic acid 
(Reclast), an FDA-approved drug for the treatment of os-
teoporosis, exhibited IC50 of 20 nM toward ASM in vitro 
(51). To further investigate ASM involvement in glutamate-
induced OL death, the direct inhibitors of ASM activity 
were employed (Fig. 5A). Reclast and C10-BPA significantly 
augmented OL survival in a concentration-dependent 
manner. In contrast, specific inhibitors of NSM activity, 
GW4869 and epoxyquinone G109 (52), did not have any 
effect, supporting the notion that ASM is essential for OL 
response to glutamate. To confirm our findings, ASM was 
knocked down using an RNAi approach. Figure 5B shows 
that knocking down ASM prevented OL demise in re-
sponse to a broad range of glutamate concentrations. The 
data provide further evidence for a central role of the ASM-
mediated mechanisms in governing OL response to gluta-
mate toxicity. To determine whether glutamate treatment 
impacts ASM activity, OLs were exposed to 1 mM glutamate 
for a defined time, cells were harvested, and ASM or NSM 
activity was quantified. Figure 5C shows that glutamate trig-
gered a sustained ASM activation for at least 8 h, whereas 
NSM activity did not change. There were no changes in the 
expression level of ASM protein in response to glutamate, 
indicating involvement of posttranscriptional mechanisms 
in ASM activation (Fig. 5D).

GSH is an upstream regulator of ASM activity
Glutamate-induced toxicity, which is mediated by com-

petitive inhibition of system xc
, has been characterized 

as ferroptosis, an iron-, ROS-, and lipid peroxidation-
mediated process (38). One metabolic consequence of sys-
tem xc

 inhibition is depletion of the intracellular cysteine 
pool, which is a precursor for GSH synthesis. In cancer 
cells, metabolic profiling revealed that GSH was dramatically  
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Fig.  5.  ASM activation is critical for OL survival after glutamate treatment. A: OLs were treated with 1 mM glutamate with/without ASM 
(Reclast and C10-BPA) and NSM (GW4869 and epoxyquinone G109) inhibitors and relative cell survival was determined. Data are mean ± 
SE, *P < 0.05, n = 12. B: OLs were transfected with 20 nM of nontargeting siRNA pool (NT siRNA) or 20 nM of specific siRNA pool targeting 
different regions of the ASM gene (ASMsiRNA). Cells were plated and cultured for 24 h, then treated with 1 mM glutamate and relative cell 
survival was measured 24 h following glutamate treatment. Data are mean ± SE, *P < 0.05, n = 12. C. Time-course of specific ASM and NSM 
activity changes was determined following OL treatment with 1 mM glutamate. The enzyme activity is expressed as picomoles of C15-SM per 
minute per milligram protein. Data are mean ± SE, *P < 0.05, n = 12. D: The time-course of ASM protein expression changes was assessed 
following OL exposure to 1 mM glutamate. Cell lysates (30 g/lane) were analyzed using anti-ASM antibody. To confirm equal loading of 
samples, the membranes were stripped and probed with anti--actin (Sigma-Aldrich) antibody. Data are representative of three independent 
experiments.

reduced during ferroptosis elicited by the system xc
 in-

hibitor, erastin. This GSH depletion was sufficient for eras-
tin-dependent cell death, as GSH depletion by another 
reagent, buthionine sulfoximine (BSO), also initiated fer-
roptosis (53). BSO is an inhibitor of glutamate-cysteine 
ligase, the rate-limiting enzyme for GSH synthesis. It has 
been demonstrated that GSH depletion results in the re-
duced activity of GSH-dependent enzymes, such as GSH 
peroxidases, leading to increased formation of lipid perox-
ides (3).

To investigate the mechanism of ASM activation, GSH 
content was determined in OLs after 6 h treatment with 
1 mM glutamate. As expected, OL glutamate exposure sig-
nificantly attenuated GSH content (Fig. 6A). Importantly, 
inhibiting ASM activity with Reclast (25 M) did not have 
any effect on glutamate-induced depletion of GSH. The 
data suggest that ASM activation is an event that occurs 
downstream of GSH depletion in response to glutamate. 
To elucidate whether lowering the intracellular GSH  
is sufficient to activate the ASM, OLs were treated with 
0.5 mM BSO for a defined time and the GSH content and 
ASM activity were measured. Figure 6B shows the reduced 
GSH content in OLs treated with BSO that was associated 
with augmented ASM activity (Fig. 6C). In contrast, lower-
ing GSH content did not affect the NSM activity (Fig. 6C). 
The data suggest that glutamate-induced decline of the 

intracellular GSH levels provoked a selective activation of 
the ASM and increased SM hydrolysis. To elucidate 
whether ASM is an upstream regulator of ROS generation 
and lipid peroxidation, the impact of ferroptosis inhibi-
tors on glutamate-triggered ASM activation was measured 
in OLs (Fig. 6C). As expected, glutamate-induced ASM 
activation was prevented by 1 mM cystine. In contrast, CPX 
(5 M) and ferrostatin-1 (5 M) did not affect ASM activ-
ity, suggesting that ASM is an upstream regulator of ROS 
generation and lipid peroxidation in OL response to 
glutamate.

To confirm our findings, the sphingolipid profile was 
determined in cells treated with 1 mM glutamate with/
without inhibitors. Figure 6E shows that glutamate treat-
ment resulted in reduced SM content that was prevented 
by the ASM inhibitor, Reclast (25 M), or by cystine (1 mM). 
In contrast, the lipid radical scavenger, Trolox (15 M), 
the specific inhibitor of ferroptosis, ferrostatin-1 (5 M), or 
the iron chelator, ciclopirox olamine (CPX) (5 M), did 
not affect the SM decrease triggered by glutamate. Simi-
larly, the glutamate-induced upregulation of SM hydro-
lysis products, sphingosine and ceramide, was prevented 
by cystine (1 mM) and Reclast (25 M), but Trolox  
(15 M), ferrostatin-1 (5 M), and CPX (5 M) did not 
have any effect (Fig.7A, B). The data support the notion 
that OL exposure to glutamate prompts a decline in 
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GSH leading to activation of ASM and elevation of bio-
active sphingolipids, which occur upstream of lipid per-
oxidation and the execution of regulated necrotic cell 
death.

Glutamate-elicited sphingosine accumulation is a cause of 
reduced respiratory chain maximal capacity

Having demonstrated that glutamate-triggered SM hy-
drolysis by ASM results in upregulation of sphingosine and 

Fig.  6.  ASM activation in response to glutamate is controlled by intracellular GSH in OLs. A: OLs were treated with 1 mM glutamate with/
without the ASM inhibitor, Reclast (25 M), for 6 h and GSH content was quantified. Data are mean ± SE, *P < 0.05, n = 8. B: OLs were ex-
posed to 500 M BSO and GSH content was determined. Data are mean ± SE, *P < 0.05, n = 8. C: OLs were treated with 500 M BSO and 
specific ASM and NSM activity changes were determined. The enzyme activity is expressed as picomoles of C15-SM per minute per milligram 
protein. Data are mean ± SE, *P < 0.05, n = 12. D: OLs were exposed to 1 mM glutamate with/without the ferroptosis inhibitor, ferrostatin-1 
(5 M), the iron chelator, CPX (5 M), or 1 mM cystine for 6 h. ASM and NSM specific activity was measured. The enzyme activity is ex-
pressed as picomoles of C15-SM per minute per milligram protein. Data are mean ± SE, *P < 0.05, n = 12. E: OLs were exposed to 1 mM 
glutamate with/without the ferroptosis inhibitor, ferrostatin-1 (5 M), the iron chelator, CPX (5 M), the radical scavenger, trolox (15 M), 
the ASM inhibitor, Reclast (25 M), or 1 mM cystine for 24 h. SM content changes were measured. Data are mean ± SE, *P < 0.05, n = 12. 
Each sample was normalized to its respective total protein levels.

Fig.  7.  ASM-dependent sphingosine accumulation mediates the inhibition of mitochondrial respiratory chain activity in OL response to 
glutamate. OLs were exposed to 1 mM glutamate with/without the ferroptosis inhibitor, ferrostatin-1 (5 M), the iron chelator, CPX (5 M), 
the radical scavenger, trolox (15 M), the ASM inhibitor, Reclast (25 M), or 1 mM cystine for 24 h. Sphingosine (A) and total ceramide (B) 
were measured. Data are mean ± SE, *P < 0.05, n = 12. Each sample was normalized to its respective total protein levels. C: OLs were treated 
with 1 mM glutamate for 6 h with/without 50 M Reclast and the OCR was monitored. Data are representative of four independent experi-
ments. D: OLs were treated with sphingosine or sphingosine with 50 M FB1, a specific inhibitor of CerS activity, and the OCR was moni-
tored. Data are representative of three independent experiments.
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ceramide species (Figs. 5A, C and 7A, B), possibly in the ER 
and/or mitochondria, we investigated the potential down-
stream targets of bioactive sphingolipids. Experimental evi-
dence implicates ceramide, which is elevated in cerebral 
mitochondria after brain IR, as a causal factor of mitochon-
drial defects (14, 15) leading to activation of apoptosis 
(17). In an animal model of TBI, a substantial increase of 
sphingosine levels in cerebral mitochondria has been 
shown to cause reduced activity of respiratory chain Com-
plex IV (16). To determine the impact of glutamate-in-
duced deregulation of sphingolipid metabolism in OLs, 
mitochondrial function was assessed using a Seahorse 
XF96 extracellular flux analyzer. Cells were exposed to 
1 mM glutamate with/without 50 M Reclast for 6 h and 
the OCR was monitored (Fig. 7C).

The OCR due to ATP production was determined by the 
addition of 1 M oligomycin, an inhibitor of mitochon-
drial ATP-synthase. The oligomycin-sensitive OCR in OLs 
treated with glutamate or glutamate plus Reclast was sim-
ilar to control. The addition of 2 M carbonyl cyanide 
4-(trifluoromethoxy)phenylhydrazone (FCCP), an uncou-
pler of oxidative phosphorylation, allows for the deter-
mination of the maximal OCR. Glutamate-treated OLs 
exhibited higher FCCP-dependent OCR compared with 
nontreated cells. This is consistent with a previous report 
showing that extracellular glutamate could be transported via 
system x c

 into OL cytosol, thereby increasing the avail-
ability of the substrates for oxidation in the mitochondrial 
respiratory chain (32). Importantly, the FCCP-stimulated 
OCR was further increased in OLs treated with gluta-
mate plus Reclast (Fig. 7C), indicating that glutamate treat-
ment caused the inhibition of the maximal OCR due to 
activation of ASM. The electron transport chain inhibi-
tors, rotenone (Rot), a Complex I inhibitor, and antimycin 
A, a Complex III inhibitor, were added to inhibit mitochon-
drial respiration and assess the nonmitochondrial oxygen 
consumption. There were no changes in nonmitochondrial 
OCR between OLs treated with glutamate with/without 
Reclast and control cells. The data suggest that glutamate 
treatment resulted in reduced respiratory chain activity due 
to activation of ASM and SM hydrolysis leading to elevation 
of sphingosine and ceramide, which could inhibit the mito-
chondrial respiratory chain activity. Based on the pharma-
cological data analysis (Fig. 4D), ceramide involvement in 
the ASM-mediated inhibition of respiratory chain activity in 
OLs seems unlikely.

To investigate possible ASM-dependent sphingosine accu-
mulation, mitochondria were isolated from OLs after expo-
sure to 1 mM glutamate with/without 50 M Reclast for 6 h 
and the sphingolipid profile was determined. Glutamate 
treatment resulted in a significant elevation of mitochon-
drial sphingosine up to 170% (78 ± 6.7 pmol/mg protein) 
compared with control (46 ± 4.9 pmol/mg protein) that was 
prevented by Reclast (49.9 ± 5.3 pmol/mg protein). There 
were no changes in mitochondrial ceramide levels following 
OLs’ exposure to glutamate with/without Reclast.

To elucidate a causative role of glutamate-triggered 
sphingosine accumulation on mitochondrial respiratory 
chain activity, OLs were treated with 80 M of exogenous 

sphingosine and mitochondrial function was analyzed. It 
has been previously reported that exogenous sphingosine 
could reach the mitochondrial compartment and affect 
mitochondrial function (18). Figure 7D shows that sphin-
gosine did not affect the basal OCR, which agrees well with 
glutamate’s lack of impact on basal respiration (Fig. 7C). 
The oligomycin-sensitive OCR in OLs treated with sphin-
gosine was no different from control cells. Sphingosine sig-
nificantly attenuated the FCCP-stimulated OCR, indicating 
the inhibition of the maximal respiratory chain activity. To 
rule out the possibility that sphingosine-induced inhibition 
of the maximal OCR could be due to ceramide generated 
by mitochondrial CerS using sphingosine as a substrate, 
OLs were exposed to 80 M sphingosine with 50 M FB1, 
a specific inhibitor of CerS activity. There was no impact of 
FB1 on the sphingosine-induced inhibition of FCCP-stimu-
lated OCR, ruling out the ceramide involvement. The data 
suggest that glutamate-triggered activation of ASM and SM 
hydrolysis resulted in elevation of sphingosine, which  
attenuated the maximal mitochondrial respiratory chain 
activity.

Glutamate-triggered ASM activation and elevation of 
sphingosine leads to increased mitochondrial ROS

Multiple sources of ROS have been identified to promote 
lipid peroxidation, which is recognized as a central mecha-
nism of ferroptosis (38). In addition to iron-mediated ROS 
production by Fenton reaction, NOX appears to be an  
important contributor to increased cellular ROS (12) in 
the erastin-induced ferroptosis in cancer cells, whereas the 
input of mitochondria-dependent ROS generation was 
negligible (13). Baseline mitochondria generate very low 
amounts of ROS, but ROS generation is profoundly in-
creased in the presence of Complex I or III inhibitors (54). 
Having demonstrated ASM-dependent inhibition of the 
respiratory chain activity in response to glutamate, we 
sought to determine whether mitochondrial ROS are  
involved in facilitating the regulated necrosis in OLs. 
Cellular ROS generation was quantified using H2-DCF, 
which rapidly reacts with ROS to form dichlorofluorescein 
(DCF), a highly fluorescent compound. OLs were exposed 
to 1 mM glutamate with/without test compounds for 3 h 
and then H2-DCF dye was added and DCF fluorescence 
was measured (Fig. 8A). Glutamate stimulated cytosolic 
ROS generation that was prevented by 5 M ferrostatin-1 
or 1 M PMC, indicating the engagement of ferroptotic 
oxidative mechanisms. Consistent with previous reports 
(13, 38), the NOX1/4 inhibitor, GKT137831 (15 M), 
attenuated cellular ROS production. Both inhibitors of 
ASM activity, Reclast (25 M) and desipramine (25 M), 
significantly reduced cellular ROS generation in response 
to OL treatment with glutamate (Fig. 8A). The data suggest 
that ASM-dependent inhibition of respiratory chain activity 
resulted in the increased mitochondrial ROS generation 
that contributed to cellular ROS.

To elucidate the input of mitochondrial ROS in gluta-
mate-dependent ferroptosis in OLs, mitochondrial ROS 
was measured using MitoSox Red fluorescent dye. OLs 
plated in a 96-well plate were exposed to 1 mM glutamate 
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with/without inhibitors for 3 h or treated with 5 M Rot, a 
mitochondrial Complex I inhibitor, or 50 M sphingosine. 
Cells were washed with DPBS buffer and then incubated 
with 5 M MitoSox Red in DPBS buffer for 10 min at 37°C 
to allow the dye to reach mitochondria. Cells were washed 
to remove the excess of dye and the MitoSox fluorescence 
was determined in the plate-reader. Figure 8B shows that 
glutamate treatment augmented mitochondrial ROS pro-
duction in OLs similar to the Complex I inhibitor, Rot, 
which was used as a positive control. Glutamate-triggered 
MitoSox fluorescence was sensitive to the ferroptosis in-
hibitors, ferrostatin-1 (5 M) and PMC (1 M), indicating 
that mitochondrial ROS generation contributes to ferrop-
tosis in OLs. In contrast, the NOX1/4 inhibitor, GKT137831 
(15 M), did not affect the MitoSox fluorescence response. 
Of note, the glutamate-induced mitochondrial ROS gen-
eration was attenuated by the ASM inhibitor, Reclast 
(25M), which suggests ASM participation in facilitating 
the mitochondrial ROS generation. Consistent with its abil-
ity to inhibit the mitochondrial respiratory chain function 
(Fig. 7D), sphingosine augmented mitochondrial ROS 
production (Fig. 8B). Furthermore, the MitoSox fluo-
rescence response in OLs was visualized using confocal 
microscopy. Glutamate (1 mM) enhanced mitochondrial 
ROS generation, which was attenuated by 25 M Reclast 
(Fig. 8C). The data suggest that ASM-dependent mito-
chondrial ROS generation is an important contributing 
factor to glutamate-induced regulated necrosis in OLs.

Glutamate-induced MPTP opening is required for 
promoting regulated necrosis in OLs

The mitochondrial permeability transition pore (MPTP), 
a high-conductance channel in the inner mitochondrial 

membrane, serves as a switch between apoptosis and necrosis. 
Cell death proceeds through necrosis when the MPTP 
opens causing dissipation of the transmembrane potential 
and an inhibition of ATP production. If the MPTP does 
not open, cellular ATP can be maintained to support the 
energy demand of apoptosis (55). MPTP opening due to 
Ca2+ overload and increased ROS causes dissipation of 
transmembrane potential, ATP hydrolysis, Ca2+ release, 
pyridine nucleotide depletion, and matrix swelling, which 
results in outer membrane rupture (56). MPTP forms from 
the F-ATP synthase and cyclophilin D (CypD) binding to 
the oligomycin sensitivity-conferring protein (OSCP) sub-
unit of F-ATP synthase regulates the channel activity (57). 
CypD sensitizes MPTP to Ca2+ and confers sensitivity to cy-
closporin A (CSA), but is not an essential pore component 
(55, 58). A chief mitochondrial deacetylase, SIRT3, has 
been shown to deacetylate CypD, diminishing its peptidyl-
prolyl cis-trans isomerase activity and leading to suppres-
sion of the MPTP opening (59). Moreover, SIRT3 has been 
implicated in strengthening the cellular antioxidant defense 
by deacetylating mitochondrial SOD2, which increases its 
ROS scavenging activity (60).

To determine the possible role of MPTP opening in gluta-
mate-induced ASM-dependent regulated necrosis, the  
mitochondrial transmembrane potential changes that are 
indicative of MPTP opening were analyzed (61). OLs were 
treated with 1 mM glutamate for 18 h with/without Reclast 
(25 M). Cells were washed and loaded with TRMR fluores-
cent dye, which is sensitive to mitochondrial transmembrane 
potential. TRMR fluorescence was attenuated by glutamate 
treatment (Fig. 9A); however, Reclast prevented the gluta-
mate-induced decrease in the mitochondrial transmembrane 
potential, suggesting that glutamate-induced activation of 

Fig.  8.  ASM activation is necessary for glutamate-dependent cellular and mitochondrial ROS generation. A. OLs were treated with 1 mM 
glutamate with/without 25 M Reclast, 25 M desipramine, 5 M ferrostatin-1, 1 M PMC, or 15 M GKT137831 for 3 h and DCF fluores-
cence was measured. Data are mean ± SE, *P < 0.05 compared with nontreated cells, #P < 0.05 compared with glutamate-treated cells, n = 12. 
B: Cells were exposed to 1 mM glutamate with/without 25 M Reclast, 25 M desipramine, 5 M ferrostatin-1, 1 M PMC, or 15 M 
GKT137831 for 3 h and MitoSox fluorescence was measured. Control cells were treated with either 25 M sphingosine or 1 M Rot as a posi-
tive control. #P < 0.05 compared with nontreated cells, *P < 0.05 compared with glutamate-treated cells, n = 12. C: OLs were treated with  
1 mM glutamate with/without 25 M Reclast for 3 h and MitoSox fluorescence (MSF) as well as phase contrast images were captured using 
confocal microscopy.
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Fig.  9.  ASM is essential for glutamate-induced MPTP opening and activation of lipid peroxidation. A: Cells were exposed to 1 mM gluta-
mate with/without 25 M Reclast for 18 h, then loaded with TMRM, and the TMRM fluorescence as well as phase contrast images were 
captured using confocal microscopy. B: Cells were exposed to 1 mM glutamate with/without CSA or NIM811 and cell survival was quantified 
24 h later. Data are mean ± SE, *P < 0.05, n = 12. C: OLs were transfected with 20 nM of nontargeting siRNA pool (NT siRNA) or 20 nM of 
specific siRNA pool targeting the Sirt3 gene (Sirt3 siRNA). Cells were cultured for 24 h, then treated with glutamate, and relative cell survival 
was measured 24 h later. Data are mean ± SE, *P < 0.05, n = 12. D: OLs were exposed to 1 mM glutamate with/without 5 M ferrostatin-1, 25 
M Reclast, 1 M PMC, or 10 M NIM811 for 24 h and the ratio of BODIPY581/591 C11 fluorescence shift was quantified. Data are mean ± 
SE, *P < 0.05, n = 8. E: OLs were isolated from WT mice (WT) or from ASM-deficient mice (ASM/) were treated with 1 mM glutamate for 
24 h. WT cells were treated with 1 mM glutamate with 25 M Reclast. MDA content was measured. Data are mean ± SE, *P < 0.05 compared 
with nontreated cells, # P < 0.05 compared with glutamate-treated cells, n = 12.

ASM resulted in dissipation of transmembrane potential, 
most likely due to MPTP opening. To determine whether 
MPTP opening is necessary for glutamate-induced regulated 
necrosis in OLs, the effect of MPTP inhibitors on OL survival 
was quantified. Figure 9B shows that NIM811, a highly selec-
tive MPTP inhibitor (62), as well as CSA, a potent MPTP 
inhibitor, significantly improved OL survival in response 
to glutamate. The data support the notion that glutamate-
triggered activation of ASM and sphingosine accumulation 
stimulated ROS generation, leading to MPTP opening and 
dissipation of mitochondrial transmembrane potential.

To elucidate a possible input of SIRT3 in regulating glu-
tamate-induced cell death, Sirt3 gene expression was 
knocked down with 20 nM siRNA pool targeting four dif-
ferent regions of the gene to minimize the off-target  
effects. Figure 9C shows that knocking down SIRT3 sig-
nificantly augmented OL demise. The data indicate the 
protective role of SIRT3 in glutamate-triggered regulated 
necrotic cell death.

Glutamate-induced lipid peroxidation was attenuated by 
hindering ASM

Lipid peroxidation seems to be a fundamental mecha-
nism of ferroptotic cell death (38). Therefore, lipophilic 
antioxidants and radical scavengers, including ferro-
statin-1, liproxstatin-1, and PMC, are potent inhibitors of 
ferroptosis (39). To further investigate the mechanism of 
ASM participation in glutamate-induced regulated necrosis, 
the oxidation of cellular lipids was analyzed. Lipid peroxi-
dation was measured in live cells using BODIPY581/591 C11, 

an intrinsically lipophilic fluorophore. Upon oxidation 
of the polyunsaturated butadienyl portion of the dye, 
the fluorescence emission peak shifts from 590 nm to 
510 nm, providing a basis for ratio-fluorescence quantitation 
of lipid peroxidation (63). OLs were plated in a 96-well plate 
and treated with 1 mM glutamate with/without inhibitors 
for 18 h and incubated with 10 M BODIPY581/591 C11 for 
30 min. After medium removal and thorough cell washing, 
the fluorescence shift was measured (Fig. 9D). Glutamate 
treatment augmented lipid peroxide production, which 
was prevented by 1 M ferrostatin-1 or 5 M PMC. The 
ASM inhibitor, Reclast (25 M), significantly reduced glu-
tamate-initiated lipid peroxidation, indicating the promi-
nent role of the ASM-mediated pathway in lipid ROS 
production. There was no effect of NIM811 (10 M) on 
glutamate-induced lipid peroxidation, supporting the notion 
that the MPTP is a downstream target of glutamate-trig-
gered ROS, which is in line with the well-known sensitivity 
of MPTP to oxidative stress (64). It also shows that, in con-
trast to the generally accepted view concerning uncon-
trolled lipid peroxidation as a final step in the execution of 
ferroptosis, the final step in ferroptosis-like cell death in 
OLs is a bioenergetic catastrophe precipitated by MPTP 
opening. Furthermore, the end product of lipid peroxida-
tion, MDA, was measured following 1 mM glutamate expo-
sure for 18 h in OLs isolated from WT mouse brains and 
ASM-deficient mouse brains. Figure 9E shows that gluta-
mate triggered an MDA increase in WT cells, but not in 
OLs isolated from ASM-deficient mice. The glutamate- 
induced MDA was significantly attenuated by the ASM 
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inhibitor, Reclast, in WT OLs. The data suggest that the 
ASM-dependent pathway contributes to glutamate-induced 
ROS generation and lipid peroxidation in OLs.

DISCUSSION

These studies provide evidence for a novel ASM-dependent 
mechanism furthering mitochondrial dysfunction and 
regulated necrosis following OL treatment with glutamate. 
Our data suggest that glutamate-triggered decline of intra-
cellular GSH results in the activation of ASM and upregulation 
of sphingosine, which, in turn, inhibits the mitochondrial 
respiratory chain, leading to generation of ROS, opening 
of the MPTP, and necrotic cell death.

Our studies provide the experimental evidence support-
ing the important role of system xc

-dependent regulated 
necrosis in OL response to glutamate. Here, we show that 
glutamate-induced OL demise is prevented by cystine (Fig. 
1A), indicating system xc

 involvement. Glutamate toxicity 
is not sensitive to pan-caspase inhibitor and lacks the activa-
tion of executioner caspase 3/7 in OLs (Fig. 1B, C). We 
have previously reported that OL exposure to glutamate in 
cystine-containing medium resulted in activation of a cas-
pase 3/7 and Ca2+-dependent apoptotic mechanism of OL 
demise (31). In these studies, OLs were isolated using the 
previous protocol, but treated with glutamate in cystine-
free medium. Lack of caspase 3/7 activation and Ca2+ in-
volvement in OL death following treatment with glutamate 
in cystine-free medium (Fig. 1C) implicates cystine as a 
prominent factor controlling the mechanism of glutamate-
dependent OL death. OLs express ionotropic glutamate 
receptors, including AMPA/kainate and NMDA receptors 
throughout their lineage (65). Glutamate interaction with 
OLs could occur through the ionotropic glutamate recep-
tors and/or glutamate/cystine antiporter (38). While cys-
tine is present in the OL culture medium, the glutamate/
cystine antiporter seems to be able to maintain intracellu-
lar GSH levels, and glutamate binding to ionotropic gluta-
mate receptors results in Ca2+ influx into the cytosol leading 
to increased mitochondrial Ca2+ uptake, calpain activation, 
and apoptotic cell death. When OLs were exposed to gluta-
mate in the absence of cystine, decreased cystine import 
triggered GSH depletion leading to system xc

-dependent 
regulated necrotic cell death.

Importantly, glutamate-triggered response is not sensi-
tive to the selective necroptosis inhibitor, necrostatin-1s; 
however, its derivative, necrostatin-1, augmented OL sur-
vival (Fig. 1D). Further investigation of the necroptotic sig-
naling mechanisms, including RIPK1- and RIPK3-mediated 
formation of necrosome, ruled out necroptosis involve-
ment in glutamate-induced OL death (Fig. 2A, B). The 
data suggest that the protective effect of necrostatin-1 is not 
mediated by its conventional target, RIPK1, a driving force 
of necroptotic cell death. Both necrostatin-1 and necro-
statin-1s seemed to reduce the infarct size in the experi-
mental stroke model, which was interpreted as an indication 
of RIPK1-mediated necroptotic cell death following cere-
bral IR (2). Of note, necrostatin-1 did not have any effect 

on ASM activity (not shown); therefore, the necrostatin-
1-mediated protection of OLs against glutamate toxicity is 
not attributed to ASM inhibition. The data suggest that 
necrostatin-1 protected brain from IR via an unknown target, 
which is not a part of the necroptotic signaling mechanism. 
Moreover, it has been reported that autophagy is an essen-
tial mechanism of erastin-induced ferroptosis in cancer 
cells (66); however, our data indicate a lack of autophagic 
mechanism activation in glutamate-induced toxicity of OLs 
(Fig. 2C).

Cerebral IR affects both neurons and OLs; however, less 
is known about the mechanisms of OL injury. Clinical trial 
outcomes for neuroprotective drugs in stroke have been 
disappointing, partly due to the drugs’ failure to amelio-
rate the damage to OLs (67). Importantly, OL impairment 
could trigger a secondary injury to neurons (68). These 
studies are the first detailed investigation of the mecha-
nisms of system xc

-dependent regulated necrotic cell 
death in primary OLs. Pharmacologic inhibitor profiling 
revealed ferroptosis as a key mechanism of glutamate-initi-
ated regulated necrotic cell death in OLs (Fig. 3). Thus, 
specific inhibitors of ferroptosis (ferrostatin-1 and lip-
roxstatin-1), antioxidants (NAC, PMC, mitoTEMPO, and 
trolox), inhibitors of key enzymes promoting lipid peroxi-
dation, such as lipoxygenase and NOX (LOXBlock-1, zileu-
ton, apocynin, and GKT137831), and iron chelators (DFA 
and CPX) augmented OL survival. The pharmacologic 
analysis data are consistent with the reports characterizing 
the well-established ferroptotic cell death mechanisms in 
various cell types (1, 13, 38), implying ferroptosis as the 
central mechanism of glutamate-induced OL demise. The 
biological significance of ferroptosis is expanding rapidly 
by virtue of the discovery that system xc

 is a crucial regula-
tor of ferroptosis as well as the use ferrostatin-1 to inhibit 
ferroptosis in diverse in vivo models of disease. The results 
of these studies are in line with emerging evidence of the 
important role of ferroptosis in mouse models of IR injury. 
Thus, liver or kidney IR injury can be ameliorated by the 
ferroptosis inhibitor, ferrostatin-1 (12); however, the rele-
vance of ferroptosis in stroke and TBI remains to be 
established.

These studies point to an important role of sphingolip-
ids and sphingolipid-metabolizing enzymes in the gluta-
mate-induced OL response. Here, we show that bioactive 
sphingolipids (ceramide and sphingosine) are upregu-
lated, while SM is reduced (Fig. 4A–C), suggesting an acti-
vation of SM hydrolysis, not the activation of sphingolipid 
biosynthesis. Indeed, specific inhibitors of the lysosomal 
pathway of SM degradation (desipramine and LCL-521) 
attenuated OL cell death, while inhibitors of de novo 
sphingolipid biosynthesis (myriocin and FB1) did not. Fur-
thermore, our studies identified ASM as a novel critical fac-
tor in ferroptotic cell death and provide further insight into 
sphingolipid-mediated mechanisms of OL injury. Thus, 
direct functional inhibitors of ASM activity, Reclast and 
C10-BPA, as well as knocking down ASM using RNAi aug-
mented OL survival (Fig. 5A, B). Our studies demonstrate 
that glutamate triggered the selective activation of ASM, 
not NSM, via posttranslational mechanisms (Fig. 5C, D).  
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Here, we show that glutamate-induced decline of intracel-
lular GSH results in a selective increase of ASM activity 
(Fig. 6A–C) that is independent of ROS generation and 
lipid peroxidation (Fig. 6D, E).

Different activation mechanisms of ASM have been de-
scribed in response to cellular stress induced by cytokines, 
radiation, and chemotherapeutic agents (69, 70). It has 
been reported that PKC-mediated phosphorylation of a 
specific serine residue on ASM (Ser508) is indispensable 
for its activation in response to UV irradiation or treatment 
with phorbol ester PMA (71, 72). Recently, activation of 
PKC has been demonstrated in cell response to GSH  
depletion by BSO (73). It is conceivable that ASM could be 
activated by PKC-dependent phosphorylation in response 
to glutamate-induced GSH depletion in OLs. Another  
potential posttranslational mechanism regulating ASM 
activity could be S-glutathionylation. A reversible protein 
cysteine sulfhydryl moiety modification by glutathionyl-
ation has emerged as an essential mechanism of posttrans-
lational protein modification in conditions associated with 
oxidative or nitrosative stress (IR) and inflammation (74). 
A large number of proteins have been reported to be modi-
fied by S-glutathionylation leading to change in the cata-
lytic or structural properties of proteins. In some cases, 
S-glutathionylation has been reported to be a mechanism 
for maintaining proteins in an inactive state, causing them 
to remain dormant until activated by well-regulated deglu-
tathionylation reactions (75). Of note, ASM enzyme activity 
can be modulated by the deletion or chemical modifica-
tion of a free C-terminal cysteine (Cys629), which is in-
volved in the active site zinc coordination (76). However, 
these hypothetical mechanisms of GSH-dependent regula-
tion of ASM activity certainly require further investigation.

Having shown the GSH-dependent ASM activation in re-
sponse to glutamate, we investigated the potential targets 
of bioactive sphingolipids (ceramide and sphingosine) that 
accumulated in OLs as a result of enhanced ASM activity 
(Fig. 7A, B). Our studies indicate that glutamate treatment 
reduced the maximal capacity of the mitochondrial respi-
ratory chain, which was rescued by inhibiting ASM with  
Reclast (Fig. 7C). Of note, sphingosine was able to mimic 
the glutamate-induced respiratory chain defect, suggesting 
that ASM-generated sphingosine targets the mitochondria 
and promotes mitochondrial dysfunction (Fig. 7D). These 
data further support the concept that ASM-dependent gen-
eration of both ceramide and sphingosine occurs in lyso-
somes, but only sphingosine can leave the lysosomal 
compartment and impact mitochondria (77).

These studies draw attention to a novel mechanism of 
endolysosomal ASM/sphingosine system involvement in 
promoting cell death. It is important to emphasize that 
ASM functions in the endolysosomal compartment and on 
the outer leaflet of the plasma membrane (78). In wounded 
cells, Ca2+ influx induces exocytosis of lysosomes and asso-
ciation of ASM with the plasma membrane, where the 
enzyme triggers ceramide-mediated invagination of the 
damaged plasma membrane to facilitate endocytosis and 
damage repair (79). Numerous studies demonstrated a piv-
otal role of ASM/ceramide in apoptosis induced by various 

stimuli (e.g., TNF-, INF-, etoposide, radiation, etc.)  
(45, 80). Upon certain stimuli, ASM translocates from the 
lysosomes to the outer leaflet of the plasma membrane 
where ASM-generated ceramide leads to formation of ce-
ramide-enriched membrane platforms that are central for 
apoptotic signal transduction (69, 81). This study is the 
first demonstration of lysosomal ASM/sphingosine involve-
ment in perturbing mitochondrial function that results in 
regulated necrotic cell death.

Our studies extend the experimental evidence of a 
prominent role of ROS in system xc

-dependent regulated 
necrosis and highlight the contribution of the ASM- 
dependent pathway of cellular ROS generation in OLs 
(Fig. 8A). Several sources of ROS have been found to be 
important to the induction of ferroptosis in response to 
erastin-mediated inhibition of system xc

, including 
NOX, the iron-dependent Fenton reaction, lipoxygenase, 
and lipid ROS generation due to inactivation of glutathi-
one peroxidase 4 (12). In cancer cells, there was no change 
in mitochondrial ROS in response to system xc

 inhibition 
with erastin; therefore, mitochondrial respiratory chain-
mediated ROS contribution in ferroptosis was ruled out 
(13). The results of our studies identify a novel pathway in 
system xc

-dependent regulated necrosis and point to the 
critical role of ASM as a facilitator of sphingosine genera-
tion leading to inhibition of the mitochondrial respiratory 
chain and increased mitochondrial ROS in OLs (Fig. 8B, C). 
It appears that ferroptosis is produced by a dynamic inter-
play of multiple ROS-generating cascades, emphasizing the 
importance of defining the stimulus- and cell type-specific 
context.

The experimental evidence implicates the ASM/sphin-
gosine system as an upstream regulator of MPTP opening 
in the neural cell response to glutamate, which is a major 
contributing factor to cell death following cerebral IR or 
TBI. The data are consistent with the previously established 
role of MPTP opening as a cause of the neural cell demise 
by necrosis in the infarct core after stroke, while it remains 
closed during apoptotic cell death in the penumbra (55). 
Of note, ASM-deficient mice exhibited a reduced infarct 
size after transient cerebral IR; however, the detailed mecha-
nisms were not elucidated (19). Overall, these studies  
reveal ASM as a novel determinant of mitochondrial dys-
function in glutamate-induced regulated necrosis, which 
could be important to brain injury after cerebral IR.

The critical impact of SIRT3 in OL survival response to 
glutamate (Fig. 9C) is in line with SIRT3 participation in 
the cellular antioxidant defense system (82). Thus, SIRT3 
deacetylates hepatic SOD2, a mitochondrial antioxidant 
enzyme, enhancing its ability to scavenge ROS in response 
to caloric restriction (60). In addition, SIRT3 activates an 
isocitrate dehydrogenase 2, a tricarboxylic acid cycle en-
zyme producing NADPH, due to caloric restriction, which 
results in increased activity of glutathione reductase and 
augmented generation of GSH, a major cellular antioxi-
dant (83). Moreover, SIRT3 has been shown to deacetylate 
CypD leading to suppression of the MPTP opening in mito-
chondria, which diminished cell injury in aging (59). Our 
studies further support the concept that SIRT3-mediated 
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deacetylation pursues its target in a stimuli-specific manner 
(84). Recently, we described the pivotal role of SIRT3  
in promoting CerS/ceramide-mediated mitochondrial 
injury, leading to apoptosis in response to cerebral IR. In 
contrast, these studies underscore the protective role of 
SIRT3 in glutamate-induced ASM/sphingosine-mediated 
mitochondrial dysfunction leading to necrotic cell death. 
The evidence suggests that SIRT3 is a pleiotropic gene that 
functions in a stimuli- and target substrate-specific manner 
to control multiple regulated cell death pathways.

In summary, the results of these studies highlight a novel 
mechanism of ASM involvement in governing mitochon-
drial respiratory chain-dependent ROS generation and 
suggest an important role of ASM in glutamate-induced 
regulated necrosis in the brain.
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