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24(S)-Hydroxycholesterol (24S-OHC) produced by choles-
terol 24-hydroxylase expressed mainly in neurons plays an
important physiological role in the brain. Conversely, it has
been reported that 24S-OHC possesses potent cytotoxicity. The
molecularmechanismsof 24S-OHC-induced cell deathhavenot
yet been fully elucidated. In this study, using human neuroblas-
toma SH-SY5Y cells and primary cortical neuronal cells derived
from rat embryo, we characterized the form of cell death
induced by 24S-OHC. SH-SY5Y cells treated with 24S-OHC
exhibited neither fragmentation of the nucleus nor caspase acti-
vation, which are the typical characteristics of apoptosis. 24S-
OHC-treated cells showed necrosis-likemorphological changes
but did not induce ATP depletion, one of the features of necro-
sis. When cells were treated with necrostatin-1, an inhibitor of
receptor-interacting serine/threonine kinase 1 (RIPK1) re-
quired for necroptosis, 24S-OHC-induced cell death was signif-
icantly suppressed. The knockdown of RIPK1 by transfection of
small interfering RNA of RIPK1 effectively attenuated 24S-
OHC-induced cell death. It was found that neither SH-SY5Y
cells nor primary cortical neuronal cells expressed caspase-8,
which was regulated for RIPK1-dependent apoptosis. Collec-
tively, these results suggest that 24S-OHC induces neuronal cell
death by necroptosis, a form of programmed necrosis.

Brain is the organ rich in cholesterol and contains about 25%
of the total amounts of cholesterol in the body (1). Brain cho-
lesterol is locally synthesized, and its levels are not influenced
by the nutritional intake of cholesterol (2). The blood-brain
barrier prevents cholesterol transport from the brain into the
blood (1–3). Therefore, there is a need to eliminate excess brain
cholesterol, which is derived from either increased cholesterol
synthesis or neuronal cell death. Brain cholesterol hydroxyla-
tion catalyzed by a cytochrome P-450-dependent enzyme, cho-
lesterol 24(S)-hydroxylase, results in the formation of 24(S)-

hydroxycholesterol (24S-OHC),3 which can be transported
across the blood-brain barrier (4). It has been reported that free
24S-OHC is present at high concentrations up to 30 �M in the
brain (5). More than 90% of the 24S-OHC in plasma originates
from the brain, and 24S-OHC is thought to be themain choles-
terol elimination product of the brain (5, 6). Cholesterolmetab-
olism is involved in the pathogenesis of Alzheimer disease; for
example, the �4 allele of the apolipoprotein E has been shown to
be a genetic risk factor for late-onset Alzheimer disease (7). In
addition, it has been reported that a polymorphism in the cho-
lesterol 24S-hydroxylase gene is associated with Alzheimer dis-
ease (8).
Oxysterols are oxygenated derivatives of cholesterol and

have been shown to possess diverse biological activities, includ-
ingmediation of cell signaling, regulation of cellular cholesterol
synthesis, and induction of cytotoxicity (9–11). It has been
known that 24S-OHC binds to insulin-induced gene, blocking
cholesterol synthesis (12). It has also been shown that 24S-OHC
acts as a ligand of the nuclear receptor liver X receptor, which
regulates the gene expression of proteins involved in choles-
terol transport in cell membrane (13). 7-Ketocholesterol, non-
enzymatic oxidation product of cholesterol, has been shown to
induce cell death through inactivation of the phosphatidylino-
sitol 3-kinase/Akt signaling pathway (14), which is considered
to be highly specific to lipid raft domains (15). 24S-OHC has
been shown to possess potent neurotoxicity (16); however, the
molecular mechanisms of the induction of neurotoxicity, par-
ticularly in the form of cell death, are less clearly defined.
Classically, two forms of cell death, namely apoptosis and

necrosis, are known. Apoptosis and necrosis are distinguished
on the basis of their morphological and biochemical features
(17). Apoptosis is thought to be a regulated and physiological
type of death by which the organisms eliminate senescent,
abnormal, and potentially harmful cells (18). The biological
process of apoptosis has been well investigated, and many key
molecules in apoptosis, including caspases, have been identi-
fied. In contrast, necrosis is described as a passive, nonphysi-
ological type of death that is caused by accidental and acute
damage to cells. Necrosis is characterized by cell swelling and
disruption of the cell membrane, leading to the release of cellu-
lar contents (19, 20); however, the details of this process are still
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unknown. Recent evidence suggests that necrosis can be a pro-
grammed event (21). The term “necroptosis” has been used to
designate one particular type of programmed necrosis that
depends on the receptor-interacting serine/threonine kinase 1
(RIPK1) (21, 22). Several lines of evidence have revealed that the
inhibitor of RIPK1, methylthiohydantoin-DL-tryptophan
(necrostatin-1; Nec-1), can inhibit certain types of caspase-in-
dependent cell death with the features of necrosis in experi-
mental paradigms such as cell cultures treated with a combina-
tion of an apoptosis inducer and a caspase inhibitor, cells
treated with an activator of the receptor-interacting protein,
and neurons in vivo after ischemic brain injury (21–24). The
death-inhibiting effect of Nec-1 has been reported to be highly
specific for this form of cell death, which has been called
necroptosis. Caspase-8, a key mediator of the extrinsic apopto-
sis pathway, is considered to be one of the major molecular
switches between apoptosis and necroptosis (25). It should be
noted that cell death induced by autophagy is known as another
type of caspase-independent cell death (26).
In this study, using human neuroblastoma SH-SY5Y cells

and primary cortical neuronal cells, we characterized the form
of cell death induced by 24S-OHC. We found that 24S-OHC
induced necroptosis of neuronal cells in a cell type-dependent
manner.

EXPERIMENTAL PROCEDURES

Materials—24S-OHC was obtained from Biomol Interna-
tional, Plymouth Meeting, PA; Dulbecco’s modified Eagle’s
medium/nutrient mixture Ham’s F-12 � 1:1 (DMEM/F-12)
was from Invitrogen; fetal bovine serum was from Hyclone,
Logan, UT; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) was from Nacalai Tesque, Kyoto, Japan;
staurosporine (STS) was fromWako Pure Chemical Industries,
Tokyo, Japan; and necrostatin-1 (Nec-1), 3-methyladenine,
LY294002, and wortmannin were obtained from Sigma. Anti-
caspase-3 antibody (catalog no. 9662) and anti-caspase-9 anti-
body (catalog no. 9504) were purchased from Cell Signaling
(Beverly, MA); anti-RIPK1 antibody (catalog no. 551041) was
from BD Biosciences; and anti-caspase-8 antibody (catalog no.
M058–3) was obtained fromMedical and Biological Laborato-
ries, Nagoya, Japan.Other chemicals were of the highest quality
commercially available.
Cell Culture and Determination of Cell Viability—SH-SY5Y

human neuroblastoma cells (American Type Culture Collec-
tion) were routinely maintained in DMEM/F-12 medium con-
taining 10% heat-inactivated fetal bovine serum and antibiotics
(100 units/ml penicillin, 100 �g/ml streptomycin; Invitrogen)
at 37 °C under an atmosphere of 95% air and 5%CO2. To exam-
ine the toxicity of 24S-OHC, SH-SY5Y cells were grown on
plates at a density of 2 � 105 cells/ml. After the cells were
attached (16–18 h), they were treated with each oxysterol at
different concentrations for 24 h.
In order to determine mitochondrial function, which is a

measure of cell viability, an MTT assay was conducted for the
indicated periods, as described previously (27). The cells were
incubated with 0.5mg/mlMTT at 37 °C for 4 h. Isopropyl alco-
hol containing 0.04 N HCl was added to the culture medium
(3:2, by volume), and the mixture was agitated by pipette until

the formazan was completely dissolved. The optical density of
formazan was measured at 570 nm using a OptiMax tunable
microplate reader (Molecular Devices, Sunnyvale, CA). For
additional determination of cell viability, a lactate dehydrogen-
ase (LDH) release assay was performed for the indicated peri-
ods, as described previously (27). LDH release wasmeasured by
using iodotetrazolium chloride in the culture medium. The
maximum LDH release was determined by incubation of the
cells with 1% Triton X-100. Data were expressed as a percent-
age of total LDHactivity, after subtraction of backgrounddeter-
mined from the serum medium alone.
Primary Cortical Neurons—Cells were isolated from the cer-

ebral cortex of rat fetuses (Sprague-Dawley rats, day 17 of ges-
tation; SLC, Shizuoka, Japan) as described previously (28).
Briefly, the cells were gently dissociated with a plastic pipette
after digestionwith papain (90 units/ml,Worthington) at 37 °C,
and the cells were then plated at a final density of 8 � 104

cells/cm2 on polyethyleneimine-coated plates. Cells were
grown in DMEM/F-12 supplemented with 10% heat-inacti-
vated fetal bovine serum and antibiotics (100 units/ml penicil-
lin G and 100 �g/ml streptomycin). Over 90% of the cells in the
cultures were neurons as determined by immunostaining with
the astrocyte-specific marker glial fibrillary acidic protein
(Upstate Biotechnology, Inc., Lake Placid, NY) and the neuron-
specific marker microtubule-associated protein-2 (Sigma).
More than 6 days after plating the cultured neurons with serum
medium, the cells were treated with 24S-OHC at different con-
centrations for 24 h. For the determination of cell viability, the
LDHandMTTmethodswere used as described previously (28).
Cell Death Assay—To examine changes in nuclear morphol-

ogy, cells were collected and stained with 1 �g/ml Hoechst
33258 (Sigma). Nuclear condensation of the cells was observed
through an Olympus IX-71 epifluorescent microscope (Olym-
pus, Tokyo, Japan). Phosphatidylserine (PS) exposure and
caspase activity were analyzed as described previously (29). PS
exposure was measured by the binding of annexin V-fluores-
cein isothiocyanate (FITC). Treated cells were also stainedwith
propidium iodide (PI), which was followed by analysis with a
FACSAriaTM II cell sorter (BD Biosciences) with a 488-nm
argon laser. Caspase activity was measured by the cleavage of
Asp-Glu-Val-Asp (DEVD) and Leu-Glu-His-Asp (LEHD) pep-
tide-conjugated aminomethylcoumarin (AMC) according to
the protocol outlined by the manufacturer in the EnzChek
caspase assay kit (Invitrogen). Substrate cleavage and the
release ofAMCweremeasured using a FLUOstarGalaxy (BMG
Labtechnologies, Offenburg, Germany) with excitation and
emission wavelengths of 342 and 441 nm, respectively. The
intensity of fluorescence was converted to picomoles of AMC
by using a standard curve generated with free AMC.
Preparation of Cellular Samples and Western Blot Analysis—

A total cell extract was prepared as described previously (29).
Treated cells were suspended in lysis buffer (150 mM NaCl, 50
mM Tris-HCl (pH 7.5), 50 mM NaF, 5 mM EDTA, 1% Triton
X-100, and 1 mM Na3VO4 with a protease inhibitor mixture
tablet) at 4 °C for 30 min. Nuclei and unlysed cellular debris
were removed by centrifugation at 15,000 � g for 10 min. The
detection of specific proteins in the total cell extracts was per-
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formed by Western blot analysis, following the procedure
described previously (29).
Measurement of Intracellular ATP—The cellular ATP con-

tent was determined using a bioluminescent somatic cell assay
kit according to the manufacturer’s instructions (Sigma). The
ATP content was measured with the luciferin/luciferase
method in a luminescence reader BLR-301 (ALOKA, Tokyo,
Japan). The absolute values of ATP content were determined
using an internal ATP standard.
Transfection of Small Interfering RNA—The human

RIPK1-small interfering RNAs (siRNA) were designed and
manufactured by Invitrogen, according to the current guide-
lines for effective knockdown by this method (30). The target
sequences for RIPK1-siRNA (RIPK1-HSS112846, catalog
numbers 10620318 and 10620319) were used. The siRNA
were transfected into SH-SY5Y cells at a concentration of
100 pmol/105 cells by Lipofectamine RNAi MAX (Invitro-
gen) 3 days before further experiments.
Statistical Analysis—Data are reported as mean � S.D. of at

least three independent experiments. The statistical signifi-
cance of the difference between the determinations was calcu-
lated by an analysis of variance using Tukey’s test for multiple
comparisons. The calculation method was described in each
figure legend. Values of p � 0.01 were considered significant.

RESULTS

Effect of 24S-OHC on Viability of Neuronal Cells—To deter-
mine the cytotoxicity of 24S-OHC, human neuroblastoma
SH-SY5Y cells were treated with several concentrations of 24S-
OHC for 24 h. The viability wasmeasured byMTT assay, which
is an indicator of mitochondrial function. 24S-OHC exhibited
cytotoxicity in a concentration-dependent manner, and 24S-
OHC at concentrations higher than 10 �M significantly de-
creased the cell viability (Fig. 1A). The cytotoxicity of 24S-OHC
was also evaluated bymeasuringmembrane integrity with LDH
release assay. The membrane integrity decreased in a concen-
tration-dependent manner (data not shown). 24S-OHC also
showed cytotoxicity in the primary cortical neuronal cells at
concentrations higher than 10 �M (Fig. 1A). Fig. 1B shows the
time-dependent toxicity of 24S-OHC in SH-SY5Y cells, and the
statistical decrease in cell viability was observed after 8 h of
treatment with 24S-OHC. To estimate the incubation time for
24S-OHC-induced cell death, cells were treated with 24S-OHC
for various durations and then cultured with fresh medium for
a total of 24 h. Significant cell death was observed with incuba-
tion times longer than 3 h, and treatment of 24S-OHC for 5 h
exhibited similar cytotoxicity as treatment for 24 h (Fig. 1C).
Characterization of Cell Death Induced by 24S-OHC—To

identify the type of cell death induced by 24S-OHC, we ana-
lyzed morphological changes of chromatin and PS exposure.
STS was used as an inducer of apoptosis. Apoptotic features
such as condensed chromatin (Fig. 2A) and PS exposure (Fig.
2B-2) were observed in STS-treated cells. Morphological
changes of chromatin were not observed in 24S-OHC-treated
cells (Fig. 2A). 24S-OHC treatment significantly increased PI-
positive cells, but it had no effect on apoptotic cells showing
annexin V-FITC-positive and PI-negative cells at any incuba-
tion time tested (Fig. 2B). Furthermore, a significant increase in

the activities of DEVDase (indicative of caspase-3; Fig. 3A-1)
and LEHDase (indicative of caspase-9; Fig. 3A-2) was not
observed in 24S-OHC-treated cells. In accordancewith enzyme
activities, cleaved and activated caspase-3 (Fig. 3B-1) and
caspase-9 (Fig. 3B-2) were not observed in 24S-OHC-treated
cells. These multiple lines of evidence indicate that 24S-OHC-
induced neuronal cell death, in contrast to STS-induced cell
death, was not induced by typical apoptotic mechanisms that
depend on caspase activation. It has been known that some
types of necrosis involve ATP depletion (29), but the significant
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FIGURE 1. Cell death induced by 24S-OHC in SH-SY5Y and cultured corti-
cal neurons. A, SH-SY5Y cells and primary cortical neuronal cells were treated
with variable concentrations of 24S-OHC for 24 h, and the viability was mea-
sured by MTT assay, as described under “Experimental Procedures.” **, p �
0.01, when compared with vehicle control (without 24S-OHC). B, SH-SY5Y
cells were cultured with 50 �M 24S-OHC for the indicated incubation times,
and the viability was measured by MTT assay. **, p � 0.01, when compared
with time 0. C, SH-SY5Y cells were treated with 24S-OHC for the indicated
times and then cultured in fresh medium for 24 h. Cell viability was measured
by LDH assay. **, p � 0.01, when compared with treated time 0 h. N.S., not
significant difference when compared with treated time 24 h.
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decrease in ATP levels was not observed in 24S-OHC-treated
cells (Fig. 4).
24S-OHC-induced Cell Death Is Inhibited by Necrostatin-1

and RIPK1-siRNA Treatment—These findings suggest that the
cell death induced by 24S-OHC is caspase-independent and
does not have typical necrotic features. Since the implication of
autophagic cell death or necroptosis has been reported in
caspase-independent cell death (21, 31), we examined the
effects of autophagic inhibitors on 24S-OHC-induced cell
death. As shown in Fig. 5A, autophagic inhibitors such as
3-methyladenine, LY294002, and wortmannin did not prevent
SH-SY5Y cell death induced by 24S-OHC. It has been shown
that RIPK1, a target of Nec-1, plays a significant role in the
caspase-independent cell death pathway of necroptosis (21–
24). As shown in Fig. 5B, Nec-1, an inhibitor of necroptosis,

inhibited the cell death induced by 24S-OHC in a concentra-
tion-dependent manner. The inhibitory effect of Nec-1 against
24S-OHC was also observed in primary cortical neuronal cells
(Fig. 5B-2). To further confirm the involvement of RIPK1 in
24S-OHC-induced cell death, we investigated the effect of
RIPK1-siRNA. SH-SY5Y cells treated with two independent
RIPK1-siRNA for 3 days exhibited a marked decline in consti-
tutive RIPK1 protein levels (Fig. 6A). In cells treated with
RIPK1-siRNA, the cytotoxicity of 24S-OHC significantly
decreased (Fig. 6B).
Expression Level of Caspase-8- and 24S-OHC-induced

Caspase-3 Activation in Jurkat Cells—It has been suggested
that the caspase-8-mediated degradation of RIPK1 may repre-
sent one of the key molecular switches between apoptosis and
necroptosis (25). We therefore determined the expression
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24S-OHC Induces Neuronal Cell Death through Necroptosis

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 24669



levels of caspase-8 in both the SH-SY5Y cells and cortical
neuronal cells. Western blot analysis using anti-caspase-8
antibody indicated the lower expression levels of caspase-8
in both the SH-SY5Y cells and cortical neuronal cells com-
pared with human T lymphoma Jurkat cells that express
obvious levels of caspase-8 protein (Fig. 7). Real time PCR
analysis also showed the lower expression levels of caspase-8
mRNA in SH-SY5Y cells compared with Jurkat cells (data
not shown). As observed in neuronal cells, 24S-OHC signif-
icantly decreased the cell viability in Jurkat cells (Fig. 8A). As

shown in Fig. 8B, the activation of caspase-3 was observed in
STS-treated Jurkat cells, but not in Jurkat cells treated with
500 �M hydrogen peroxide, which can induce necrosis in
Jurkat cells (29). In contrast to the observation that 24S-
OHC did not induce the caspase activation in SH-SY5Y cells
(Fig. 3), 24S-OHC significantly induced the caspase-3 acti-
vation in Jurkat cells (Fig. 8B).

DISCUSSION

24S-OHC, an oxysterol related to cholesterol homeostasis in
the brain, has been shown to possess potent cytotoxicity (16).
This study clearly shows that neuronal cell death induced by
24S-OHC, at least partly, involves the necroptosis pathway. The
absence of typical apoptotic features in 24S-OHC-treated cells
also supports the involvement of programmed necrosis. It has
been known that oxysterols such as 7-ketocholesterol can
induce apoptotic cell death through association with mem-
brane lipid raft domains (15, 32).We observed typical apoptotic
features such as PS exposure and caspase activation in
SH-SY5Y cells that were treated with 7-ketocholesterol (data
not shown), suggesting that 7-ketocholesterol induces cell
death via a different pathwaywith 24S-OHC.We further exam-
ined the effect of Nec-1 against SH-SY5Y cell death induced by
other oxysterols such as 7�-OHC, 7�-OHC, 7-ketocholesterol,
and 22R-OHC. These oxysterols decreased the viability of
SH-SY5Y cells in a concentration-dependent manner (supple-
mental Fig. S-1). Nec-1 did not show a significant protective
effect against SH-SY5Y cell death induced by the oxysterols
described above (supplemental Fig. S-2), suggesting that,
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among the oxysterols tested in this study, only 24S-OHC
induces necroptosis of SH-SY5Y cells. Although the details of
the cell death mechanisms induced by oxysterols are still
unclear, to our knowledge, this is the first report showing that
an oxysterol can induce necroptosis.
Several studies have shown that Nec-1 can protect cells from

cell death or tissue injury induced by the following stressors:
mouse brain injury induced by ischemia (21), HT-22 cell death
induced by glutamate (33), and macrophage cell death induced
by sitosterol-containing lipoproteins (34). These reports sug-
gest the involvement of the activation of RIPK1 in these types of
cell injuries. It has been suggested that the caspase-8-mediated
degradation of RIPK1 may represent one of the key molecular
switches between apoptosis and necroptosis (25). We observed
lower expression levels of caspase-8 in both the SH-SY5Y cells
and cortical neuronal cells (Fig. 7). This observation prompted
us to examine the type of 24S-OHC-induced cell death in
human T lymphoma Jurkat cells, which express obvious levels
of caspase-8 protein. Interestingly, significant cell death with
typical apoptotic features such as caspase activation was
observed in 24S-OHC-treated Jurkat cells (Fig. 8B). Although
the physiological and pathological role of necroptosis has not

been fully elucidated, our observations suggest that cell type or
caspase-8 expression may be important factors that determine
the fate of cell death even with the same stimulus.
It has been postulated that reactive oxygen species (ROS)

play a role in the induction of necroptosis (35–37); however, the
detailed molecular mechanisms are still unknown. It has been
reported that ROSproduction is required for cell death induced
by tumor necrosis factor (TNF) or TNF � benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone, and protective effects of
antioxidants such as butylhydroxyanisol and N-acetylcysteine
have been reported in mouse embryonic fibroblasts (36, 37). In
contrast,N-acetylcysteine, superoxide dismutase, catalase, and
vitamin E failed to suppress TNF � benzyloxycarbonyl-Val-
Ala-Asp-fluoromethyl ketone-induced necrosis in U937 cells
(21). In this study, we examined the protective effects of anti-
oxidants with different actions, such as �-tocotrienol, deferox-
amine, BO-653, curcumin, and N-acetylcysteine against 24S-
OHC-induced cell death; however, significant protective
effects were not observed (supplemental Figs. S-3 and S-4), sug-
gesting that ROS might not play a critical role in 24S-OHC-
induced necroptosis. The involvement of ROS in the induction
of necroptosis might depend on the cell type or the type of

FIGURE 5. Neuroprotective effect of Nec-1 against 24S-OHC-induced cell death. A, SH-SY5Y cells were exposed to 24S-OHC in the absence or presence of
autophagy inhibitors (10 mM 3-methyladenine (3MA), 20 �M LY294002 (LY), and 100 nM wortmannin (Wm)) for 24 h, and the viability was measured by LDH
assay. B, SH-SY5Y cells (panel 1) and cultured cortical neuronal cells (panel 2) were exposed to 24S-OHC in the absence or presence of Nec-1 for 24 h, and the
viability was measured by LDH assay. **, p � 0.01, when compared with vehicle control (without Nec-1).
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stimulus, and further studies are necessary to elucidate the role
of ROS in the induction or execution of necroptosis.
Several studies have shown that cholesterol metabolism is

implicated in the pathogenesis of Alzheimer disease; hypercho-
lesterolemia is unanimously recognized to be a risk factor for
sporadic Alzheimer disease (38), and epidemiological studies
have shown homozygosity for the APO-E4 allele is associated
with an increased risk of Alzheimer disease (7). The increase of
24S-OHC in plasma and cerebrospinal fluid of Alzheimer dis-
ease patients has also been known (39, 40). The selective
expression of cholesterol 24S-hydroxylase around the amyloid
plaques has been suggested (41). Björkhem and co-workers (5)
have reported that the concentration of 24S-OHC in the brain
is elevated up to 30 �M. They also reported that 24S-OHC
caused cell death when added at 50 �M to undifferentiated
SH-SY5Y neuronal cells (16), which is the same concentration
used in this study. Very recently, the action of 24S-OHC in
amplifying neuronal damage of amyloid-� has been reported
(42). Collectively, these studies suggest the implication of 24S-
OHC in the pathogenesis of Alzheimer disease. Based on the
our findings in this study, it should be significant to study the

implication of necroptosis and RIPK1 in the amyloid plaques
and the pathogenesis of Alzheimer disease.
In conclusion, we clearly show that 24S-OHC induced neu-

ronal cell death through the necroptosis pathway involving
RIPK1 in a cell type-dependent manner. These findings have
important implications in the neuronal cell death induced by
oxysterol. The pathological significance of neurotoxicity of
24S-OHC and the role of RIPK1 should be explored in future
studies.
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G., Pais de Barros, J. P., Laubriet, A., Gambert, P., Lizard, G., and Néel, D.
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