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N-Acetyl-Serotonin Offers Neuroprotection through
Inhibiting Mitochondrial Death Pathways and Autophagic
Activation in Experimental Models of Ischemic Injury
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N-acetylserotonin (NAS) is an immediate precursor of melatonin, which we have reported is neuroprotective against ischemic injury.
Here we test whether NAS is a potential neuroprotective agent in experimental models of ischemic injury. We demonstrate that NAS
inhibits cell death induced by oxygen– glucose deprivation or H2O2 in primary cerebrocortical neurons and primary hippocampal
neurons in vitro, and organotypic hippocampal slice cultures ex vivo and reduces hypoxia/ischemia injury in the middle cerebral artery
occlusion mouse model of cerebral ischemia in vivo. We find that NAS is neuroprotective by inhibiting the mitochondrial cell death
pathway and the autophagic cell death pathway. The neuroprotective effects of NAS may result from the influence of mitochondrial
permeability transition pore opening, mitochondrial fragmentation, and inhibition of the subsequent release of apoptogenic factors
cytochrome c, Smac, and apoptosis-inducing factor from mitochondria to cytoplasm, and activation of caspase-3, -9, as well as the
suppression of the activation of autophagy under stress conditions by increasing LC3-II and Beclin-1 levels and decreasing p62 level.
However, NAS, unlike melatonin, does not provide neuroprotection through the activation of melatonin receptor 1A. We demonstrate
that NAS reaches the brain subsequent to intraperitoneal injection using liquid chromatography/mass spectrometry analysis. Given that
it occurs naturally and has low toxicity, NAS, like melatonin, has potential as a novel therapy for ischemic injury.

Introduction
Cerebral ischemia, caused by reduction in the supply of glucose
and oxygen to the brain, leads to a complex cascade of cellular
events, culminating in both acute and delayed neuronal death
(Siesjö, 1992). Apoptosis, necrosis, inflammation, and oxidative
stress contribute to the development of ischemic cascade (Fried-
lander, 2003; Pandya et al., 2011). Autophagy leads to degrada-
tion of proteins and removes harmful product after ischemia,

especially dysfunctional mitochondria (Wen et al., 2008; Pan,
2013). Interestingly, autophagy not only has a protective effect on
neuronal survival, but also promotes cell death, known as “au-
tophagic cell death,” in a wide range of important situations in-
cluding cerebral ischemia (Koike et al., 2008; Puyal et al., 2009;
Nopparat et al., 2010; Gao et al., 2012; Sheng et al., 2012; Shi et al.,
2012). Mitochondrial dysfunction is an important event in the
middle cerebral artery occlusion (MCAO) animal model and cel-
lular models of ischemic stroke. In cerebral ischemia, the trans-
location of apoptotic triggering proteins from mitochondria to
cytoplasm, often as a consequence of the mitochondrial per-
meability transition (mPT), activates a cascade of caspases
that eventually trigger cell death (Soane et al., 2011). Autophagy
overactivation can induce autophagic neuron death and caspase-
dependent apoptosis (Cui et al., 2012).

N-acetylserotonin (NAS) is a naturally occurring chemical
intermediate that is produced from serotonin and is converted to
melatonin, an agent that has been reported by us and other re-
searchers to be neuroprotective in experimental models of isch-
emic stroke and other neurological diseases (Wang, 2009; Wang
et al., 2009, 2011; Pandya et al., 2013; Zhang et al., 2013). Both
NAS and melatonin belong to a library of 1040 FDA-approved
compounds assembled by the National Institute of Neurological
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Disorders and Stroke (the NINDS Custom Collection). Although
many of the biological effects of NAS (including antioxidant,
anti-aging, anti-anxiety, and neuroprotection) are similar to
those produced by melatonin, evidence indicates that NAS may
play unique roles in the CNS beyond merely functioning as a
precursor of melatonin: (1) NAS has a stronger antioxidant ca-
pacity (Wölfler et al., 1999) and its antioxidant activity may be
independent of its conversion to melatonin (Oxenkrug et al.,
2001), (2) NAS differs from melatonin in that it is found in some
areas of the brain where melatonin is absent (Jang et al., 2010), (3)
NAS is present in human serum in nanomolar concentrations,
which is �10- to 100-fold higher than concentrations of melato-
nin (Wölfler et al., 1999), and (4) NAS, but not melatonin, acts as
a potent TrkB receptor agonist (Jang et al., 2010).

It is unknown whether NAS, like melatonin, protects neuro-
nal cells from hypoxia/ischemia-induced injury. Here we evalu-
ate the neuroprotective effects of NAS in primary cerebrocortical
neurons (PCNs), primary hippocampal neurons (PHNs), and
organotypic hippocampal slice cultures (OHSCs) exposed to
oxygen-glucose deprivation (OGD) and H2O2 cell death stimuli,
as well as in vivo in MCAO cerebral ischemia. We test the molec-
ular mechanisms of NAS in inhibiting mitochondrial death path-
ways and evaluate whether NAS could orchestrate the induction
of neuronal autophagy.

Materials and Methods
Drugs. NAS and monodansylcadaverine (MDC) were purchased from
Sigma-Aldrich. Rhodamine 123 (Rh 123), Ca-Green-5N, and DAPI were
purchased from Life Technologies.

Cell cultures, slice cultures, and induction of cell death. PCNs and PHNs
were isolated from E14 to E16 mice and subjected to OGD or H2O2 for 2
or 18 h as previously described (Wang et al., 2009). OHSCs were pre-
pared from mouse pups 5- to 9-d-old as previously described (Stoppini et
al., 1991; De Simoni and Yu, 2006) with slight modification. In brief,
pups were decapitated and the brains rapidly removed and transversely
cut into 400 �m slices using the Vibroslice (World Precision Instru-
ments). Slices were transferred into ice-cold Hanks balanced salt solution
supplemented with 5 mg/ml D-glucose and placed onto 30-mm-
diameter, 0.4 �m pore, porous transparent membrane inserts (Milli-
pore). The culture medium consisted of 50% Eagle minimal essential
medium with Earle’s salt, 25% Hanks balanced salt solution, 25% horse
serum, 25 mmol/l HEPES, 1 mmol/l glutamine, and 1% antibiotic/anti-
mycotic solution (penicillin G 10,000 U/ml, streptomycin sulfate 10,000
�g/ml, Fungizone 1%), supplemented with D-glucose to a final concen-
tration of 6.5 mg/ml.

Primary cultures or OHSCs were preincubated for 2 h with NAS,
luzindole, 3-methyladenine (3-MA), or cyclosporin A (CsA). Experi-
ments on primary cultures and OHSCs lasted for �7 d and 12 to �14 d,
respectively. OHSCs were treated by H2O2 for 18 h while OGD was
induced (Pringle et al., 1997; Pellegrini-Giampietro et al., 1999) in an
airtight chamber in a serum- and glucose-free balanced salt solution
containing the following (in mmol/l): NaCl 124, KCl 5, MgCl 1.3,
NaH2PO4 1.25, NaHCO3 26, CaCl2 2, pH 7.4. Dishes were sealed in an
airtight chamber with anaerobic system envelopes with palladium cata-
lyst (BD BBL GasPak Plus, Becton Dickinson) (Zhang et al., 2003; Wang
et al., 2009). Following induction of hypoxia and hypoglycemia, OHSCs
were transferred to normal serum-free medium (75% MEM, 25% Hanks
balanced salt solution, 5 mg/ml glucose) with 0.25 mg/ml propidium
iodide (PI) and replaced in the incubator under normoxic conditions.

Cell death induced by OGD or H2O2 in OHSCs was assessed using PI
staining (Wang et al., 2004; Bai and Lipski, 2010). Slice cultures were
examined using a Nikon ECLIPSE TE-200 fluorescence microscope and
processed with IP LAB software. PI images were analyzed, and the inten-
sity of PI fluorescence in the selected region of interest (CA1, CA3, and
dentate gyrus) was used as an index of cell death. Cell death of PCNs,
PHNs, and OHSCs was also quantitatively evaluated by the lactate dehy-

drogenase (LDH) assay as previously described according to the manu-
facturer’s instructions (Roche; Wang et al., 2009, 2011).

Wild-type Atg5 (autophagy-competent) mouse embryonic fibroblasts
(Atg5 �/� MEFs) and Atg5-deficient (autophagy-deficient) mouse
embryonic fibroblasts (MEFs; Atg5 �/�) were cultured as previously
described (Kuma et al., 2004) and subjected to H2O2 for 18 h. Cell
death was quantified by the MTS assay [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (Roche;
Wang et al., 2011).

MDC staining. PCNs were subjected to H2O2 for 2 or 18 h and then
stained with 20 �M MDC in PBS at 37°C for 1 h. After washing with PBS,
cells were immediately analyzed by fluorescence microscopy.

Determination of mitochondrial transmembrane potential and Image-It
Live mPTP assay. For mitochondrial transmembrane potential (��m),
PCNs and PHNs were treated as indicated with or without 10 �mol/L
NAS. Living cells were stained with 2 �mol/L Rh 123 as previously de-
scribed (Wang et al., 2009) for 5 min at room temperature. In digital
images, reduced green Rh 123 fluorescence indicated dissipated ��m.
Mitochondrial transition pore (mPTP) assays were performed according
to the manufacturer’s instructions (Life Technologies). Briefly, PCNs
were coincubated with NAS (10 �mol/L) or CsA (10 �mol/L), washed
with modified HBSS buffer, and loaded with calcein AM and CoCl2 for
15–20 min; 1 �mol/L ionomycin was then added to test whether mPTP
was activated. Digital images were taken.

Mitochondrial permeability transition assay in isolated brain mitochon-
dria. Nonsynaptosomal brain mitochondria were isolated from
C57BL/6J mice. The mPTP assay was performed as described previously
(Stavrovskaya et al., 2010).

Western blot. Primary neuronal cultures or OHSCs were exposed to
OGD or H2O2 with or without NAS. Cells and mouse brain samples were
lysed (Wang et al., 2009). Antibody to Beclin 1, caspase-9, caspase-3, and
active caspase-3 were purchased from Cell Signaling Technology, LC3
antibody from Novus Biologicals, p62 antibody from Santa Cruz Bio-
technology, melatonin receptor 1A (MT1) antibody from Millipore, and
�-actin antibody from Sigma-Aldrich.

Subcellular fractionation. PCNs, OHSCs, and mouse brain cytosolic
mitochondria fractionations were performed as described previously
(Zhang et al., 2003; Wang et al., 2009). Released cyto. c (cytochrome
c)/Smac/AIF (apoptosis-inducing factor) was analyzed by Western blot.
Antibody to cyto. c was purchased from PharMingen, Smac/Diablo from
Novus Biologicals, and AIF from Sigma-Aldrich.

Assays of caspase activity. Cells or slices were extracted and enzyme
assays were performed as previously described (Wang et al., 2001, 2009)
with the ApoAlert Caspase 3 Assay Kit and ApoAlert Caspase 9 Assay Kit
(Clontech). The lysates were incubated with caspase-3-like substrate Ac-
DEVD-AFC and caspase-9-like substrate Ac-LEHD-AMC. Enzyme ac-
tivity was determined using a Tecan GENios microplate reader
(excitation at 400 nm and emission at 505 nm).

Immunocytochemistry. PCNs were exposed to H2O2 with or without
NAS. Cells were fixed in 4% paraformaldehyde for 15 min, 0.1 M glycine
for 15 min, and 1% Triton X-100 for 30 min. After blocking in 5% BSA in
PBS for 30 min, cells were incubated with anti-TOM20 or anti-active
caspase-3. A fluorescent stain DAPI was used to stain nuclei. Digital
images were taken with a fluorescence microscope. For the quantitative
measurement of mitochondrial length, ImageJ (v. 1.43) software was
used to set scale according to the picture pixel and size. Nano Measurers
(v.1.2.5) software was used to track mitochondria and measure mito-
chondrial length. A minimum of 200 mitochondria for each picture was
counted and percentage of different length of mitochondria in each pic-
ture was measured.

Permanent middle cerebral artery occlusion and drug treatment. Focal
cerebral ischemia was induced as described previously (Zhang et al.,
2008, 2011; Wang et al., 2009). Briefly, anesthesia was induced in 5- to
7-week-old male C57BL/6J mice (body weight 20 –25 g, The Jackson
Laboratory) with 2% (v/v) isoflurane (70% N2O/30% O2) and main-
tained with a 1– 0.5% concentration. Rectal temperature was maintained
between 37.0 and 37.5°C with a heating pad (Harvard Apparatus). Focal
cerebral ischemia was induced by an intraluminal 7-0 nylon thread with
a silicone-blunted tip introduced into the right cervical internal carotid
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artery. The thread was inserted 9 � 1.0 mm into the internal carotid
artery up to the middle cerebral artery. A laser Doppler perfusion mon-
itor (Perimed AB) was adhered to the right temporal aspect of the ani-
mal’s skull and used to confirm middle cerebral artery flow disruption.
NAS was dissolved in saline containing 1.2% ethanol and administered at
a dose of 10 mg/kg by intraperitoneal injection; pretreatment took place
10 min before and 20 min after the operation and post-treatment was
administered 30 min after the operation. Control animals, which under-
went sham surgery consisting of anesthesia and carotid artery dissection,
were injected with equivalent volumes of saline containing 1.2% ethanol.
Animals were killed after surgery, brains were removed, and the cerebral
hemisphere was retained for either evaluation of infarct volume (after
24 h of MCAO) or Western blot analysis (after 12 h of MCAO). Experi-
ments were conducted in accordance with protocols approved by the
Harvard Medical School Animal Care Committee.

Determination of neurological score and infarct volume. MCAO was
sustained for a period of 24 h, after which each animal was assigned a
neurological score based on a previously reported scale (Zhang et al.,
2011) and killed, while brains were rapidly removed for 2,3,5-
triphenyltetrazolium chloride (TTC) staining, and infarct volume was
measured as previously described (Zhang et al., 2008, 2011; Wang et al.,
2009).

LC/MS assay. Mice received intraperitoneal injections of NAS, and
brain tissues were harvested 30 min after the final injection. Homogenate
was obtained using a Dounce homogenizer with added ddH2O to reach a
concentration of 400 mg (brain weight)/ml. Cold methanol was added
four times to aliquots of brain homogenate followed by centrifugation at
14,000 rpm for 15 min to collect the supernatant, which was tested by
liquid chromatography/mass spectrometry (LC/MS). Measured samples
were quantified by standard curve to obtain the concentration of target-
ing NAS contained in the submitted samples.

Statistical analysis. Densitometry was con-
ducted using the Quantity One Program (Bio-
Rad). Statistical significance was evaluated by
t test. Error bars represent SEM; *p � 0.05;
**p � 0. 01. Data on viability or the extent of
cell death were compared by ANOVA or re-
peated measures of ANOVA and by nonpaired
Student’s t test. Drug analysis, including IC50

and maximum protection, were performed by
GraphPad Prism program.

Results
NAS inhibits OGD- and H2O2-induced
cell death in primary neurons in vitro
NAS exhibited neuroprotective effects
against both glutamate-induced HT22
cell death and H2O2-induced SK-N-MC
cell death (Moosmann and Behl, 1999)
and rescued dopaminergic neurons from
death in a model of 6-OHDA-induced le-
sion (Aguiar et al., 2005). We recently re-
ported the protective effect of NAS against
acute hepatic ischemia-reperfusion injury
in mice (Yu et al., 2013). To determine
whether NAS, like melatonin (Wang et al.,
2009, 2011), protects a variety of neuronal
cells from hypoxia/ischemia-induced in-
jury, we tested it in models of cerebral
ischemia in vitro. OGD is an ischemic-like
in vitro experimental model. Exposing
PCNs to OGD induces cyto. c release and
caspase-3 activation, ultimately leading to
cell death (Zhang et al., 2003; Wang et al.,
2009). To provide more evidence of NAS
protection against neuronal cell death, the
OGD ischemic model was used. Indeed,

incubation of PCNs with NAS (0.01 nM to 100 �M) resulted in
statistically significant inhibition of OGD-mediated PCN cell
death (Fig. 1A). In addition, exposing PCNs to H2O2 with NAS
resulted in better dose-dependent inhibition of cell death than
OGD-mediated one (Fig. 1B). Plotting the dependence between
drug concentration and OGD- or H2O2-mediated PCN cell death
as a semi-log plot revealed the IC50 to be 53 nM (Fig. 1A) and 4 nM

(Fig. 1B), with maximum protection 43% (Fig. 1A) and 78% (Fig.
1B), respectively.

Specific cell populations or brain regions show selective vulnera-
bility in stroke. Next to the cerebral cortex, hippocampus are one of
the types of nerve nuclei that are most vulnerable to stroke and
excitotoxicity (Aguiar et al., 2005). To determine whether NAS-
mediated neuroprotection could be extended to other neuronal
types, PHNs were subjected to OGD or H2O2 with or without NAS in
indicated doses. Similar to PCNs, the LDH assay demonstrated that
NAS significantly inhibited PHN cell death, although its neuroprotec-
tive effects on cell death were weaker than in PCNs (Fig. 2A,B).

NAS inhibits OGD- and H2O2-induced cell death in
organotypical hippocampal slice cultures ex vivo
Because the cytoarchitecture and neuronal circuit-based func-
tional activities are well maintained, brain-slice models simulate
the essential features of in vivo pathologies of neurological dis-
eases (Cho et al., 2007). OHSC cultures can live for several weeks;
they more closely resemble the cerebral microenvironment than
primary neuronal cultures and provide many parallels with the
MCAO animal model. In particularly, OGD-treated OHSC cul-

Figure 1. Neuroprotective effects of NAS on the cell death of PCNs. Cell death was induced by 3 h exposure to OGD (A, B) or 18 h
exposure to 1000 �mol/L H2O2 (C, D) with or without a series of concentrations of NAS. PCNs were preincubated with NAS for 2 h.
Cell death was evaluated by LDH assay (A, C). Data from three independent experiments are presented, and statistically significant
differences are indicated with *p � 0.05 and **p � 0.01. The resulting curves (plotted semilogarithmically) define the IC50 and
maximum protection calculated by GraphPad Prism program (B, D).
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tures mimic ischemic conditions in vivo and provide models of
ischemic stroke ex vivo (Strasser and Fischer, 1995; Pringle et al.,
1997) to test NAS. We thus demonstrated that NAS protected
OHSCs from OGD- or H2O2-mediated cell death (Fig. 2C,D). Fur-
thermore, the distribution of neuronal cell death induced by OGD
and H2O2 in hippocampal slices and the protective effects of NAS to
different types of hippocampal neurons were determined by analyz-
ing PI uptake. The pyramidal and granule-cell layers of slice cultures
12- to 14-d-old could be distinguished under phase-contrast mi-
croscopy. PI fluorescence uptake in control slice cultures was at a
very low background level. However, OGD or H2O2 significantly
increased PI fluorescence uptake throughout the neuronal cell layers
(Fig. 2E,F). Interestingly, the intensity of PI fluorescence in the CA1
subregion was significantly reduced by the administration of NAS,
demonstrating the protective capability of NAS against OGD- or
H2O2-induced cell death characterized by regional distribution of PI
fluorescence uptake (Fig. 2E,F).

NAS does not activate melatonin receptor 1A in primary
neurons in vitro
Our above results demonstrate the neuroprotective effectiveness
of NAS against the OGD- and H2O2-induced cell death of PCNs,
PHNs, and OHSCs. We then investigated the molecular mecha-
nisms underlying NAS-mediated neuroprotection. Our previous
studies showed that melatonin-mediated protection is dependent
on the presence and activation of MT1 in chronic neurodegen-
erative diseases including Huntington’s disease and Amyotro-
phic lateral sclerosis (Wang et al., 2011; Zhang et al., 2013). We

further examined whether NAS, an immediate precursor of mel-
atonin and an agonist of MT1, provides neuroprotection through
the activation of MT1 in PCNs. The administration of NAS in a
time course mode (0, 1, 2, 6, and 24 h) produced no significant
activation of MT1 in these primary neurons, suggesting that NAS,
unlike melatonin, does not provide neuroprotection through the
activation of MT1 (Fig. 3A, left). We next directly evaluated
whether the melatonin receptor antagonist luzindole counters
NAS-mediated neuroprotection. Unlike melatonin (Wang et al.,
2011), luzindole did not block NAS-mediated neuroprotection in
PCNs exposed to H2O2, further confirming that melatonin re-
ceptor binding is not central to the mechanism of NAS protection
against H2O2-induced stress (Fig. 3A, right).

NAS slows dissipation of the mitochondrial potential
gradient and influences mitochondrial permeability
transition pore opening and mitochondrial fragmentation in
intact cells in vitro
We previously reported that another neuroprotective agent, mi-
nocycline (also belonging to the NINDS Custom Collection), acts
directly on the mitochondria to alter mPT-mediated cyto. c re-
lease (Zhu et al., 2002). We tested whether NAS acts on mito-
chondria. Given that the loss of ��m is an important event
associated with progression of mitochondrial dysfunction and
leads to cell death of the host neuron (Chang and Johnson, 2002),
we first measured the depolarization of ��m of PCNs and PHNs
by Rh 123 staining. The green fluorescence resulting from the
accumulation of Rh 123 within negatively charged (functioning)

Figure 2. NAS attenuates neuronal cell death in PHNs and OHSCs. Neuronal cell death of PHNs and OHSCs induced by 3 h OGD or 18 h H2O2 (1000 �mol/L for PHNs and 1500 �mol/L for OHSCs)
with or without NAS was evaluated by the LDH assay (A–D). PHNs (A, B) and OHSCs (C, D) were preincubated with NAS for 2 h. Data from three independent experiments are graphed, and statistically
significant differences are indicated with *p � 0.05 and **p � 0.01. NAS (15 �M) inhibited cell death in OHSCs exposed to OGD (E) and H2O2 (F ), and PI fluorescence images were obtained.
Hippocampal slices under normal control conditions displaying background PI fluorescence (E, F, left). Intense PI labeling in OHSCs exposed to OGD and H2O2 mainly occurred in the CA1, CA3
pyramidal cell field as well as dentate gyrus (E, F, middle). NAS significantly attenuated PI labeling, demonstrating neuroprotective effects (E, F, right). Scale bars: top lanes, 0.5 mm; middle and
bottom lanes, 0.1 mm.
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mitochondria displays a punctuate pattern, as demonstrated in
healthy control cells (Fig. 3B, left). Rh 123 staining became dif-
fuse after H2O2 insult (Fig. 3B, middle), presumably due to the
loss of ��m mitochondrial depolarization. NAS significantly in-

hibited dissipation of ��m induced by H2O2 in PCNs (Fig. 3B,
top) and PHNs (Fig. 3B, bottom).

Loss of ��m is observed subsequent to mPT pore activation.
mPT results from the opening of a mPTP, a multimeric complex

Figure 3. NAS does not activate MT1 but slows the dissipation of ��m, influences the opening of mPTP, and reduces the release of mitochondrial apoptogenic factors during H2O2- and/or
OGD-induced cell death. PCNs were treated with NAS for 0, 1, 2, 6, and 24 h. Whole cells were extracted and analyzed by Western blotting using antibody to MT1. �-Actin was used as loading control.
This blot is representative of three independent experiments. Densitometry was performed to quantify the intensity of the bands from the three independent experiments (A, left). PCNs (A, right;
B, top) and PHNs (B, bottom) were subjected to 1000 �mol/L H2O2 for 18 h with or without NAS (10 �mol/L; B) or luzindole (A, right). The supernatants were collected for LDH assay (A, right); **p�
0.01. The living cells were then stained with 2 �mol/L Rh 123 to determine the electrostatic charge of the mitochondria (B). PCNs were submitted for Image It Live mPTP assay (C). PCNs were
coincubated with 10 �mol/L NAS or CsA and loaded with calcein AM and CoCl2 for 15 min, and 1 �mol/L ionomycin was then added. Tests of mPTP activation were conducted and digital images
were taken (C). Cell death was induced in PCNs by 18 h exposure to 1000 �mol/L H2O2 with or without indicated concentrations of CsA and evaluated by LDH assay (D). Statistically significant
differences (n 	6) are indicated with *p �0.05 and **p �0.01. The representative images of mitochondria stained for TOM20 (E, top) and matched DAPI images for nuclei (E, bottom) were shown
and the quantitation of mitochondrial fragmentation was measured (E, right). The data represent the three independent experiments. *p � 0.05 and **p � 0.01. Brain mitochondria (0.25 mg/ml)
energized with glutamate/malate 5 mmol/l were challenged with a series of Ca 2� additions (25 �M each) until they began to spontaneously release Ca 2� (F ). Changes in ��m (F, left) and
absorbance (F, rightl), as indicators of mitochondrial swelling and induction of mPT, were monitored simultaneously. Pore-forming agent Alameticin (Ala) was added in the end of each sample. NAS
(30 �M) was added 1 min before Ca 2� addition. Cell death was induced by subjecting PCNs to OGD for 3 h (G) or 1000 �mol/L H2O2 for 18 h (H ) with or without 10 �mol/L NAS (G, H ). Subsequently,
cells were extracted, and either cytosolic components (G, H, left) or mitochondrial lysates (G, H, right) were obtained and analyzed by Western blotting using antibodies to cyto. c, Smac, and AIF.
�-Actin and COX IV were used as cytosolic and mitochondrial component loading controls, respectively. This blot is representative of three independent experiments. Scale bars, 5 �m.
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of proteins that opens under certain pathological conditions in-
cluding ischemic stroke (Matsumoto et al., 1999). Given that the
Image iT LIVE mPTP assay provides a more direct method by
observing mitochondrial calcein signal in intact cells to measure
mPTP than the Rh 123 assay (which relies on ��m alone), we
used it to test whether NAS plays a direct role in regulating mPTP
in intact PCNs.

Mitochondrial calcein signal in control PCNs (the uniform
cellular fluorescence from unquenched calcein; Fig. 3C, left) was
lost through Ca 2�-mediated pore opening resulting from iono-
mycin treatment (Fig. 3C, second left). However, the addition of
CsA, a compound reported to prevent mPTP formation via direct
interactionwithmPTPconstituents,maintainedthemitochondrial cal-
cein signal by preventing Ca2�-mediated mPTP formation (Fig. 3C,
right). Interestingly, similar to CsA, NAS significantly inhibited
Ca 2�-mediated pore opening, suggesting its role in the regula-
tion of mPTP formation in intact PCNs (Fig. 3C, second right).
To further test whether CsA has an effect similar to NAS on cell
survival, we tested its protective effects at different concentra-
tions. The best protection was conferred by 0.5 �M CsA (Fig. 3D),
consistent with the findings of others working with PCNs
(Domañska-Janik et al., 2004).

The mitochondria are the key target organelles affected by
apoptotic proteins, which may cause mitochondrial swelling
through the formation of membrane pores or may increase the
permeability of the mitochondrial membrane and cause apopto-
tic effectors to leak out (Cotran et al., 1999; Büki et al., 2000).
Interestingly, mitochondrial fragmentation correlates with
H2O2-induced primary neuronal death (Jahani-Asl et al., 2007;
Young et al., 2010). We therefore tested whether NAS inhibits
mitochondrial fragmentation/morphology alterations in intact
PCNs by using TOM20, a mitochondrial marker, to track mito-
chondrial fragmentation (Jahani-Asl et al., 2007). Mitochondrial
length varied in PCNs. Mitochondria were classified into differ-
ent categories from a length ranging from �1, 1–2, 2–3, 3– 4, 4 –5,
to 
5 �m. In control healthy PCNs, �95% of mitochondria
(green) had a length of 
1 �m (Fig. 3E, right, white bars). Of
these 16% ranged within 1–2 �m; 27% within 2–3 �m, 27%
within 3– 4 �m, 15% within 4 –5 �m, and 10% within 
5 �m.
The treatment of H2O2 caused the mitochondria of majority of
PCNs clearly fragmented/broken and swollen (Fig. 3E, right,
black bars) along with morphologic features indicative of apo-
ptosis (i.e., chromatin condensation and cell shrinkage; blue; Fig.
3E, left bottom) which made 49% of mitochondria became �1
�m and 39% of mitochondria ranged within 1–2 �m, whereas
only 11% of mitochondria had a length within 2–3 �m, 1%
within 3– 4 �m and �1% within 
5 �m. Our observation found
that these alterations of mitochondrial fragmentation/morphol-
ogy were significantly reduced by the administration of NAS (Fig.
3E, right, gray bars). Our data showed that �87% of mitochon-
dria had a length of 
1 �m in PCNs incubated by NAS combined
with H2O2. Of these 28% ranged within 1–2 �m; 32% within 2–3
�m, 18% within 3– 4 �m, 7% within 4 –5 �m, and 2% within 
5
�m. We therefore concluded that NAS-mediated neuroprotec-
tive effects in primary neurons might not only preserve ��m for
appropriate cellular energetics, but also influence mPTP opening
and mitochondrial fragmentation/morphology in intact cells in
vitro.

NAS is not a mPT inhibitor in isolated brain mitochondria
To test whether mitochondria are also direct targets of NAS in the
brain, purified brain mitochondria were used to investigate the
effects of NAS on mPT and other mitochondrial physiological

parameters. Studies were done using an adapted fluorescence
system (Baranov et al., 2008) that allows simultaneous measure-
ment of membrane potential (by following TMRM fluores-
cence), Ca 2� flux (using Calcium Green 5N), NAD�/NADH
redox status (using autofluorescence of the NAD�/NADH cou-
ple), and swelling (via light scatter). However, the addition of
NAS in a concentration range from 1 to 30 �M (not toxic) to
isolated brain mitochondria had no significant effect on ��m,
calcium transport, NAD�/NADH redox status, or swelling (Fig.
3F). This suggests that the action mechanisms of NAS in isolated
mitochondria are similar to those we previously reported NINDS
Custom Collection agents, e.g., melatonin, methazolamide
(Wang et al., 2008), and dipyrone (Zhang et al., 2011), but dis-
similar to those of minocycline (Zhu et al., 2002).

NAS inhibits mitochondrial cell death pathways
Release of apoptogenic factor cyto. c from mitochondria was ob-
served subsequent to mPTP activation. Cyto. c/Smac/AIF, re-
leased into the cytoplasm from mitochondria, trigger both the
caspase-dependent and -independent mitochondrial death path-
ways (Li et al., 1997; Green and Reed, 1998; Susin et al., 1999; Li et
al., 2001). Hypoxic injury to primary neurons causes the mito-
chondria to release apoptogenic factors, which in turn activate
caspases (Plesnila et al., 2001; Zhang et al., 2003; Wang et al.,
2009). We hypothesized that NAS, like other agents neuroprotec-
tive against ischemic injury (including we previously reported
melatonin, methazolamide, nortriptyline, and dipyrone), inhib-
its the release not only of cyto. c, but also of other mitochondrial
apoptogenic factors Smac and/or AIF. Indeed, Western blot
showed elevated levels of cyto. c/Smac/AIF in cytosol and con-
comitantly lower levels of cyto. c/Smac/AIF in the mitochon-
drion, suggesting that these apoptogenic factors were released
into the cytoplasm from the mitochondria of primary neurons
challenged with OGD (Fig. 3G) or H2O2 (Fig. 3H). Moreover,
our data confirmed that NAS blocked release of these cell death
mediators into the cytoplasm (Fig. 3G,H).

The release of cyto. c/Smac/AIF from mitochondria triggers
activation of downstream caspases. Indeed, Western blot analysis
demonstrated that caspase-9 and -3 were activated in primary
neurons after H2O2 or OGD insult, and NAS effectively inhibited
caspase-9 and -3 activation (Fig. 4A,C,E). In parallel, NAS-
mediated inhibition of caspase-9 and -3 activities was confirmed
by fluorogenic assay (Fig. 4B,D,F).

Moreover, Western blot analysis (Fig. 4I) and fluorogenic as-
say (Fig. 4H, J) also revealed activation of both caspase-9 and -3
in H2O2-induced OHSCs, whereas NAS significantly inhibited
the activation of caspase-9 and -3 in H2O2-mediated OHSC cell
death. Together, our data suggest that the inhibition of the release
of mitochondrial apoptogenic factors cyto. c/Smac/AIF and in-
hibitory activation of caspase-9 and -3 relate to the neuroprotec-
tive ability of NAS against cell death in both primary neurons and
OHSCs.

NAS inhibits H2O2-mediated activation of autophagy
The concept that mitochondria are central to the cell death decision
process has relevance to autophagic cell death, while crosstalk in-
volving autophagy-related proteins (Atg5 or Atg7) and Beclin-1 has
been reported between autophagy and the apoptotic pathway (Na-
gley et al., 2010). Among the Atg proteins, Atg5 is one of the key
regulators of autophagy, whereas Beclin-1 (yeast Atg6) and LC3
(yeast Atg8) are two pacemakers in the autophagic cascade.

A number of reports have demonstrated that autophagic cell
death in primary neurons and other cell lines upon insult by the
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apoptotic inducer H2O2 (Ha et al., 2012), OGD (Sheng et al.,
2012) or staurosporine (Higgins et al., 2011) can be inhibited by
protective agents, although increased autophagy is associated
with oxidative damage to mitochondria in PCNs. To determine
the role of H2O2 in autophagic cell death and whether the inhi-
bition of autophagy recapitulates the protective role of NAS,
Atg5�/� (autophagy-deficient) MEFs and Atg5�/� (WT, autophagy-
competent) MEFs were challenged with H2O2 (Fig. 5A) in the

presence or absence of NAS. We demon-
strate that H2O2 induces cell death and
NAS inhibits cell death in both Atg5�/�

and WT MEFs (Fig. 5A). Compared with
WT cells, Atg5 knock-out rendered MEFs
significantly more resistant to H2O2-
mediated cell death (in other words, WT
MEFs are more vulnerable to H2O2-
mediated cell death), suggesting a possi-
ble contribution of autophagic cell death
to under H2O2 stress, and that autophagy
deficiency can recapitulate the protective
role of NAS in the presence of H2O2 (Fig.
5A). Moreover, Atg5�/� MEFs seemed to
be more receptive to the cell-death-
repressive effects of NAS than WT MEFs.
That is, NAS (1 �M) significantly reduced
H2O2-mediated cell death in Atg5�/�

MEFs, whereas it had no such effect in WT
MEFs (Fig. 5A). Our data suggest that
only partial of the rescue effects of NAS
may be due to its modulation of au-
tophagy, and the rest are due to other rea-
sons including its suppression of the
mitochondria cell-death pathways.

Furthermore, we tested 3-MA, an au-
tophagy inhibitor in PCNs, and found
that like NAS, it inhibits PCN cell death
(Fig. 5B). Our data therefore suggest that
autophagic cell death contributes to
H2O2-mediated toxicity and that inhibi-
tion of autophagy may recapitulate the
protective role of NAS in PCNs.

The phosphatidylethanolamine-con-
jugated form of LC3, LC3-II, specifically
associates with the autophagosome mem-
brane. Levels of LC3-II directly correlate
with the number of autophagosomes, and
are therefore one of the most reliable
markers with which to study autophagy
(Klionsky et al., 2012). Beclin-1, a key pro-
tein involved in the regulation of au-
tophagy, is essential for the recruitment of
other autophagic proteins during the
expansion of preautophagosomal mem-
brane (Wen et al., 2008). Additionally, au-
tophagic flux can be assessed by turnover
of a specific substrate, p62 (SQSTM1),
which is efficiently degraded by au-
tophagy through direct interaction with
LC3 (Pankiv et al., 2007). Inhibition of
autophagy correlates with increased levels
of p62 (Komatsu et al., 2007), suggesting
that steady-state levels of this protein
reflect autophagic status. It has been re-

ported that autophagic cell death correlates with apoptotic signaling
in OGD- or H2O2-induced neurotoxicity in PCNs through increas-
ing LC3-II and/or Beclin-1 levels (Sheng et al., 2010; Higgins et
al., 2011; Shi et al., 2012) and reducing p62 expression (Sheng et
al., 2010), but it is not clear whether NAS can block autophagic
cell death in PCNs.

We next investigated whether NAS exerts its neuroprotection
by interfering autophagic cell death pathways. By testing the pro-

Figure 4. NAS inhibits activation of caspase-9 and -3 in PCNs and OHSCs. Cell death of PCNs and OHSCs was induced by
subjecting PCNs to 1000 �mol/L H2O2 for 18 h (A–D, G) and subjecting OHSC to 1500 �mol/L H2O2 for 18 h (H–J ), or 3 h OGD (E,
F ) with or without 10 �mol/L NAS. Whole-cell lysates were extracted, and samples were analyzed by Western blot (each of which
contained 50 �g protein) using antibodies to caspase-9 and -3 (A, C, F, I ). �-Actin was used as a loading control. The blots are
representative of three independent experiments. Densitometry was performed to quantify the intensity of the bands from the
three independent experiments. Caspase-3 and -9 activities were also quantified using a fluorogenic assay in lysed PCNs (B, D, F )
and OHSCs (H, J ). Results come from at least three independent experiments; *p � 0.05, **p � 0.01. Nuclei of PCNs were stained
with Hoechst 33342, whereas immunostaining showed that the increased active caspase-3 in H2O2 insult was reduced by the
administration of NAS (G).
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tective effect of NAS on H2O2-induced neurotoxicity of PCNs in
the time course mode, we found a slight cell death upon 2 h H2O2

challenge and a significant cell death upon 18 h H2O2 insult by
LDH measurement (Fig. 5B). In other words, our data indicate
that PCNs were in the status of initial cell death upon 2 h H2O2

challenge and actually undergo dying upon 18 h H2O2 insult (Fig.
5B). Furthermore, we demonstrate that the H2O2-generated cell
death is associated with increased autophagic phenotype. Levels
of LC3-II in cultured cells were moderately increased upon 2 h
(Fig. 5C) and greatly increased upon 18 h (Fig. 5D) insult. How-
ever, the administration of NAS significantly reduced the H2O2-
mediated increase in LC3-II levels. Because LC3-II is specifically
bound to the autophagosomes, we then stained PCNs with MDC,
an autofluorescent compound used for labeling autophagic vac-
uoles/autophagosomes. Our observations from MDC staining
further confirmed the immunoblotting data on LC3-II levels
(Fig. 5E). The 2 h H2O2 challenge to PCNs caused some accumu-

lation of autophagic vacuoles, whereas 18 h H2O2 challenge gen-
erated a massive accumulation of autophagic vacuoles (Fig. 5E).
Interestingly, NAS was found to inhibit H2O2-induced au-
tophagic vacuoles in both 2 h and 18 h challenge (Fig. 5E). In
parallel, upregulation of Beclin-1 was observed in PCNs upon 2 h
or 18 h insult with H2O2, whereas treatment with NAS for 2 h
(Fig. 5C) or 18 h (Fig. 5D) resulted in a moderate or marked
reduction of Beclin-1 protein levels (Fig. 5B), respectively.

Furthermore, we measured the endogenous levels of p62 to
assess autophagic activity. We detected subtle downregulation of
p62 in apoptotic PCNs upon H2O2 challenge for 2 h and pro-
nounced regulation after 18 h, whereas NAS treatment signifi-
cantly restored decreased p62 levels (Fig. 5C,D). Together, our
data indicate that H2O2-induced PCN cell death is mediated, at
least partly, by activating autophagy and autophagic cell death,
whereas NAS exerts its neuroprotection by inhibiting both the
mitochondrial cell death and autophagic cell death pathways.

Figure 5. NAS inhibits autophagic cell death in vitro. Atg5�/� MEFs and Atg5�/� MEFs (A), and PCN (B) cell death were induced by 2 h or 18 h exposure as indicated to 1000 �mol/L H2O2, with
or without a series of indicated concentrations of NAS as well as 20 �mol/L 3-MA. Cells were preincubated with NAS or 3-MA for 2 h. Cell viability was evaluated by MTS assay (A) and cell death was
quantified by LDH assay (B). Statistically significant differences (n 	 6 – 8) are indicated with *p � 0.05 and **p � 0.01. The data are presented as mean � SEM. Autophagy induced by subjecting
PCNs to 2 h (C, E) or 18 h (D, E) H2O2 (1000 �mol/L) with or without 10 �mol/L NAS. PCNs were treated by the administration of 10 �mol/L NAS for 2 and 18 h. Whole-cell lysates were extracted,
and samples were analyzed by Western blot (each of which contained 50 �g protein) using antibodies to LC3, Beclin-1, and p62. �-Actin was used as a loading control. The blots are representative
of three independent experiments (C, D). Densitometry was performed to quantify the intensity of the bands from the three independent experiments; *p � 0.05, **p � 0.01. Autophagy of PCNs
was assessed by 20 �M MDC stain. Autophagic vacuoles were labeled by MDC staining (E).
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NAS reduces cerebral ischemia-induced injury in vivo
Cerebral ischemia, through reducing perfusion to a brain region,
results in permanent neurological deficits and/or death. Our pre-
vious reports indicated that the neuroprotective agents melato-
nin (Wang et al., 2009), methazolamide (Wang et al., 2009),
nortriptyline (Zhang et al., 2008), and dipyrone (Zhang et al.,
2011) not only rescue cultured primary neurons from a variety of
cell death stimuli and inhibit the mitochondrial cell death path-
way, but also decrease the volume of the infarct and improve
neurological score in the MCAO mouse model of cerebral isch-
emia. Here we evaluated the ability of NAS to reduce ischemic
damage in the MCAO model. Several doses of NAS were tested,
and 10 mg/kg showed the best protection. The infarct volume was
quantified by staining with TTC. Mice given NAS intraperitoneal
injections both pretreatment and post-treatment had signifi-
cantly smaller infarcts after MCAO than mice injected with vehi-
cle alone (Fig. 6A,B). In addition, as rated on the neurological
score, mice treated with NAS had significantly better postisch-
emic behavior than vehicle-treated control mice by pretreatment
and had the improved trend (but not significant difference) than
vehicle-treated control mice by post-treatment (Fig. 6C).

NAS determination in brains of mice with ischemic injury
To determine whether NAS can easily reach the brain and in-
crease the concentration of NAS in the brain tissue of male
C57BL/6J mice receiving acute stroke treatment, we used LC/MS
to investigate whether NAS can penetrate the blood– brain bar-
rier (BBB) of MCAO mice. As shown in Figure 6D, there was
endogenous NAS secretion in the brains of MCAO mice (counts
4232) comparing with blank (counts 7) and standard control as
200 fg/�l NAS (counts 18268), whereas a remarked NAS peak was
detected in the brain tissue of MCAO mice treated with NAS
(counts 366593). Our findings regarding the high brain level of
NAS provide direct evidence that NAS is absorbed, penetrates the
BBB, and reaches the CNS.

NAS inhibits mitochondrial cell death pathways and
autophagy activation following ischemic injury
We have demonstrated that NAS inhibited the release of mito-
chondrial apoptogenic factors and the activation of caspases in
primary neurons in vitro and OHSCs ex vivo challenged with
OGD or H2O2 (Figs. 3, 4). Because cyto. c release and caspase-3
activation are found in the brains of mice that have suffered isch-
emic damage (Zhang et al., 2003, 2008, 2011; Wang et al., 2009),
whereas NAS inhibits caspase-3 activation in acute hepatic
ischemia-reperfusion injury in mice (Yu et al., 2013), we next
investigated whether NAS inhibited cyto. c release and caspase-3
activation in ischemic brain regions in MCAO mice in vivo. Our
data demonstrate that NAS reduced cyto. c release and dimin-
ished caspase-3 activation (Fig. 6E) in the brain tissue of ischemic
mice in vivo. NAS inhibits autophagy activation in environmen-
tally stressed PCNs (Fig. 5). To determine the influence of NAS
on neuronal autophagy in cerebral ischemia, we further tested the
effects of NAS on autophagy in vivo. We examined the levels of
autophagy markers Beclin-1 and LC3-II as well as p62 in MCAO
mice. The levels of Beclin-1 and LC3-II were greatly increased in
vehicle-treated control MCAO mice, whereas the administration
of NAS significantly reduced their levels (Fig. 6F). Furthermore,
we detected a marked decrease in p62 levels after hypoxic-
ischemic injury in mice, whereas NAS treatment significantly this
downregulation (Fig. 6F). Our findings that NAS inhibits mito-
chondrial death pathways and autophagic activation following

ischemic injury in MCAO mice and in environmentally stressed
primary neurons and OHSCs systems are consistent.

Discussion
Despite great efforts to identify drugs protective against cerebral
ischemia, effective agents remain elusive. To our knowledge, this
is the first demonstration that NAS offers neuroprotection in
models of hypoxic-ischemic brain injury, identifying it as a novel
potential drug candidate for ischemic stroke.

Blocking of the mitochondrial cell death pathway and au-
tophagic cell death pathway have become very attractive targets
for pharmacotherapy. Atg5 has been shown to translocate from
the cytosol to mitochondria, where it associates with Bcl-XL, trig-
gering cyto. c redistribution and downstream caspase activation
(Yousefi et al., 2006). Beclin-1 is negatively regulated by interact-
ing with the anti-apoptotic Bcl-2 or Bcl-XL protein (Nagley et al.,
2010), and knockdown of Beclin-1 and Atg5 reduces hypoxia-
induced cell death (Azad et al., 2008). In the present study, H2O2

induced both the induction of autophagy and the release of pro-
apoptotic mitochondrial proteins. It is possible that there is a
mutually promoting relationship between the induction of au-
tophagy and the release of proapoptotic mitochondrial proteins.

In recent years, autophagy has become an attractive topic in
the study of neuronal death in cerebral ischemia. A deeper un-
derstanding of autophagic cell death in cerebral ischemia will
provide novel insights into the pathogenic mechanisms and help
to develop effective therapeutics. We observed autophagy stimu-
lation not only in apoptotic PCNs under H2O2 stress in vitro, but
also in ischemic injury in vivo associated with upregulation of
LC3-II and Beclin-1 and downregulation of p62, confirming au-
tophagy activation in focal cerebral ischemia. It has been reported
that the levels of LC3-II and Beclin-1 were downregulated,
whereas p62 was upregulated following cerebral ischemia, con-
sistent with an activation of autophagy (Gao et al., 2012). More
recently, Cui et al. (2012) have further proved the evidence that
inhibiting autophagy activation can reduce ischemia injury and
improve cell survival. Administration of NAS inhibited the in-
crease in LC3-II and Beclin-1 levels and reversed the reduction of
p62 both 12 h postischemia in vivo and after 2 h and 18 h H2O2

treatment in vitro, implying that NAS promotes neuronal sur-
vival through suppressing the autophagic pathway. Collectively,
our data indicate that inhibition of the autophagic pathway at
least partially underlies the mechanism of NAS-induced toler-
ance to cerebral ischemia. For the first time, we found that the
neuroprotective effects of NAS might be associated, in part, with
autophagy inhibition under stress conditions.

Our findings of an antiapoptotic role of NAS against cerebral
ischemia are consistent among environmentally stressed primary
neurons in vitro, OHSC systems ex vivo, and in MCAO mice in vivo.
In addition, our data also suggest that NAS reduces PCN and PHN
cell death, with stronger effects in PCNs. We demonstrated that the
mechanism underlying the protective effects of NAS consists of an-
tiapoptotic action on the mitochondria to inhibit the dissipation of
the��m, mPTP opening, mitochondrial morphology alterations in
intact cells, as well as the subsequent release of apoptogenic factors
cyto. c/Smac/AIF from mitochondria into cytosol, forestalling the
caspase cascades that lead to cell death.

There are at least two major pathways for cyto. c release: mPT
and the mitochondrial apoptosis-induced channel (MAC)
formed in the outer mitochondrial membrane (Dejean et al.,
2006a,b). The finding that NAS slows H2O2-induced dissipation
of the ��m and mPTP opening in intact cells suggests that NAS-
mediated inhibition of the release of apoptogenic factors cyto.
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c/Smac/AIF in primary neurons may involve the mPT pathway.
MAC serves a regulatory function, as it precedes morphological
changes associated with apoptosis (Cotran et al., 1999). MAC is
located in the outer mitochondrial membrane and is regulated by
various proteins including the mammalian Bcl-2 family of anti-
apoptotic genes (Dejean et al., 2006a). Bax and/or Bak form the
pore, whereas Bcl-2, Bcl-xL, or Mcl-1 inhibits its formation. The
finding that NAS fails to affect Ca 2�-induced mPT in isolated

mitochondria (i.e., NAS does not mediate its protective effect by
acting upon basic mitochondrial physiology in isolated brain mi-
tochondria) is most consistent with a scenario in which the effects
of NAS mediate outside the inner mitochondrial membrane/mi-
tochondrial matrix, including potential targets, such as Bcl-2
family members (e.g., Bax) and the elements involved in release
of proapoptotic proteins, and/or temporally before the mito-
chondrial events involved in mPT induction.

Figure 6. NAS diminishes damage from cerebral ischemia. Lesion size (A, B) and neurological scores (C) were determined for mice injected with saline (controls) and NAS. NAS (10 mg/kg) was
administered by intraperitoneal injection 10 min before and 20 min after the onset of MCAO (pretreatment) or 30 min after the onset of MCAO (post-treatment). Brains were quickly removed after
24 h of ischemia, cut into coronal sections, and stained with 2% TTC, and neurological scores were rated (C). The data are presented as mean � SEM for the saline (n 	 11 for pretreatment, n 	
7 for post-treatment) and NAS groups (n 	 7 for pretreatment, n 	 8 for post-treatment); *p � 0.05, **p � 0.01. Male mice received pretreatment or post-treatment of 10 mg/kg NAS or vehicle
(D–F ). Brain tissues were harvested 30 min after the injection. The processed homogenate samples from NAS-treated or vehicle-treated mice were tested by LC/MS to record the relative absorbance
(D). After 12 h of MCAO, the brains were removed and the ischemic territory was dissected; either cytosolic fractions were analyzed by Western blotting with antibodies against cyto. c/Smac/AIF (E,
top), or whole-cell lysates were analyzed with antibodies to caspase-3 (E, bottom) or Beclin-1, LC3, and p62 (F ) and reprobed with anti-�-actin. Densitometric scans of these gels quantified the
intensity of the bands (each of which contained 50 �g proteins); *p � 0.05, **p � 0.01.
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Considering that the required concentrations of neuroprotec-
tive antioxidants in clinical trials may be high, the potential tox-
icity of compounds must be taken into account. It has been
reported that NAS, as a phenolic antioxidant agent, was nontoxic
to cultivated cells at concentrations up to 200 �M (Moosmann
and Behl, 1999). Our tests on isolated brain mitochondria indi-
cated that 30 �M NAS (the highest concentration used) is not
toxic to mitochondria, further indicating that NAS has a rela-
tively wide window of effective doses in experimental models. In
addition, compounds considered good candidates for neuropro-
tective antioxidants in vivo should readily cross the BBB. Paren-
terally administered NAS has been reported to show detectable
effects on the CNS in animals (Winters et al., 1984; Cohen et al.,
1996), thus NAS may cross the BBB with required specific trans-
port (Moosmann and Behl, 1999). Our LC/MS data showing the
high level of NAS in the MCAO mouse brain further indicates
that NAS can cross the BBB. Additionally, intraperitoneal injec-
tion of NAS inhibits cerebral ischemia-induced injury in vivo not
only with pretreatment, but also with post-treatment of MCAO
mice, suggesting its clinical relevance. Neuroprotective effects,
low toxicity, and access to the CNS by crossing the BBB may make
NAS an attractive agent for further human evaluation.
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