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Abstract

Ammonium trichloro(dioxoethylene-0,0¢) tellurate (AS101) is a

non-toxic organotellurium compound with pleiotropic activities.

It was recently shown to induce production of the neurotrophic

factor glial cell line-derived neurotrophic factor and to rescue

neuronal-like PC-12 cells from neurotrophic factor deprivation-

induced apoptosis. In this study, we show that AS101 improves

functional outcome and reduces brain damage in a mouse

model of focal ischemic stroke. Both pre-stroke and post-stroke

intraperitoneal treatments with AS101 reduced infarct size and

edema and improved the neurological function of the animals.

AS101 treatments reduced both apoptotic and inflammatory

caspase activities, and also inhibited protein tyrosine nitration

suggesting that AS101 suppresses oxidative stress. Studies of

cultured neurons showed that AS101 confers protection against

apoptosis induced by either glucose deprivation or the lipid

peroxidation product 4-hydroxynonenal. Moreover, AS101

treatment reduced glutamate-induced intracellular calcium

elevation, a major contributor to neuronal death in stroke. As

AS101 has an excellent safety profile in humans, our pre-clinical

data suggest a potential therapeutic benefit of AS101 in patients

suffering from stroke and other neurodegenerative conditions.
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The dysfunction and death of neurons that occurs in ischemic
stroke involves multiple processes including energy depletion,
oxidative stress, overactivation of glutamate receptors, cellular
calcium overload, and apoptosis (for review seeMattson et al.
2000; Sugawara and Chan 2003). Reperfusion after partial or
complete cerebral ischemia results in excessive production of
reactive oxygen and nitrogen species including superoxide,
hydrogen peroxide, hydroxyl radical, nitric oxide, and per-
oxynitrite (Kontos et al. 1992; Kontos 2001). Superoxide
generation peaks upon reperfusion and subsides during the
next 2 h (Nelson et al. 1992). Superoxide reacts with nitric
oxide to form peroxynitrite, which causes tissue damage and
triggers inflammation and apoptosis in the chronic phases of
ischemic stroke. Peroxynitrite induces nitration on tyrosine
residues of certain target proteins, a process thatmay play a role
in various degenerative human diseases including stroke
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(Gursoy-Ozdemir et al. 2000; Naidu et al. 2003). Moreover,
the neurotransmitter glutamate, which accumulates in the
extracellular space following a stroke, stimulates calcium
influx through ionotropic glutamate receptor channels and
oxidative stress; these events can cause either necrosis or
apoptosis (Kontos 2001). Membrane lipid peroxidation plays
an important role in disruption of cellular calcium homeostasis
and neuronal cell death in stroke, a process mediated by the
lipid peroxidation product 4-hyroxynonenal (4-HNE) which
impairs function of ion-motive ATPases, and glutamate and
glucose transporters (Keller et al. 1997; Mark et al. 1997a;
Lim et al. 2006).

Inflammation contributes to neuronal injury in stroke by
several mechanisms including increased leukocyte adhesion,
which may cause microvascular obstruction and thereby
exacerbate ischemia (del Zoppo et al. 1991) and the produc-
tion of pro-inflammatory cytokines and reactive oxygen and
nitrogen species bymicroglia and infiltrating leukocyteswhich
can trigger neuronal apoptosis (Iadecola 1997; Zhu et al.
2002). Ischemic neuronal death involves mitochondrial alter-
ations and the activation of several different pro-apoptotic
(caspases 8 and 3) and inflammatory (caspase-1) caspases
(Chen et al. 1996; Hara et al. 1996; Sairanen et al. 1997).
Except for recombinant tissue plasminogen activator, which is
useful in only 4% of stroke patients, there are currently no
effective treatments for stroke patients. Despite the knowledge
of the different molecular cascades involved in ischemic
neuronal death, drugs that target only one event in the process
have not proven effective in the clinical treatment of stroke. It is
therefore likely that, approaches that target multiple mecha-
nisms will be required.

Ammonium trichloro(dioxoethylene-0,0¢) tellurate (AS101)
is a tellurium-based compound that has been used for the
treatment of certain types of cancer in humans (Sredni et al.
1996). AS101 has been shown to possess several biological
activities that would be predicted to be beneficial in stroke
including anti-apoptotic, immunomodulatory, and neurotro-
phic actions (Sredni et al. 1987, 1996, 2004; Kalechman et al.
2004). For example, AS101 inhibits interleukin-10 and
induces the production of glial cell line-derived neurotrophic
factor (GDNF) (Kalechman et al. 2003, 2004; Okun et al.
2006). In PC12 cells AS101 activates p21Ras and PI3 kinase
which promotes cell survival and differentiation (Makarovsky
et al. 2003). In light of the above observations, the objective of
the present study was to assess the therapeutic efficacy and
underlying cellular and molecular mechanisms of action of
AS101 in a mouse focal ischemia-reperfusion model of stroke.

Experimental procedures

Materials

Ammonium trichloro(dioxoethylene-0,0¢) tellurate was supplied by

M. Albeck (Chemistry Department of Bar-Ilan University) in a

solution of phosphate-buffered saline (PBS) (pH 7.4) and main-

tained at 4�C. 4-HNE and fura-2 were purchased from Calbiochem

(San Diego, CA, USA). AlamarBlue (resazurin) was purchased from

Biosource (Camarillo, CA, USA). Sodium glutamate and 2,3,5-

triphenyltetrazolium chloride (TTC) were purchased from Sigma

(St. Louis, MO, USA). The 4-HNE antibody was purchased from

Calbiochem. Anti-a-tubulin and antinitrosylated tyrosine were

purchased from Sigma. Anti caspase-3 was purchased from Cell

Signaling Technology (Danvers, MA, USA).

Animals

For middle cerebral artery occlusion–reperfusion (I/R) experiments,

3-month-old male C57BL/6 mice were used. For primary neuronal

cultures, 18 days pregnant Sprague–Dawley rats were used. Both

mice and rats were fed ad libitum with free access to water, and were

maintained on a 12 h light/12 h dark cycle.

Middle cerebral artery occlusion and reperfusion

Mice were divided into four experimental groups (eight mice per

group): control ischemia [vehicle (200 lL PBS) pre-treatment],

sham (sham operated), AS101 pre-ischemia treatment (200 lL
AS101; 1.5 lg/g administered intraperitonealy 1 h prior to the

onset of ischemia) and AS101 post-ischemia treatment (200 lL
AS101; 1.5 lg/g i.p.) administered intraperitonealy 90 min after

the onset of ischemia). The dose of AS101 (1.5 lg/g) was chosen

based upon a preliminary dose-finding experiment in which lower

(0.75 lg/g) or higher (3 lg/g) doses were found to be less

effective (data not shown). Anesthesia was induced with 4% and

maintained with 3% isoflurane in air with use of a Vapomatic

apparatus (Bickford Inc., Wales Center, NY, USA). I/R was

achieved by occluding the middle cerebral artery with the

previously described intraluminal filament method (6-0 nylon)

(Ishikawa et al. 2004). In brief, a midline neck incision was made,

and the left external carotid artery (ECA) and left pterygopalatine

artery were isolated and ligated. The internal carotid artery (ICA)

was clipped at the peripheral site of the bifurcation of the ICA and

the pterygopalatine artery with a small vascular clip. The blunted

tip of a 6-0 nylon monofilament (0.2- to 0.22-mm-diameter tip)

was advanced through the ICA to the carotid bifurcation of the

ICA and ECA. The nylon thread and ECA were ligated with 6-0

silk sutures, and the ECA was cut and rotated with the nylon

thread. The nylon thread was removed after 60 min of occlusion.

In the sham group, these arteries were visualized but not disturbed.

Neurological assessment

The functional consequences of I/R injury were evaluated by using a

five-point neurological deficit score (0, no deficit; 1, failure to

extend right paw; 2, circling to the right; 3, falling to the right; and

4, unable to walk spontaneously) (Bederson et al. 1986) and were

assessed in a blinded fashion.

TTC staining

Brains were chilled on ice for 4 min to slightly harden the tissue.

Four, 2 mm coronal sections were made from the olfactory bulb to

the cerebellum. The sections were placed in 2% TTC (Sigma)

dissolved in 0.15% saline and stained for 20 min at 37�C in the

dark. The sections were then washed twice with saline and fixed

with 4% paraformaldehyde for 30 min at 23�C. An image of the
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caudal face of each section was acquired for further analysis of

infarct size and edema.

Infarct and edema volume determination

The volume of cerebral infarct was quantified in all mice that

underwent middle cerebral artery occlusion (MCAO) and 72 h

reperfusion. An image of each slice was analyzed with the ImageJ

Image-analyzing software (http://rsb.info.nih.gov/ij/). To correct for

brain swelling the infarct area was determined by subtracting the

area of undamaged tissue in the left hemisphere from that of the

intact contralateral hemisphere. The infarct area was determined by

calculating the percentage of infarcted area in each brain slice. Total

infarct volume was calculated by integration of infarct areas for all

slices of each brain. The edema percentage was calculated by

determining the ratio of the area of the injured hemisphere to the

area of the uninjured (contralateral) hemisphere.

CBF measurement

Animal’s head was placed in a fixed frame after it had been

anesthetized and prepared for MCAO. Craniotomy performed to

access the left MCAwas extended to allow positioning of a 0.5-mm

Doppler probe (PeriFlux System 5000, Järfälla, Sweden) over the

underlying parietal cortex approximately 1 mm posterior to bregma

and 1 mm lateral to the midline. Laser-Doppler recordings are

expressed as percentages of the pre-ischemic baseline and averaged

over 30-min periods during 1 h of ischemia, and 0, 30, 90, and

180 min of post-ischemic reperfusion.

Caspase activity assays

Caspase activities were measured using methods similar to those

described by DiPietrantonio et al. (1999). Four different substrates
were used: Ac-DEVD-pna (for detection of caspase-3, 7, and 10),

Ac-YVAD-pna (for detection of caspases 1 and 4), Ac-IEPD (for

detection of caspase-8 and granzyme B), and Ac-VEID-pna (for

detection of caspase-6). Brain lysates containing 50 lg protein were

added to 148 lL of reaction buffer (100 mmol/L HEPES, pH 7.5,

20% glycerol, 0.5 mmol/L EDTA, and 5 mmol/L dithiothreitol) and

100 lmol/L caspase colorimetric substrate. Samples were incubated

at 37�C for 6 h in a 96-well flat-bottomed microplate. The

absorbance was read using a Bio-Rad model 680 (Mississauga,

ON, Canada) microplate reader at 405 nm wavelength.

Western blotting

Protein samples were subjected to 10% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis using Tris-glycine running

buffer. Gels were then electroblotted using semi-dry transfer

apparatus (Bio-Rad) in transfer buffer containing 0.025 mol/L Tris

base, 0.15 mol/L glycine, and 10% (v/v) methanol for 1.5 h at 15 V

onto a nitrocellulose membrane (Bio-Rad). The membranes were

then incubated in blocking buffer (5% non-fat milk in 20 mmol/L

Tris-HCL, pH 7.5, 137 mmol/L NaCl, 0.2% Tween-20) for 1 h at

23�C. The membrane was then incubated overnight at 4�C with a

primary antibody. After washing three times (5 min per wash) with

Tris-buffered saline-T (20 mmol/L Tris-HCL, pH 7.5, 137 mmol/L

NaCl, 0.2% Tween-20), the membrane was incubated with a

horseradish peroxidase-conjugated secondary antibody. After wash-

ing five times (5 min per wash) with Tris-buffered saline-T, the

membrane was incubated with chemoluminescent substrate,

enhanced chemiluminescence (Pierce Endogen, Rockford, IL,

USA), for 5 min, and chemoluminescent signals were visualized

by exposing the membrane to x-ray film (Kodak x-ray film;

InterScience, Mississauga, ON, USA).

Neuronal cultures

Briefly, rat cortical tissues were obtained from 18 days Sprague–

Dawley fetuses and incubated for 15 min in a solution of 2 mg/mL

trypsin in-Ca2+/Mg2+-free Hank’s balanced salt solution (HBSS)

buffered with 10 mmol/L HEPES (Invitrogen, Carlsbad, CA, USA).

The cortical tissue was then rinsed once in HBSS, followed by

5 min incubation in HBSS containing 1 mg/mL trypsin inhibitor

(Sigma), and a final rinse in HBSS. Tissues were then dissociated by

trituration through the narrowed bore of a fire-polished Pasteur

pipette and were distributed to polylysine-coated plastic culture

dishes (Corning, Lowell, MA, USA) containing 2 mL of Eagle’s

minimum essential medium (Invitrogen) buffered with 10 mmol/L

sodium bicarbonate and supplemented 10% (v/v) with fetal bovine

serum (Sigma), 2 mmol/L L-glutamine, 20 mmol/L KCl, 1 mmol/L

pyruvate, and 40 mmol/L glucose. The culture density was 80–120

cells/mm of culture surface. Cultures were maintained at 37�C in a

6% CO2/94% room air, humidified incubator. All experiments were

performed with neurons that had been in culture for 8–l5 days.

Calcium measurements

Levels of intracellular free Ca2+ ([Ca2+]i) were quantified by

fluorescence imaging of the calcium indicator dye fura-2 as

described previously (Mattson et al. 1995). Briefly, cells were

incubated for 30 min in the presence of 2 lmol/L acetoxymethy-

lester form of fura-2 (Molecular Probes, Eugene, OR, USA) and

then washed twice in Locke’s buffer (mmol/L: NaCl, 154; KCl, 5.6;

CaCl2, 2.3; MgCl2, 1.0; NaHCO3, 3.6; glucose, 10; and Hepes 5, pH 7.2)

and allowed to incubate an additional 20–30 min to allow complete

de-esterification of the dye. Measurement of endoplasmic reticulum

Ca2+ content was performed by washing and imaging the cells in

Ca2+-free Locke’s buffer upon addition of 1 lmol/L thapsigargin.

Cells were imaged on a Zeiss Axiovert microscope (40X oil

immersion objective) coupled to an Attofluor imaging system. The

average ([Ca2+]i) in at least 40 neurons per culture was determined.

Glucose deprivation

Cortical neurons were pre-treated with AS101 (0.1–2.5 lg/mL) for

4 h. The cells were then washed twice with warm PBS and returned

to Neurobasal medium with B27 supplements for an additional 2 h.

The cells were then washed twice with warm glucose-free serum-

free medium Lockes buffer (112.5 mmol/L NaCl, 3.6 mmol/L KCl,

2.4 mmol/L MgCl2, 1.2 mmol/L CaCl2, 0.02 mmol/L EDTA,

20 mmol/L NaHCO3, 0.5 mmol/L Na-glutamate, 10 mmol/L

Hepes, and pH 7.4). Then, cultures were transferred to Lockes

buffer with or without glucose for up to 24 h. Viability of the cells was

measured using either lactate dehydrogenase (LDH) release assay or

the AlamarBlue assay.

Oxygen–glucose deprivation

Cortical neurons were pre-treated with AS101 (0.5 lg/mL) for 4 h.

The cells were then washed twice with warm PBS and returned to

Neurobasal medium with B27 supplements for an additional 2 h.

The cells were then washed twice with warm glucose-free serum-
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free medium Lockes buffer (112.5 mmol/L NaCl, 3.6 mmol/L KCl,

2.4 mmol/L MgCl2, 1.2 mmol/L CaCl2, 0.02 mmol/L EDTA,

20 mmol/L NaHCO3, 0.5 mmol/L Na-glutamate, 10 mmol/L

Hepes, and pH 7.4). Then, cultures were transferred to Lockes

buffer with or without glucose and placed in a hypoxic chamber

containing a gas mixture of 0.5% O2, 5% CO2, and 95% N2. The

hypoxic chamber was placed in a 37�C incubator for 8 h. Viability

of the cells was measured using either LDH release assay or the

AlamarBlue assay.

HNE toxicity

Cultured neurons were pre-treated with AS101 (0.1–2.5 lg/mL) for

4 h. The cells were then washed twice with warm PBS and returned

to Neurobasal medium with B27 supplement for an additional 2 h.

The cells were then washed twice with warm Lockes buffer, and

then incubated in Neurobasal medium with or without 4-HNE

(10 lmol/L). Viability of the cells was measured using AlamarBlue.

Statistical analysis

All data, except behavioral data, were analyzed ANOVA with

Bonferroni post hoc t-test for pairwise comparisons. Neurological

behavior score data were analyzed by using non-parametric

Kruskal–Wallis test with Dunn’s Multiple Comparison Test. The

level of statistical significance was set at p < 0.05.

Results

AS101 treatment reduces brain damage and improves

functional outcome in a mouse model of stroke

The optimal AS101 dose was determined to be 1.5 lg/g;
lower (0.75 lg/g) or higher (3 lg/g) doses were found to be
less effective, as experienced in several other in vivo studies
conducted with this compound (data not shown). Mice
subjected to MCAO were maintained for 72 h after ischemia
during which time their neurological function was evaluated.
Mice were then killed and their brains sliced and stained with
TTC (Fig. 1a). Infarct size in both the pre-ischemia and post-
ischemia AS101 treated groups was significantly reduced
(Fig. 1b). AS101 treated animals also exhibited reduced
edema as compared with vehicle-treated ischemic animals
(Fig. 1c). Compared with the vehicle-treated ischemic mice,
mice treated with AS101 prior to or after ischemia exhibited
significant improvement of functional outcome as measured
using a neurological deficit rating scale (Fig. 2). Laser-
Doppler measurements of cerebral blood flow prior to, during
and for 180 min after I/R showed that AS101 had no effect on
blood flow during ischemia and up to 30 min after reperfusion
(Table 1). However, cerebral blood flow at 60 and 180 min of
reperfusion was significantly greater in AS101-treated mice
compared with vehicle-treated control mice.

AS101 treatment attenuates protein nitration

and caspase activation in ischemic stroke

Analysis of ischemic brain hemispheres in vehicle-treated
mice showed nitration of numerous proteins, and particularly

(b)

*
*

(c)

**
*

Sham Vehicle
AS101

Pre
AS101
Post

(a)

Fig. 1 Ammonium trichloro(dioxoethylene-0,0¢) tellurate (AS101)

pre-stroke and post-stroke treatments reduce both infarct size and

edema in a mouse model of focal ischemic stroke. (a) 2,3,5-tri-

phenyltetrazolium chloride staining of four 2 mm coronal brain

sections extending from the olfactory bulb to the cerebellum 72 h after

middle cerebral artery occlusion–reperfusion in mice treated with

vehicle 30 min prior to the onset of ischemia (control), or AS101

30 min prior to (pre-treatment) or 30 min after (post-treatment) the

onset of ischemia (representative examples from three different mice

in each group are shown). Sections from vehicle- and AS101-treated,

sham-operated (no stroke) mice are also shown. (b) Values (n = 8

mice per group) for infarct volumes in mice in the indicated experi-

mental groups. (c) Values for cerebral edema measurements

expressed as fold change compared with the sham value (n = 8),

*p < 0.01.
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those with sizes of�49–50 kDa and�23 kDa (Figs 3a and b).
The amount of nitrotyrosine immunoreactivity associated
with these proteins was greatly increased in the ischemic
hemisphere compared with the contralateral hemisphere.
Analysis of AS101 treated animals shows that AS101 pre-
stroke treatment, but not post-stroke treatment, reduced
protein nitration to a level similar to that of sham-operated
animals (Figs 3a and b). Our analysis of early events
following stroke shows that protein nitration starts as early
as 2 h post-stroke (Fig. 3c) and continues as late as 72 h as
shown in Fig. 3b. Analysis of 4-HNE modification of
proteins post-stroke revealed, surprisingly, a decrease in the
intensity of bands corresponding to two major HNE-modified
proteins at �190+ kDa and �125 kDa; however, another

protein at �48 kDa exhibited an increase in 4-HNE immu-
noreactivity within 2 h of stroke induction (Fig. 3c).

Apoptotic death of neurons in stroke is believed to be
mediated by caspases. Activated caspase protein levels were
undetectable using western blot analysis. A colorimetric
substrate cleavage approach was undertaken instead. We
analyzed brain-cortex lysates of vehicle- and AS101-treated
mice after 6 h of reperfusion and found that both pre- and
post-stroke treatments with AS101 resulted in reduced
activity of several apoptotic caspases including caspases 3,
7, and 10 (detected using Ac-DEVD-pna) caspase 8 and
granzyme B (detected using Ac-IEPD-pna) and caspase 6
(detected using Ac-VEID-pna). In addition, levels of activa-
ted pro-inflammatory caspases 1 and 4 (detected using
Ac-YVAD-pna) were significantly reduced in ischemic

Fig. 2 Ammonium trichloro(dioxoethylene-0,0¢) tellurate (AS101)

treatment improves functional outcome following focal ischemic

stroke. The neurological function of mice in the indicated experimental

groups was assessed on post-stroke days 1, 2, and 3 using a five-

point neurological deficit score (0, no deficit; 1, failure to extend right

paw; 2, circling to the right; 3, falling to the right; and 4, unable to walk

spontaneously). Values are the mean and SD (n = 8), *p < 0.01.

Table 1 Laser-doppler cerebral blood flow values

Vehicle, I/R AS101, I/R

Pre-MCAO 100 100

MCAO, 30 min 12.8 + 1.6a 9.2 + 3.1

Post-MCAO, 0 min 117.3 + 5.0 112.3 + 3.4

Post-MCAO, 30 min 140.8 + 6.3 157.3 + 8.6

Post-MCAO, 60 min 60.0 + 9.0 72.0 + 5.3*

Post-MCAO, 180 min 57.0 + 6.8 69.6 + 3.0*

aValues are expressed as a percentage of the mean of the combined

baseline values. Values are the mean ± SEM. AS101 treated animals

showed significantly elevated blood flow at 60 and 180 min of reper-

fusion compared with vehicle-treated control I/R animals (*p < 0.05).

AS101, ammonium trichloro(dioxoethylene-0,0¢) tellurate; I/R, occlu-

sion–reperfusion.

αα-tubulin

4-HNE

(c)

POSTCTRLSHAMPRE

Injured hemisphere

Tubulin

SHAM 0 h
Stroke induced hemispheres

Nitrosylated
protein

2 h 6 h

179 KDa

120 KDa

49 KDa

50 KDa

CH
75

49
39

25

19

(b)

POSTCTRLSHAMPRE

Control hemisphere

Tubulin

IH

49
39

25

19

(a)

Fig. 3 Ammonium trichloro(dioxoethylene-0,0¢) tellurate treatment

suppresses cerebral ischemia-induced protein tyrosine nitration and

protein modification by 4-hyroxynonenal (4-HNE). (a) Proteins in

lysates of contralateral (non-ischemic) hemispheres from mice in the

indicated treatment groups were subjected to immunoblot analysis

using an antinitrotyrosine antibody. SHAM, sham surgery, no ische-

mia; PRE, AS101 pre-treatment; POST, AS101 post-treatment; and

IH, injured hemisphere (positive control). (b) Proteins in lysates of

ipsilateral (ischemic) hemispheres from mice in the indicated treatment

groups were subjected to immunoblot analysis using an antinitrotyro-

sine antibody. CH, control hemisphere (negative control). (c) Immu-

noblot showing the time course of changes in modification of proteins

by 4-HNE and nitration in the ischemic cerebral cortex.
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tissue from AS101-treated mice compared with vehicle-
treated mice (Fig. 4).

AS101 protects cultured neurons against glucose

deprivation and oxygen–glucose deprivation-induced

death

To elucidate the mechanism by which AS101 protects
neurons against ischemic injury, we performed analyses of
cultured primary rat cortical neurons. AS101 did not have an
effect on the viability of neurons under basal culture
conditions as measured using the AlamarBlue assay that
uses the dye resazurin which is reduced in the mitochondria
mainly by reductases (Fig. 5a). We next determined if AS101
could modify the vulnerability of neurons to glucose
deprivation (GD) and oxygen–glucose deprivation (OGD).
AS101 conferred a concentration-dependent cytoprotective
effect on cortical neurons exposed to GD for 12 h and OGD
for 8 h as measured using LDH release (Figs 5b and c
respectively) assay. These results were also verified using the
AlamarBlue viability assay (data not shown). The neuro-
protective effect of AS101 was also manifest in a decreased
amount of cleaved (activated) caspase-3 protein (Fig. 5d).

The mechanism of ischemic neuronal death involves
overactivation of glutamate receptors resulting in excessive
calcium influx and cellular calcium overload (Mattson 2003;
Arundine and Tymianski 2004). We therefore performed
experiments to determine if AS101 modified calcium
responses to glutamate in cultured neurons. When incubated
with AS101, neurons were more resistant to intracellular
calcium elevations induced by a subsequent glutamate
exposure (Fig. 5e). The magnitudes of both the rapid
increase of intracellular calcium concentration, and the
sustained elevation of intracellular calcium concentration
were significantly lower in AS101-treated neurons compared
with vehicle-treated control neurons. Another major contri-
butor to ischemic neuronal death is membrane-associated
oxidative stress. We therefore determined if AS101 could
protect neurons against death induced by 4-HNE, a lipid
peroxidation product implicated in the death of neurons in
stroke (Mattson 1998; Keller et al. 2000). AS101 was able to
protect the neurons against death induced by 4-HNE
(Fig. 5f). The optimal AS101 doses used to protect neurons
from the above insults differ from those used to protect the
animals in vivo. This might be due to several reasons, with

Ac-DEVD-pna

*
*

Ac-YVAD-pna

*

*

Ac-VEID-pna

*

*

Ac-IEPD-pna

*
*

Fig. 4 Ischemia-induced increases in apoptotic and inflammatory

caspases are attenuated in the cortex of mice treated with ammonium

trichloro(dioxoethylene-0,0¢) tellurate. Mice in the indicated treatment

groups were killed 6 h after the onset of ischemia and activities of

caspase-8 and granzyme-B (a), caspase-6 (b), caspase-3, 7, and 10

(c) and caspase-1 and 4 (d) were measured in cortex lysates from the

ischemic cortex. Values are expressed as a percentage of the value

for sham-operated animals and represent the mean and SD (n = 8).

*p < 0.05 compared with the control value.
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in vivo absorption rates and metabolism of the compound, the
most probable ones.

AS101 increases CBF in ischemic hemispheres

Dynamic changes in ipsilateral cerebral blood flow (CBF)
measured by laser-Doppler flowmetry were measured start-
ing 30 min before induction of ischemia until 3 h after

reperfusion. In all groups, MCA occlusion resulted in an
immediate reduction of CBF to �10% of baseline. After
reperfusion, post-ischemic hyperemia was followed by a
decrease below normal values. The CBF significantly
increased in the ischemic hemisphere of AS101 treated mice
from 60 min post-reperfusion period compared to vehicle
treated mice.

Fig. 5 Ammonium trichloro(dioxoethylene-0,0¢) tellurate (AS101)

protects cultured cortical neurons against metabolic and excitotoxic

insults, and stabilizes calcium homeostasis. (a) Neurons were treated

for 16 h with concentrations of AS101 ranging from 0.1 to 2.5 lg/mL

and cell survival was measured using AlamarBlue. Values are

expressed as a percentage of the value for untreated control cultures

(mean and SD; n = 8). (b) Neurons were pre-treated for 4 h with the

indicated concentrations of AS101. The neurons were then washed

with fresh medium and incubated for 2 h followed by glucose depriva-

tion (GD) for 12 h. Supernatants from the cultures were then taken to

measure the presence of LDH, an indicator of cell death. Control cul-

tures were not subjected to GD. Values are the mean and SD (n = 8).

*p < 0.05 compared with the GD 0 value. (c) Neurons were pre-treated

for 4 h with concentrations of AS101 of 0.5, 1.0, and 2.5 lg/mL. The

neurons were then washed with fresh medium and incubated for 2 h

followed by oxygen–glucose deprivation (OGD) for 8 h. Viability of the

cells was then analyzed using AlamarBlue. Values are the mean and

SD (n = 8). *p < 0.05 compared with the GD 0 value. (d) Neurons were

pre-treated for 4 h with either vehicle or 2.5 lg/mL AS101. The neurons

were then washed with fresh medium and incubated for 2 h followed by

GD for 24 h. Cells were then lysed and levels of cleaved caspase-3

were determined by immunoblot analysis. (e) Neurons were pre-treated

with vehicle (control) or AS101 (2.5 lg/mL) for 4 h and intracellular

calcium levels were then measured (by fura-2 imaging) prior to and

during exposure to 50 lmol/L glutamate. *p < 0.01 compared with the

control value (n = 4 experiments). (f) Cortical neurons were pre-treated

for 4 h with either vehicle or 2.5 lg/mL AS101. The neurons were then

washed with fresh medium and incubated for 2 h followed by exposure

to 10 lmol/L 4-hyroxynonenal (4-HNE) for 24 h. Control cultures were

not exposed to 4-HNE. Viability of the cells was then analyzed using

AlamarBlue. Values are the mean and SD (n = 8). *p < 0.05 compared

with the HNE value.
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Discussion

Ammonium trichloro(dioxoethylene-0,0¢) tellurate treatment
reduced the amount of brain damage and improved functional
outcome, when administered prior to or after the onset of
ischemia in a mouse ischemia-reperfusion stroke model.
Several processes believed to be pivotal for neuronal death
in stroke including protein nitration, pro-apoptotic caspase
activation (caspase-3) and inflammation (caspase-1 activation)
were attenuated in the ischemic cortex of mice treated with
AS101. Several agents have been reported to protect neurons
against ischemic death in models of stroke including: neuro-
trophic factors such as basic fibroblast growth factor, GDNF,
and brain-derived neurotrophic factor (Kawamata et al. 1997;
Schabitz et al. 1997; Jin et al. 2003), calcium chelators
(Kitamura et al. 2006), calcium channel blockers (Sopala
et al. 2002; Luo et al. 2005), glutamate receptor antagonists
(Hoyt et al. 2004) and antioxidants (Green and Ashwood
2005). However, ischemic stroke involves multiple mecha-
nisms that contribute to the neurodegenerative process, a fact
that may explain the failure of many treatments that target only
one event in the neurodegenerative process to be effective in
clinical trials in human patients. One approach to target
multiple sites in the neurodegenerative process would be to
administer a cocktail of drugs. Another approach is to employ
an agent such as AS101 that targets several steps in the
neurodegenerative cascade.

Ammonium trichloro(dioxoethylene-0,0¢) tellurate exhib-
its multiple mechanisms of action that promote cell survival.
Several of the biological activities of AS101 appear to result
from interactions with cysteine residues of proteins. For
example, in studies of models relevant to the pathogenesis of
Parkinson’s disease we have found that AS101 activates
p21ras and inhibits caspase-3 activity by interacting with key
cysteine residues of these proteins (Sredni et al. 2004, 2007).
In addition, AS101 induces the expression of GDNF, while
interleukin-1b production (Kalechman et al. 2003; Okun
et al. 2006; Sredni et al. 2007). We found that the neuro-
protective effect of AS101 was associated with reduced
caspase activities in vivo, and reduced oxidative stress and
stabilization of cellular calcium homeostasis in cultured
neurons. AS101 protected cultured neurons against death
induced GD, OGD and the lipid peroxidation product HNE,
two insults relevant to stroke pathogenesis (Kruman et al.
1997; Imai et al. 2001; Lee et al. 2005). Collectively, our
findings suggest that AS101 can act directly on neurons to
inhibit multiple processes involved in ischemic damage
including oxidative stress, calcium overload and caspase
activation. The reason for the quantitatively greater efficacy
of reducing infarct size in the stroke model in vivo, compared
with the lesser effect in directly protecting cultured neurons
against oxygen and GD is unclear. One possibility relates to
the important contributions of changes in non-neuronal cells
to the degeneration of cells following a stroke in vivo. For

example, AS101 may suppress the activation of microglia/
macrophages, and infiltration of inflammatory leukocytes,
cell types known to make major contributions to brain
damage following a stroke and related brain injuries (Danton
and Dietrich 2003; Guo et al. 2004; Schroeter and Jander
2005).

Ammonium trichloro(dioxoethylene-0,0¢) tellurate may
protect neurons against ischemic injury by actions both
upstream and downstream of oxidative stress. We found that
levels of nitration of numerous proteins were increased
within 2 h after the onset of ischemia. Levels of protein
nitration were decreased in tissue samples from the ischemic
cortex of mice pre-treated with AS101, suggesting that
AS101 reduces the production of peroxynitrite or enhances
its removal. On the other hand, AS101 protected cultured
neurons from being killed by 4-HNE, suggesting that AS101
can intercede in the cell death process downstream of
membrane lipid peroxidation. Interestingly, we found that
although some low molecular weight proteins exhibited an
increase in 4-HNE levels following ischemia, many high
molecular weight proteins exhibited a decrease in 4-HNE
immunoreactivity. The reason for the apparent decrease in
4-HNE modification of high molecular weight proteins is
unknown, but could be the result of enhanced proteolytic
degradation of proteins modified by 4-HNE. Peroxynitrite
causes nitration of proteins on tyrosine residues, while
4-HNE covalently modifies proteins on cysteine, lysine, and
histidine residues. Nitration and 4-HNE modification have
been shown to alter the function of several proteins in
neurons in ways that would be expected to cause neuronal
dysfunction and death. For example, nitration of synaptic
proteins (Stasi et al. 2002) and protein kinase C (Knapp
et al. 2001) would promote excitotoxicity, while inhibiting
cell survival pathways. Modification of ion-motive ATPases
(Keller et al. 1997; Mark et al. 1997a), glucose transporters
(Mark et al. 1997b) and glutamate transporters (Blanc et al.
1998) by 4-HNE would promote membrane depolarization,
energy depletion, and cellular calcium overload. It will be of
considerable interest to determine if and how AS101
modifies protein nitration or 4-HNE modification of such
proteins.

The reduced edema and infarct size in the brains of
AS101-treated animals were correlated with reductions in the
activity levels of both apoptotic (caspases 3, 6, and 8) and
inflammatory (caspase-1) caspases in the brain cortex. The
effects of AS101 on these caspases may be indirect or direct.
AS101 treatment resulted in decreases in levels of oxidative
stress and intracellular calcium levels in neurons. Previous
findings suggest that oxidative stress and calcium influx
precede caspase activation in cell culture and animal models
of ischemic neuronal death (Keller et al. 1998; Mattson et al.
2000; Sugawara et al. 2002). The lower levels of caspase
activities in AS101-treated animals could therefore result
from actions of AS101 upstream of caspase activation. On
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the other hand, we have recently found that AS101 interacts
directly with key cysteine residues on caspases and thereby
directly inhibits their enzymatic activity (Benjamin Sredni,
unpublished findings).

Cerebral blood flow measurements taken post-ischemic
insult indicate that AS101 also helps to establish increased
blood flow in the ipsilateral ischemic region. This may be
due to reduced damage to blood vessels and less recruitment
of leukocytes and platelets during reperfusion; however,
further study is needed to confirm the mechanism of action
for this activity by AS101.

Thus, AS101 appears to attenuate several different
processes involved in the dysfunction and death of neurons
following a stroke. Because AS101 has an excellent safety
profile in humans, and is currently in clinical use for the
treatment of cancers, its potential benefit for stroke patients
should be considered.
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