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Ischemia is characterized by oxidative stress and changes in the
antioxidant defense system. Our recent in vitro study showed
that 2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride
protects cortical astrocytes against oxidative stress. In the current
study, we examined the effects of 2-cyclopropylimino-3-methyl-
1,3-thiazoline hydrochloride on ischemia-induced neuronal
damage in a gerbil ischemia/reperfusion models. Extensive neu-
ronal death in the hippocampal CA1 area was observed 4 days
after ischemia/reperfusion. Intraperitoneal injection of 2-cyclo-
propylimino-3-methyl-1,3-thiazoline hydrochloride (0.3 mg/kg
body weight) significantly prevented neuronal death in the CA1
region of the hippocampus in response to transient forebrain
ischemia. 2-Cyclopropylimino-3-methyl-1,3-thiazoline hydroch-
loride administration reduced ischemia-induced increases in
reactive oxygen species levels and malondialdehyde content. It
also attenuated the associated reductions in glutathione level and
superoxide dismutase, catalase, and glutathione peroxidase
activities. Taken together, our results suggest that 2-cyclopropyli-
mino-3-methyl-1,3-thiazoline hydrochloride protects against
ischemia-induced neuronal damage by reducing oxidative stress
through its antioxidant actions. [BMB Reports 2013; 46(7):
370-375]

INTRODUCTION

Although the precise cellular events initiated by ischemic dam-
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age are incompletely characterized, a number of complex bio-
chemical events appear to be involved. Ischemia can be char-
acterized by oxidative stress and changes in the antioxidant
defense system. It has been reported that oxidative stress con-
tributes to delayed neuronal death after global cerebral ische-
mia (1). One of the main factors in the initiation of the patho-
logical response to oxidative stress is the generation of reactive
oxygen species (ROS). ROS participate in a wide variety of cel-
lular functions and contribute significantly to the pathological
processes underlying various human diseases (2). Reperfusion
after interruption of blood flow initially induces an enormous
increase in ROS in the hippocampal CA1 region that cannot
be controlled by endogenous antioxidant systems (3-5).
Sudden bursts of ROS during ischemia/reperfusion cause free
radical production and initiate damage to lipids, proteins, and
DNA (6-8). Consequences of this cellular damage include mi-
tochondrial dysfunction, deregulation of ionic balance, and
loss of membrane integrity (9, 10).

The brain is especially vulnerable to oxidative stress be-
cause of its high consumption of oxygen and low levels of en-
dogenous antioxidants (11, 12). Therefore, antioxidative agents
may offer an effective therapeutic strategy against ischemic
insult. However, neuroprotective strategies that are fully effec-
tive against oxidative stress have not yet been developed, de-
spite the abundance of data on the subject. Accordingly, the
systematic search for new neuroprotective compounds re-
mains a matter of intense research (8). We have been inter-
ested in the development of effective neuroprotective drugs,
and have synthesized and examined various thiazole de-
rivatives in cultured neuronal cells (13-16). Our recent in vitro
study showed that 2-cyclopropylimino-3-methyl-1,3-thiazoline
hydrochloride protects cortical astrocytes against oxidative
stress (16). Thiazole derivatives have been shown to be useful
for treating various diseases (13, 17-22). For instance, the ben-
zothiazole derivative AS601245 has shown beneficial effects
in models of global and focal brain ischemia (23). However,
its mechanisms of action have not yet been completely
elucidated. In addition, testing structurally distinct classes will
be necessary to strengthen our therapeutic concept. In the cur-
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rent study, we report the effects of the thiazole derivative,
2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride on
neuronal damage following ischemic insult in the brain.

RESULTS AND DISCUSSION

Effects of 2-cyclopropylimino-3-methyl-1,3-thiazoline

hydrochloride on neuronal cell viability after ischemic insult
Oxidative stress has been implicated as a critical factor in is-
chemic brain damage. Therefore, antioxidative agents may of-
fer an effective therapeutic strategy against ischemic damage.
Previous studies from our laboratory have demonstrated the
ability of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride against oxidative stress in primary cultured cortical as-
trocytes (16). 2-Cyclopropylimino-3-methyl-1,3-thiazoline hy-
drochloride also protected against damage from glutamate, an
excitotoxic neurotransmitter (14). To determine whether 2-cy-
clopropylimino-3-methyl-1,3-thiazoline hydrochloride func-
tions similarly in vivo, we examined its effects on neuronal
cell viability after transient forebrain ischemia in a gerbil
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Fig. 1. Effects of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride on neuronal cell viability after ischemic insult. Represen-
tative photomicrographs of cresyl violet-stained hippocampi of ger-
bil brains 4 days after ischemic insult show effects of 2-cyclo-
propylimino-3-methyl-1,3-thiazoline hydrochloride. (A1 and A2),
sham-operated group; (B1 and B2), sham-operated group treated
with 2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride (0.3
mg); (C1 and C2), ischemia-induced group; (D1 and D2), ische-
mia-induced group treated with 2-cyclopropylimino-3-methyl-1,
3-thiazoline hydrochloride (0.3 mg). Scale bars: 280 um (A1, BT,
C1 and D1) and 50 um (A2, B2, C2 and D2). Relative histo-
logical analysis for the cell number of cresyl violet-positive neu-
rons is expressed as percentage of the sham group. Values are
means + SEM, *P < 0.01, versus ischemia-induced group.
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model. The gerbil model of transient global cerebral ischemia
is well studied for the underlying mechanisms of delayed neu-
ronal death pertaining mainly to the pyramidal neurons in the
hippocampal CA1 region and increased oxidative stress and
induction of neuronal apoptosis are known to occur in this
model (23, 24). 2-Cyclopropylimino-3-methyl-1,3-thiazoline
hydrochloride (0.3 mg) or saline was injected 30 min before
ischemia. Four days after the ischemic insult, animals were kil-
led and brain sections were prepared to identify the histo-
logical changes of delayed neuronal cell death induced by is-
chemia in the CA1 region. As shown in Fig. 1, induction of
transient ischemia produced neuronal loss in the CA1 region
of the hippocampus in ischemia-induced group. The average
number of cresyl violet-stained neurons in these animals (Fig.
1C1, C2) was approximately 10% of that in the sham-operated
group (Fig. 1A1, A2). However, in animals in groups treated
with  2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochlo-
ride (Fig. 1D1, D2), the number of stained neurons was pro-
tected up to 68% of that in animals in the sham-operated
group. The drug itself in the sham-operated group had no ef-
fects on neurons (Fig. 1B1, B2). These results indicate that
2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride ef-
fectively protects against neuronal cell damage following is-
chemic insults in the brain.

Effects of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride on oxidative parameters in the hippocampus

Global ischemia is known to induce a rapid increase in lipid
peroxidation in the hippocampus (25-27). Therefore, the pro-
tective effects of 2-cyclopropylimino-3-methyl-1,3-thiazoline
hydrochloride in the ischemic brain were further evaluated by
measuring the levels of various oxidative stress parameters in
the hippocampus. A primary factor in the initiation of the
pathological response to ischemia injury is the generation of
ROS, and the increase in the levels of ROS produced upon is-
chemia/reperfusion appears to be essential for the development
of astrocyte dysfunction and delayed death (28-30). Formation
of ROS in the brain after various insults is respiration depend-
ent, and mitochondria in vitro are sensitive to ROS (31). Lipid
peroxidation, a hallmark of ROS-induced brain injury, com-
mences when a free radical removes a hydrogen atom from an
unsaturated fatty acid. In this study, lipid peroxidation was
evaluated by measuring the level of malondialdehyde after the
drug was administered and ischemic damage was induced. The
level of ROS (Fig. 2A) and MDA (Fig. 2B) in the ischemia group
markedly increased compared to those in the sham group. This
increase in ROS and MDA levels was similar to what has been
reported after ischemic insults (32-34). Notably, the admin-
istration of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride (0.3 mg) efficiently prevented the formation of ROS
and MDA (Fig. 2A, 2B). GSH is a central component in the an-
tioxidant defense of cells that acts both by directly detoxifying
ROS and by serving as a substrate for various peroxidases (35,
36). GSH content was significantly decreased in animals in the
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ischemia group, whereas pretreatment with 2-cyclopropyli-
mino-3-methyl-1,3-thiazoline hydrochloride significantly miti-
gated ischemia-induced depletion of GSH (Fig. 2C). Collective-
ly, these results suggest that the protective effect of 2-cyclo-
propylimino-3-methyl-1,3-thiazoline hydrochloride is due, at
least in part, to its antioxidative properties.

Cellular defenses against ROS include antioxidant enzymes
such as SOD, catalase, and GSH-px. Accordingly, we inves-
tigated the intracellular activities of these enzymes. We found a
significant decrease in the activities of SOD (Fig. 3A), catalase
(Fig. 3B), and GSH-px (Fig. 3C) in the ischemia group. Howev-
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Fig. 2. Effects of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride on oxidative parameters in the hippocampus. 2-cyclo-
propylimino-3-methyl-1,3-thiazoline hydrochloride (0.3 mg) was ad-
ministered 30 min before ischemia. Hippocampi were dissected
and ROS (A), MDA (B), and GSH (O) levels in hippocampal ex-
tracts were determined. Each bar represents the mean + SEM, *P
< 0.01, versus ischemia-induced group.
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er, animals in the groups treated with 2-cyclopropylimino-3-
methyl-1,3-thiazoline hydrochloride showed a significant re-
covery in SOD, catalase and GSH-Px activity compared with
those in the ischemia group (Fig. 3A-C). These results suggest
that 2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride
protected the brain against ischemia injury through regulation
of the oxidation-reduction system, specifically by increasing
antioxidant capacity. The antioxidant effects of 2-cyclopropy-
limino-3-methyl-1,3-thiazoline hydrochloride in vivo is con-
sistent with the antioxidant and free-radical-scavenging proper-
ties of this compound in vitro (16).
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Fig. 3. Effects of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride on antioxidative enzymes in the hippocampus. 2-cyclo-
propylimino-3-methyl-1,3-thiazoline hydrochloride (0.3 mg) was ad-
ministered and hippocampi were dissected as described in Fig. 2.
SOD (A), catalase (B), and GSH-Px (O) levels in hippocampal ex-
tracts were determined. Each bar represents the mean + SEM, *P
< 0.01, versus ischemia-induced group.

http://ombreports.org



In conclusion, the results of the present study suggest that
2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride pro-
tects against ischemia through its antioxidant effects, supporting
the results of previous studies that have suggested that oxida-
tive stress is an important underlying factor in the delayed neu-
ronal death induced by ischemic insult. With the increase in
oxidative stress in aging as well as in many age-related neuro-
degenerative diseases, our study suggests the possibility that
2-cyclopropylimino-3-methyl-1,3-thiazoline hydrochloride may
be useful in preventing the development of diseases associated
with oxidative stress. Since most of our studies were performed
at one time point after ischemia/reperfusion, it is not possible to
conclude whether the protective effects of 2-cyclopropy-
limino-3-methyl-1,3-thiazoline hydrochloride are not simply
delaying the cell death process. Consequently, more studies are
needed to examine the effects of 2-cyclopropylimino-3- meth-
yl-1,3-thiazoline hydrochloride at prolonged times after ische-
mia.

MATERIALS AND METHODS

Materials

Cresyl violet acetate, Hank's balanced salt solution, 3-(4,5- di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
xanthine, glutathione peroxidase (GSH-px), 2',7'-dichloro-
fluorescein diacetate (DCF-DA), malondialdehyde (MDA), so-
dium dodecyl sulfate, cytochrome ¢, sufficient xanthine oxi-
dase, NADPH, glutathione, and dimethyl sulfoxide (DMSO)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). 2-Cyclopropylimino-3-methyl-1,3-thiazoline hydrochlo-
ride was synthesized as described previously (14). All other
chemicals and reagents were the highest analytical grade
available.

Induction of forebrain ischemia

To induce forebrain ischemia, we performed a surgery similar
to that described in a previous study (26). Male Mongolian ger-
bils (M. unguiculatus) weighing 80-88 g were placed under
general anesthesia using 2.5% isoflurane in a mixture of 33%
oxygen and 67% nitrous oxide. A midline ventral incision was
made in the neck. Both common carotid arteries were isolated,
freed of nerve fibers, and occluded with nontraumatic aneur-
ysm clips. Complete interruption of blood flow was confirmed
by observing the central artery in the eyeball using an
ophthalmoscope. After a 5-minute occlusion, the aneurysm
clips were removed from both common carotid arteries. The re-
storation of blood flow (reperfusion) was observed directly un-
der the ophthalmoscope. Sham-operated control animals were
subjected to the same surgical procedures except that the com-
mon carotid arteries were not occluded. Body temperature was
monitored by measuring rectal temperature and was main-
tained at 37°C during surgery and throughout the immediate
postoperative period until the animals had recovered fully from
anesthesia. Thirty minutes before occlusion of both common
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carotid arteries, gerbils were injected intraperitoneally (i.p.)
with saline or with 2-cyclopropylimino-3-methyl-1,3-thiazoline
hydrochloride (0.3 mg) to test for protective effects against is-
chemic damage. Four days after ischemia-reperfusion, all ani-
mals (n = 6/group) were anesthetized with ketamine and per-
fused transcardially with phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Brains
were removed and post-fixed in the same fixative solution for 4
h and brain tissues were cryoprotected by infusing with 30%
sucrose overnight. Thereafter, the tissues were frozen and sec-
tioned with a cryostat at a thickness of 30 um; consecutive sec-
tions were collected in six-well plates containing PBS. Neuro-
nal damage was assessed by mounting sections on gela-
tin-coated slides and then staining with cresyl-violet. Procedu-
res involving animals and their care conformed to institutional
guidelines, which are in compliance with current international
laws and policies (NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 85-23, 1985, revised
1996) and were approved by the Hallym Medical Center
Institutional Animal Care and Use Committee. All efforts were
made to minimize animal suffering and to use only the number
of animals necessary to produce reliable scientific data.

Oxidative stress parameters

Oxidative parameters in hippocampal extracts were determined
as described below. Intracellular ROS levels were determined as
described previously (14) using DCF-DA, which is converted by
ROS into fluorescent DCF. The cells were washed twice with
PBS and incubated with DCF-DA (10 mM) for 30 minute.
Fluorescence intensity was measured using a SpectraMax
GEMINI XS fluorescence spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA) at an excitation wavelength of 485 nm and
an emission wavelength of 538 nm. Challenge with H2DCF-DA
and measurement of fluorescence intensity was performed in the
dark. Neuronal malondialdehyde (MDA) levels were determined
as described previously (26) in a reaction mixture containing 100
ul of 8.1% sodium dodecyl sulfate, 750 wl of 20% acetic acid (pH
3.5), 750 wl of 0.8% thiobarbituric acid, and 300 ul of distilled
water. Samples were then boiled for 1 hour at 95°C and centri-
fuged at 4,000 g for 10 minute. The absorbance of the super-
natant was measured by spectrophotometry at 532 nm.
Intracellular GSH content was measured in protein-free extracts
as described by Lombardi et al. (37) with minor modifications. To
assay GSH, 100 ul of 5',5'-dithio-bis(2-nitrobenzoic acid) (6 mM),
25 ul of protein-free extracts, 875 ul of NADPH (0.3 mM), and 10
ul of GSH reductase (10 U/ml) were mixed, and the absorbance
changes were monitored at 412 nm with a spectrophotometer.
Intracellular GSH content was quantified by reference to a stand-
ard curve generated using known amounts of GSH.

Superoxide dismutase (SOD) activity was measured by mon-
itoring inhibition of the ferricytochrome c reduction reaction by
xanthine/xanthine oxidase, as described previously (26). The
reaction mixture contained 10 UM cytochrome ¢, 50 uM xan-
thine, and sufficient xanthine oxidase to produce a reduction
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rate of cytochrome c of 0.025 absorbance units per min at 550
nm. The assay was performed in 3 ml of 50 mM potassium
phosphate buffer (pH 7.8), containing 0.1 mM EDTA in a cuv-
ette at 25°C. Under these defined conditions, the amount of
SOD required to inhibit the reduction rate of cytochrome c by
50% (to a rate of 0.0125 absorbance units per min) was de-
fined as 1 unit of activity. Glutathione peroxidase (GSH-px) ac-
tivity in the supernatants from different groups was measured
by the enzymatic reaction which was initiated by addition of
H,O, to a reaction mixture containing reduced glutathione,
NADPH, and glutathione reductase (38). The change in the ab-
sorbance at 412 nm was monitored with a spectrophotometer.
Catalase activity assay was performed according to the method
described elsewhere (39), by determining H,O, decomposition
rate at 240 nm.

Statistical analysis

Data are expressed as means + SEM. The data were analyzed
for statistical significance using one-way ANOVAs. Bonferro-
ni's test was used for post hoc comparisons. All statistical anal-
yses were performed using the SPSS 12.0 package. P values <
0.05 were considered statistically significant.

Acknowledgements

This work was supported by the Basic Science Research Program
through the National Research Foundation of Korea (NRF) fund-
ed by the Ministry of Education, Science and Technology
(2012R1A1A2041484) and by the Student Research Grant from
the University of Ulsan College of Medicine, Seoul, Korea.

REFERENCES

1. Oostveen, J. A., Dunn, E., Carter, D. B. and Hall, E. D.
(1998) Neuroprotective efficacy and mechanisms of novel
pyrrolopyrimidine lipid peroxidation inhibitors in the ger-
bil forebrain ischemia model. J. Cereb. Blood Flow
Metab. 18, 539-547.

2. Floyd, R. A. (1990) Role of oxygen free radicals in carci-
nogenesis and brain ischemia. FASEB J. 4, 2587-2597.

3. Petito, C. K., Torres-Munoz, J., Roberts, B., Olarte, J. P.,
Nowak, Jr., T. S. and Pulsinelli, W. A. (1997) DNA frag-
mentation follows delayed neuronal death in CA1 neu-
rons exposed to transient global ischemia in the rat. J.
Cereb. Blood Flow. Metab. 17, 967-976.

4. Frantseva, M. V., Carlen, P. L. and Perez Velazquez, J. L.
(2001) Dynamics of intracellular calcium and free radical
production during ischemia in pyramidal neurons. Free
Radic. Biol. Med. 31, 1216-1227.

5. Li, P. S., He, Q. P., Nakamura, L. and Csiszar, K. (2001)
Free radical spin trap a-phenyl-N-tertbutyl-nitron inhibits
caspase-3 activation and reduces brain damage following
a severe forebrain ischemic injury. Free Radic. Biol. Med.
31, 1191-1197.

6. Dore, S., Otsuka, T., Mito, T., Sugo, N., Hand, T., Wu, L.,
Hurn, P. D., Traystman, R. J. and Andreasson, K. (2003)
Neuronal overexpression of cyclooxygenase-2 increases
cerebral infarction. Ann. Neurol. 5, 155-162.

374 BMB Reports

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Sayre, L. M., Perry, G. and Smith, M. A. (2008) Oxidative

stress and neurotoxicity. Chem. Res. Toxicol. 21, 172-188.

. Fallarini, S., Miglio, G., Paoletti, T., Minassi, A., Amoruso,

A., Bardelli, C., Brunelleschi, S. and Lombardi, G. (2009)
Clovamide and rosmarinic acid induce neuroprotective ef-
fects in vitro models of neuronal death. Br. J. Pharmacol.
15, 1072-1084.

. Beal, M. F., Hyman, B. T. and Koroshetz, W. (1993) Do de-

fects in mitochondrial energy metabolism underlie the
pathology of neurodegenerative diseases? Trends Neurosci.
16, 125-131.

Trushina, E. and McMurray, C. T. (2007) Oxidative stress
and mitochondrial dysfunction in neurodegenerative
diseases. Neuroscience 145, 1233-1248.

Margaill, 1., Plotkine, M. and Lerouet, D. (2005)
Antioxidant strategies in the treatment of stroke. Free
Radic. Biol. Med. 39, 429-443.

Schreibelt, G., Horssen, J. V., Rossum, S. V., Dijkstra, C.
D., Drukarch, B. and Vries, H. E. (2007) Therapeutic po-
tential and biological role of endogenous antioxidant en-
zymes in multiple sclerosis pathology. Brain Res. Rev. 56,
322-330.

Choi, M. M., Kim, E. A., Hahn, H. G., Nam, K. D., Yang,
S.J., Choi, S. Y., Kim, T. U., Cho, S. W. and Huh, J. W.
(2007) Protective effect of benzothiazole derivative
KHG21834 on amyloid beta-induced neurotoxicity in
PC12 cells and cortical and mesencephalic neurons.
Toxicology 239, 156-166.

Kim, E. A., Hahn, H. G., Kim, K. S., Kim, T. U., Choi, S. Y.
and Cho, S.-W. (2010) Suppression of glutamate-induced
excitotoxicity by 2-cyclopropylimino-3-methyl-1,3-thiazo-
line hydrochloride in rat glial cultures. Cell. Mol.
Neurobiol. 30, 807-815.

Kim, E. A., Hahn, H. G., Kim, T. U., Choi, S. Y. and Cho,
S.-W. (2010) Attenuation of P-amyloid-induced neuro-
inflammation by KHG21834 in vivo. BMB Rep. 43,
413-418.

Kim, H., Son, H. J., Ha, S. C., Kim, E. A., Kim, T. U., Choi,
S.Y., Ahn, J. Y. and Cho, S. W. (2011) Neuroprotective ef-
fects of 2-cyclopropylimino-3-methyl-1,3-thiazoline hydro-
chloride against oxidative stress. Cell. Mol. Neurobiol. 31,
979-984.

Urbani, A. and Belluzzi, O. (2000) Riluzole inhibits the
persistent sodium current in mammalian CNS neurons.
Eur. J. Neurosci. 12, 3567-3574.

Heiser, V., Engemann, S., Brocker, W., Dunkel, 1.,
Boeddrich, A., Waelter, S., Nordhoff, E., Lurz, R,
Schugardt, N., Rautenberg, S., Herhaus, C., Barnickel, G.,
Bottcher, H., Lehrach, H. and Wanker, E. E. (2002)
Identification of benzothiazoles as potential polyglut-
amine aggregation inhibitors of Huntington's disease by
using an automated filter retardation assay. Proc. Natl.
Acad. Sci. U.S.A. 99, 16400-16406.

Ishiyama, T., Okada, R., Nishibe, H., Mitsumoto, H. and
Nakayama, C. (2004) Riluzole slows the progression of
neuromuscular dysfunction in the wobbler mouse motor
neuron disease. Brain Res. 1019, 226-236.

Brantley, E., Antony, S., Kohlhagen, G., Meng, L. H.,
Agama, K., Stinson, S. F., Sausville, E. A. and Pommier, Y.
(2006) Anti-tumor drug candidate 2-(4-amino-3-methyl-

http://ombreports.org



21.

22.

23.

24.

25.

26.

27.

phenyl)-5-fluorobenzothiazole induces single-strand breaks
and DNA-protein cross-links in sensitive MCF-7 breast can-
cer cells. Cancer Chemother. Pharmacol. 58, 62-72.
Mortimer, C. G., Wells, G., Crochard, J. P., Stone, E. L.,
Bradshaw, T. D., Stevens, M. F. G. and Westwell, A. D.
(2006) Antitumor Benzothiazoles. 26.1 2-(3,4-Dimethoxy-
phenyl)-5-fluorobenzothiazole (GW 610, NSC 721648), a
simple fluorinated 2-arylbenzothiazole, shows potent and
selective inhibitory activity against lung, colon, and breast
cancer cell lines. . Med. Chem. 49, 179-185.
Pietrancosta, N., Moumen, A., Dono, R., Lingor, P.,
Planchamp, V., Lamballe, F., Bahr, M., Kraus, J. L. and
Maina, F. (2006) Imino-tetrahydro-benzothiazole deriva-
tives as p53 inhibitors : discovery of a highly potent in
vivo inhibitor and its action mechanism. J. Med. Chem.
49, 3645-3652.

Carboni, S., Hiver, A., Szyndralewiez, C., Gaillard, P., Gotte-
land, J. P. and Vitte, P. A. (2004) AS601245 (1,3- benzothia-
zol-2-yl (2-[[2-(3-pyridinyl) ethyl] amino]-4 pyrimidinyl) ace-
tonitrile): a ¢Jun NH2-terminal protein kinase inhibitor with
neuroprotective properties. J. Pharmacol. Exp. Ther. 310,
25-32.

Small, D. L. and Buchan, A. M. (2000) Animal models. Br.
Med. Bull. 56, 307-317.

McKracken, E., Graham, D. I., Nilsen, M., Stewart, J.,
Nicoll, J. A. and Horsburgh, K. (2001) 4-Hydroxynonenal
immunoreactivity is increased in human hippocampus af-
ter global ischemia. Brain Pathol. 11, 414-421.

Kim, D. W., Jeong, H. J., Kang, H. W., Shin, M. J., Sohn,
E. )., Kim, M. J., Ahn, E. H., An, J. J., Jang, S. H., Yoo, K.
Y., Won, M. H,, Kang, T. C., Hwang, I. K., Kwon, O. S,,
Cho, S. W., Park, J., Eum, W. S. and Choi, S. Y. (2009)
Transduced human PEP-1-catalase fusion protein attenu-
ates ischemic neuronal damage. Free Radic. Biol. Med.
47, 941-952.

Kim, D. W., Kim, D.-S., Kim, M. J., Kwon, S. W., Ahn, E.
H., Jeong, H. J., Sohn, E. J., Dutta, S., Lim, S. S., Cho, S.
-W., Lee, K. S., Park, J., Eum, W. S., Hwang, H. S. and
Choi, S. Y. (2011) Imipramine enhances neuroprotective
effect of PEP-1-Catalase against ischemic neuronal damage.

http://bmbreports.org

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Antioxidant effect of thiazole derivative in brain
Seung Cheol Ha, et al.

BMB Rep. 44, 647-652.

Chan, P. H. (1996) Role of oxidants in ischemic brain
damage. Stroke 27, 1124-1129.

Piantadosi, C. A. and Zhang, J. (1996) Mitochondrial gen-
eration of reactive oxygen species after brain ischemia in
the rat. Stroke 27, 327-331.

Liu, D., Smith, C. L., Barone, F. C,, Ellison, J. A., Lysko, P.
G., Li, K. and Simpson, I. A. (1999) Astrocytic demise pre-
cedes delayed neuronal death in focal ischemic rat brain.
Mol. Brain Res. 68, 29-41.

Vieira, H. L., Belzacq, A. S. and Haouzi, D. (2001) The ad-
enine nucleotide translocator: a target of nitric oxide, perox-
ynitrite, and 4-hydroxynonenal. Oncogene 20, 4305-4316.
CandelarioJalil, E., Mhadu, N. H., Al-Dalain, S. M.,
Martinez, G. and Leon, O. S. (2001) Time course of oxida-
tive damage in different brain regions following transient
cerebral ischemia in gerbils. Neurosci. Res. 41, 233-241.
Wang, Q., Sun, A. Y., Simonyi, A., Jensen, M. D., Shelat,
P. B., Rottinghaus, G. E., MacDonald, R. S., Miller, D. K.,
Lubahn, D. E., Weisman, G. A. and Sun, G. Y. (2005)
Neuroprotective mechanisms of curcumin against cerebral
ischemia-induced neuronal apoptosis and behavioral
deficits. /. Neurosci. Res. 82, 138-148.

Sharma, S. S., Dhar, A. and Kaundal, R. K. (2007) FeTPPS
protects against global cerebral ischemic-reperfusion in-
jury in gerbils. Pharmacol. Res. 55, 335-342.

Dringen, R. (2000) Metabolism and functions of gluta-
thione in brain. Prog. Neurobiol. 62, 649-671.

Schulz, J. B., Lindenau, J., Seyfried, J. and Dichgans, J.
(2000) Glutathione, oxidative stress and neurodegene-
ration. Eur. J. Biochem. 267, 4904-4911.

Lombardi, G., Varsaldi, F., Miglio, G., Papini, M. G.,
Battaglia, A. and Canonico, P. L. (2002) Cabergoline pre-
vents necrotic neuronal death in an in vitro model of oxi-
dative stress. Eur. J. Pharmacol. 457, 95-99.

Flohe, L. and Ginzler, W. A. (1984) Assay of glutathione
peroxidase. Methods Enzymol. 105, 114-121.

Aebi, H. (1984) Catalase in vitro. Methods Enzymol. 105,
121-126.

BMB Reports 375



