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Abstract Thymoquinone (TQ), a bioactive constituent of
Nigella sativa Linn (N. sativa) has demonstrated several
neuropharmacological attributes. In the present study, the
neuroprotective properties of TQ were investigated by
studying its anti-apoptotic potential to diminish B-amyloid
peptide 1-40 sequence (AB;_40)-induced neuronal cell death
in primary cultured cerebellar granule neurons (CGNs). The
effects of TQ against AB;_4o-induced neurotoxicity, mor-
phological damages, DNA condensation, the generation of
reactive oxygen species, and caspase-3, -8, and -9 activation
were investigated. Pretreatment of CGNs with TQ (0.1 and
1 uM) and subsequent exposure to 10 uM AB_4o protected
the CGNs against the neurotoxic effects of the latter. In
addition, the CGNs were better preserved with intact cell
bodies, extensive neurite networks, a loss of condensed
chromatin and less free radical generation than those
exposed to APB;_49 alone. TQ pretreatment inhibited AB_49-
induced apoptosis of CGNs via both extrinsic and intrinsic
caspase pathways. Thus, the findings of this study suggest
that TQ may prevent neurotoxicity and AP;_4o-induced
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Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia among the elderly population (Cummings and
Cole 2002). One of the pathological hallmarks of AD is
senile plaques in the brain, composed of B-amyloid (AfB)
peptide with 39—43 amino acids, derived from cleavage of
the amyloid precursor protein (Hardy and Higgins 1992;
Yankner 1996). AP is reported to be neurotoxic against
neuronal primary cultures and cell lines (Irie and Keung
2003; Yu et al. 2005). A few drugs have been approved for
managing the cognitive and behavioral symptoms of AD,
but side effects (Terry et al. 2011) and an inability to
improve the overall symptomatology in AD necessitates
the search for newer and better therapies.

There is an ongoing intensive search for potential agents
to prevent AP neurotoxicity. One promising approach is
through the modulation of anti-apoptotic mechanisms.
Apoptosis plays a central role in mediating the death of
neurons secondary to oxidative damage produced by fac-
tors like AP (Klein and Ackerman 2003; Kannan and Jain
2000). Extrinsic and intrinsic caspases are important acti-
vators of apoptosis, and their modulation by exogenous
stimuli could prevent or promote apoptosis. Furthermore,
reduced production of free radicals generated by AP, and
consequently the reduced apoptosis, could therefore pre-
vent oxidative stress, death of neurons, and potentially
neurodegenerative diseases (Ferrari 2007; Matteo et al.
2007).

Most studies concerning AD have been conducted on
the cerebral cortex; however, there is compelling evidence
whereby AD patients exhibit pathological alterations of the
cerebellar cortex (Mann et al. 2001). Pieri et al. (2010)
showed the protective effects of tachykinin endecapeptide
substance P (SP) against AP,s_3s- and AP;_4»-induced
apoptotic on cerebellar granule cells. It has also been
demonstrated that treatment of rat cerebellar granule cells
with AB,s_3s-induced apoptotic cell death, dependent on
depolarization and developmental cell conditions (Scorzi-
ello et al. 1996). In addition, AB;_4,-induced death of PC12
cells and cerebellar granule cell neurons is inhibited by
long-term lithium treatment through the overexpression of
Bcl-2 protein (Wei et al. 2000).

Furthermore, the study of cerebellar connectivity and
function shows that the cerebellum is not only responsible
for motoric function but is also engaged in cognition and
learning (Wegiel et al. 1999). As supported by Bloedel and
Bracha (1997), Kalashnikova et al. (2005), and Parkins
(1997), cerebellum, besides its participation in control of
muscle movement accuracy, maintenance of equilibrium
and posture, is also engaged in cognition and learning.
Studies of the function of patients with defective cerebella
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reveal deficits in cognitive planning (Appollonio et al.
1993) and cognitive operations in three-dimensional space
(Wallesch and Horn 1990). The patients were unable to
perform well in the practice-related learning and error-
detection (Petersen and Fiez 1993) and learning of arbitrary
associations between words (Bracke-Tolkmitt et al. 1989).
There were also deficits in judging of time intervals and the
velocity of moving stimuli (Ivry and Baldo 1992) and
rapidly shifting attention between sensory modalities
(Akshomoff and Courchesne 1992). For years, the cere-
bellum was thought to be unaffected in AD, but neuro-
pathological studies based on more sensitive methods show
frequent and varied cerebellar changes in the late stages of
the disease (Braak et al. 1989; Joachim et al. 1989; Yam-
aguchi et al. 1989). Since cerebellum is also engaged in
cognition and learning, and its defective functions may
cause deficits in cognitive, judgment, and affects AD
patients bodily control, therefore it is beneficial to further
understand how cerebellum response to A toxicity and
search for potential agents to prevent the neurons from
further damage.

It is known that the toxicity effects of A to the neuronal
cultures are contributed by its length 25-35 (Pike et al.
1995). Thus, synthetic AB,s_35 sequence was developed for
practical reason. However, still the AB,s_35 sequence does
not exist in the biological system (Yankner et al. 1989).
Therefore, AB;_40 sequence was chosen as this length is
present in the biological system in comparison to AB,s_3s.
Even though AB;_4, is more prone to aggregate as com-
pared to AB_40, and thus caused the toxicity effects to the
neuronal cultures (Selkoe 2001); however, the toxicity
effects of AB;_49 also cannot be disregarded as AB;_4¢ also
prone to aggregate and caused toxicity effects. In conse-
quence, numerous studies have been carried out to under-
stand the roles of AB;_4 in vitro (Hirohata et al. 2012; Ono
et al. 2005, 2006, 2012) and AB;_4¢ has been used to induce
toxicity in rat model of AD (Colom et al. 2013; Wan et al.
2013; Zhang et al. 2013). Also, it has been shown that
different structures of AP were formed under variety of
conditions, which includes aggregation temperatures and
incubation period. For instance, Ono et al. (2005) reported
that both AB;_49 and AB;_4> formed fibrils when incubated
at 37 °C for 7 days and 24 h, respectively.

Thymoquinone (TQ) is a bioactive constituent of Ni-
gella sativa Linn (N. sativa), a dicotyledon of the Ranun-
culaceae family commonly known as black seed. N. sativa
was reported in our previous publication as having pro-
tective effects against APB-induced toxicity in neuronal cells
likely due to its antioxidant properties (Ismail et al. 2008).
N. sativa was also reported to improve blood flow and
reduce neurological deficits in cerebral ischemia (Akhtar
et al. 2012). On the other hand, TQ seems promising due to
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its many biological effects, which include antioxidant,
antiinflammatory, and antidiabetic characteristics (Shriv-
astava et al. 2011) that may be beneficial in the manage-
ment of AD. TQ was reported to protect against AB,s_3s-
induced oxidative stress-associated inflammation in pheo-
chromocytoma (PC12) cells through modulation of
endogenous antioxidant status, inflammation-related pro-
tein expression, and reactive oxygen species (ROS) level. It
also restored abnormal mitochondrial membrane potential
(Khan et al. 2012). In PC12 cells, it also protects from
glucose deprivation-induced DNA damage (Babazadeh
et al. 2012). The combination of TQ and metformin exerted
a neuroprotective effect by decreasing ethanol-mediated
mitochondria-dependent apoptosis in prenatal rat cortical
neurons (Ullah et al. 2012). Moreover, TQ attenuated the
oxidative stress-induced vascular endothelial dysfunction,
probably resulting from its potent antioxidant capacity (El-
Agamy and Nader 2012). TQ is also reported to counteract
the induced oxidative stress in rats’ brain tissue by reduc-
ing the levels of peroxidation, and enhancing the activities
of enzymatic and non-enzymatic antioxidants (Sheikh and
Mohamadin 2012).

Considering the growing interest in the use of herbal
remedies for chronic diseases, the neuroprotective potentials
of TQ appear to be promising in the management of neuro-
degenerative diseases. Thus, in the present study, we eval-
uated the neuroprotective effects of TQ on AB;_4g-induced
neurotoxicity, morphological damages, DNA condensation,
the production of ROS, and caspase-3, -8, and -9 activations
in primary cultured cerebellar granule neurons (CGNGs).

Materials and Methods
Primary Culture of CGNs

The primary culture of CGNs was prepared as reported
earlier (Ismail et al. 2008), according to requirement of the
Universiti Putra Malaysia Use and Care of Animal Ethics
Committee. Briefly, the cerebellar tissues from newborn
Sprague-Dawley rats (7-days-old) were removed and the
meninges were cleaned in phosphate buffered saline (PBS)
(pH 7.2). The tissues were then chopped with a scalpel and
transferred to a trypsin solution at 37 °C for 7 min. The
single cells were obtained through trituration steps using a
fire-polished glass pipette in Dulbecco’s modified Eagle’s
medium (DMEM) containing 19 mM NaHCO;, 26.2 mM
KCl, 7 uM p-aminobenzoic acid, 100 mU/L insulin, and
50 pg/mL gentamicin, and further seeded into 96-well
poly-L-lysine-coated plate. The cells were maintained in
DMEM supplemented with 10 % fetal bovine serum in a
humidified incubator (37 °C, 5 % CO,, and 95 % air).
After 48 h of incubation, the non-neuronal cell division

was inhibited by adding 10 uM cytosine arabinofuranoside
for 24 h. The resulting matured cells were used for the
following experiments 4 days thereafter.

Preparation and Dilution of AB_4

The stock solution of AB;_4y (Sigma-Aldrich, St. Louis,
MO, USA) was prepared by dissolving the lyophilized
peptide initially with sterile distilled water at 1 mg/mL
(0.23 mM). The lyophilized peptide should not be dis-
solved directly into saline or buffer as the peptide would
not be soluble. The peptide solution was then further
diluted with PBS (pH 7.2) to 30 pM and incubated at 37 °C
for 4 days. The desired concentration of 10 pM AB;_4o was
obtained by diluting the peptide with culture medium for
cell culture experiments. Our previous study showed that
the final concentration of 10 uM A;_49 was sufficient to
induce toxicity to the CGNs (Ismail et al. 2008).

Neurotoxicity Assays

The  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and lac-
tate dehydrogenase (LDH) release assays are indicators of
cell viability and cell death, respectively. The aggregated
APBj_40 was prepared, as described in “Preparation and
Dilution of AP;_4” section, in the absence of cells. Mean-
while, the CGNs were cultured in 96-well plates at a density
of 1 x 10° cells/well and were let to mature for 4 days
before use. Pretreatment of the CGNs with TQ for 5 h was
subsequently followed by exposure to 10 uM AB;_4o. After
24 h incubation, 50 pL of the sample media was transferred
to a new 96-well plate to assess LDH release.

For MTS assay, 20 pL of MTS reagent (CellTiter 96®
AQueous One Solution Reagent, Promega, Southampton,
UK) was added into M TS assay plate and incubated for 4 h at
37 °Cin a humidified, 5 % CO,. The optical density (OD) of
the wells was determined using a microplate reader (Opsys
MR, Thermo Labsystems, Franklin, MA, USA) at 490 nm
wavelength. For LDH assay, LDH released into the media
was determined using the CytoTox 96 Non-radioactive
Cytotoxicity Assay (Promega, Southampton, UK). Briefly,
50 pL of assay buffer was added to 50 pL of media removed
from each well prior to MTS assay. The plate was further
incubated in the dark at room temperature for 30 min, fol-
lowed by adding 50 pL of stop solution into each well and
the absorbance was measured using a microplate reader
(Opsys MR, Thermo Labsystems) at 490 nm.

Morphological Assessment by Light Microscope

The morphology of CGNs, treated and untreated, was
assessed and captured by light microscope (Leica
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Microsystems CMS GmbH, Wetzlar, Germany) at 40x
magnification using Motic Image Software (Wetzlar,
Germany).

Hoechst 33258 Staining Assay by Epifluorescence
Microscopy

CGNs were grown in chamber slides (Labtek II Chamber
Slide, Nunc, Thermo Fisher Scientific, Germany) at a
density of 1 x 10° cells/well and pretreated with 0.1 uM
TQ for 5 h followed by exposure to 10 uM AB;_4o. After
24 h incubation, cells were fixed with 2 mL of 4 % para-
formaldehyde and washed three times with PBS (pH 7.2).
Cells were then stained with 60 pg/mL Hoechst 33258 in
PBS (pH 7.2) for 30 min at room temperature, and there-
after washed three times with PBS (pH 7.2). The excess
PBS was dried-out and the slide was observed under an
epifluorescence microscope (Leica DMLB, Leica Micro-
systems CMS GmbH, Wetzlar, Germany) with a UV-2
filter.

Detection of ROS by Electron Spin Resonance (ESR)
Spectrometer

CGNs were grown in 6-well plates at a density of 1 x 10°
cells/well and pretreated with 0.1 pM TQ before exposure
to 10 uM AP;_40 for 24 h. The cells were washed and
harvested with PBS (pH 7.2). Lysis buffer (9 % (v/v)
Triton® X-100) was added to cell pellets and then incu-
bated on ice for 10 min. The pellets were then washed,
resuspended, and centrifuged at 1,000 rpm. Three hundred
microliters of supernatant were added to 30 pL of 5,5-
dimethyl-1-pyrroline-1-oxide (DMPO). The mixture was
then transferred to a quartz flat cell and analyzed by an
ESR spectrometer (Jeol FA100; Tokyo, Japan).

Caspase-3, -8, and -9 Activation Assays

CGNs were grown in 6-well plates at a density of 1 x 10°
cells/well and pretreated with 0.1 pM TQ before exposure
to 10 pM A_4o for 24 h. The cells were then harvested,
centrifuged at 1,000 rpm for 10 min and the pellets were
resuspended in 1 mL of cell lysis buffer for 1 h. The
supernatant was collected for the following caspase-3, -8,
and -9 assays. The protein content in each sample was
determined using Bradford assay.

In the caspase-3 assay, the supernatant was added to
DEVD-pNA substrate (10 mM stock) (Caspase™ Assay
System Kit, Promega, Southampton, UK). The solution
was swirled slowly, further incubated at 37 °C for 4 h and
the absorbance was measured by microplate reader at
405 nm (Opsys MR, Thermo Labsystems, Franklin, MA,
USA).
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On the other hand, the caspase-8 activity was deter-
mined using Caspase-8 Assay Kit (Sigma-Aldrich, St.
Louis, MO, USA) with the Ac-IETD-pNA as colorimetric
specific substrate labeled with the chromophore p-nitro-
aniline (pNA). Free pNA was cleaved by caspase-8 enzyme
and monitored by a spectrophotometer. The amount of
pNA released is proportional to the amount of caspase-8
activity present in the sample. The collected supernatant
was added with 50 pL of 2x Reaction Buffer (containing
10 mM DTT), followed by addition of 5 pL. of 4 mM
IETD-pNA substrate. The absorbance was measured after
4 h incubation at 37 °C by microplate reader (Opsys MR,
Thermo Labsystems, Franklin, MA, USA) at 405 nm
wavelength.

The caspase-9 activity was determined using Colorimet-
ric Activity Assay Kit (Chemicon Inc., PA, USA) with the
Ac-LEHD-pNA as colorimetric specific substrate labeled
with the chromophore pNA. p-Nitroaniline was released
from the substrate upon cleavage by caspase-9 enzyme. Free
pNA was monitored by a spectrophotometer. The amount of
pNA released is proportional to the amount of caspase-9
activity present in the sample. The supernatant was added to
2 pL of the LEHD-pNA substrate (10 mM stock) for each
sample. The absorbance of caspase-9 activity was measured
after 4 h incubation at 37 °C by microplate reader (Opsys
MR, Thermo Labsystems, Franklin, MA, USA) at 405 nm.

Statistical Analyses

The means of groups were used for the analyses; where
error bars are shown, they represent the SEM. One-way
analysis of variance (ANOVA) was performed using SPSS
21.0 software (SPSS Inc., Chicago, IL, USA) to assess the
level of significant differences at P < 0.01.

Results

Protective Effects of TQ on AP;_4-induced
Neurotoxicity in CGNs

After incubating AB;_4o for 96 h, its neurotoxic effects
were determined by exposing the CGNs to 10 pM AB;_4
at 37 °C for 24 h. The cell viability of 10 pM AB;_49
alone, as assessed by MTS assay, was 54 + 0.98 %
(P < 0.01) (Fig. 1a). Pretreatment of the CGNs with TQ
attenuated the neurotoxic effects of AB;_4o. TQ at 0.1 and
1 puM restored the cell viability of CGNs exposed to AB;_49
to 99 + 2.31 and 91 £ 1.92 %, respectively (P < 0.01).
Pretreatment with TQ alone did not affect the growth of
CGNs within tested concentrations. On the other hand,
exposure of CGNs to 10 uM AP;_4o increased LDH
activity to 84.18 + 4.62 % (Fig. 1b), while pretreatment
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with TQ prevented it. At 0.1 and 1 pM concentrations, TQ
significantly reduced AP;_4p-induced increase in LDH to
61 + 2.05 and 65 & 3.09 %, respectively.

TQ Preserved the Intact Cell Bodies and Extensive
Neurite Network on A;_4g-induced Morphological
Damages in CGNs

In phase-contrast observations, control cells (Fig. 2a-i)
appeared generally healthy, with round cell bodies (thick
arrow) and with a well-developed network of neurites (thin
arrow). After 24 h exposure to 10 pM AB;_4 (Fig. 2a-ii), a
significant reduction in the number of viable cells, dis-
played by damaged and shrunken cell bodies as well as
clumped cells (thick arrow) with a disruption of neurites
(thin arrow), was observed. Neurons with intact neurites
and round soma were considered viable, whereas those
with degenerated neurites and irregular soma were con-
sidered non-viable. By contrast, cells incubated with
10 uM AB_49 in presence of 0.1 uM TQ (Fig. 2a-iii) were
better preserved with intact cell bodies (thick arrow) and
neurite network (thin arrow) than cells exposed to AB;_49
alone. CGNs treated with 0.1 puM TQ alone (Fig. 2a-iv) did
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not cause any reduction in the number of viable cells and
retained a phenotype similar to untreated control cells.

TQ Reduced Condensed Chromatin on AB;_4-induced
DNA Condensation in CGNs

The number of Hoechst-positive nuclei increased in
AB_4o-treated CGNs (Fig. 3a-ii) as compared to control
(Fig. 3a-i). In untreated cells, little fluorescence was
observed in the nucleus. On the other hand, condensed and
fragmented nuclei and apoptotic bodies were observed in
APBj_40 treated alone. However, the amount of condensed
chromatin in AB;_4 treated CGNs decreased significantly
in the presence of 0.1 uM TQ (Fig. 3a-iii). CGNs treated
with 0.1 pM TQ alone (Fig. 3a-iv) retained a phenotype
similar to untreated control cells.

TQ Lessen the Production of Free Radical on AB;_49
in CGNs

The AP peptide has been suggested to be capable of
spontaneously generating free radicals. A four-line spec-
trum was obtained from the incubation of A;_4¢ alone and
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Fig. 1 Neuroprotective effects of TQ against AB;_40. a MTS assay.
b LDH assay. The CGNs were pretreated for 5 h with TQ (0.1 and
1 uM), followed by exposure to 10 pM AP 40 for 24 h. The
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percentage of DMSO was 0.01 % (v/v). Values represent mean =+
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Control

Fig. 2 Phase-contrast micrograph observation on CGNs at x40
magnification. a The intact cell bodies (white arrow) and neurite
network formation (black arrow). i 4-day-old CGNs in medium
(control). ii CGNs treated with 10 pM A4 alone. iii CGNs

DMPO (Fig. 4b). However, the four-line spectrum was
slightly inhibited in the presence of 0.1 pM TQ (Fig. 4c).
No definite four-line spectrum was observed in the absence
of ABi_40 peptide (control) (Fig. 4a).

TQ Reduced the Activation of Caspase-3, -8, and -9
on AB;_49 Exposure in CGNs

The activity of caspase-3 in CGNs increased following
exposure to 10 uM A4 for 24 h (Fig. 5a). However,
pretreatment of CGNs with 0.1 uM TQ for 5 h, with sub-
sequent exposure to 10 uM AB;_4o was able to reduce
caspase-3 activity significantly (from 115 &+ 1.09 to
87 + 5.76 %). Incubation of TQ alone did not increase the
caspase-3 activity. A similar pattern of effect was observed
when caspase-8 (Fig. 5b) and caspase-9 (Fig. Sc) were

@ Springer

AB1-40

‘TQ + AB1-40 TQ

pretreated with 0.1 uM TQ and subsequent exposure to 10 uM
AP _40. iv CGNs treated with 0.1 pM TQ alone. b The percentage of
dead cells. Values represent mean + SEM #p < 0.01 versus control,
*P < 0.01 versus AB;_40

assayed; exposure of CGNs to 10 uM A;_4 increased the
activities of both (111 £ 6.82 and 148 &£ 8.32 %, respec-
tively). TQ reduced caspase-9 activation to 95 + 5.34 %,
whereby caspase-8 activation was reduced to 83 £ 5.08 %,
significantly (P < 0.01).

Discussion

Beta-amyloid peptides play a major role in the pathogen-
esis of AD and compounds that can inhibit pathways
related to AB-induced neurotoxicity may be of potential
therapeutic value in the treatment of AD (Ferrari 2007;
Matteo et al. 2007). The present study investigated the
neuroprotective mechanism of action of TQ against
ABj_4o-induced neurotoxicity, morphological damages,
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Fig. 3 Apoptotic features of CGNs induced by APi_4. After
treatment for 24 h, nuclear chromatin was stained with Hoechst
33258 fluorescent dye. a The thick arrows indicate apoptotic nuclear
fragmentation and residual fragments, whereas thin arrows indicate
normal cell. i 4-day-old CGNs in medium (control). ii CGNs treated

DNA condensation, the production of ROS, and activation
of caspase-3, -8, and -9 in primary cultured CGNSs.

It was found that TQ pretreatment increased cell sur-
vival (measured by MTS assay) after subsequent exposure
to ABj_40. LDH release in cell culture supernatant was also
determined to further examine this neuroprotective effect.
LDH is a stable cytoplasmic enzyme that is released into
the surrounding medium when the plasma membrane is
damaged by oxidative stress, which is an indication of cell
death. In the present study, TQ pretreatment significantly
decreased LDH release by CGNs, thereby providing evi-
dence that TQ protects CGNs against Af;_4o-induced
neurotoxicity.

AB1-40

TQ + AB1-40

with 10 M AB_4o alone. iii CGNs pretreated with 0.1 M TQ and
subsequent exposure to 10 pM AB;_4¢. iv CGNs treated with 0.1 pM
TQ alone. b The percentage of apoptotic cells. Values represent
mean + SEM *P < 0.01 versus control, *P < 0.01 versus AB1_40

In the morphological observations, TQ preserved the
intact cell bodies and extensive neurite network on AB_49-
induced morphological damages in CGNs. The morphol-
ogy of CGNs observed in this study is in agreement with
that reported by Ikonomovic et al. (1997) and Fatokun et al.
(2007). In addition, TQ reduced condensed chromatin on
ABj_40-induced DNA condensation in CGNs. This finding
was similar to that of Boyd-Kimball et al. (2005), who
showed brightly fluoresce and fragmented nuclei that are
the indication of apoptosis. Morphologically, apoptotic
neurons are characterized by cell shrinkage, the retraction
of neuronal processes, a contracted nucleus, chromatin
condensation, DNA fragmentation, and plasma membrane
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Fig. 4 The ESR Spectroscopic spectra obtained after the incubation
of 10 uM AB;_49 with DMPO. a Control b 10 pM AP;_4o alone.
¢ 0.1 uM TQ + 10 uM AB;_40. The peaks (shown by red arrows) are

blebbing. In the end-stage, the dying cell disintegrates to
form apoptotic bodies. This result was also supported by
Forloni et al. (1993), who found that Ap;_4o-induced
neuronal cell death is typified by the chromatin
condensation.

Tabner et al. (2002) suggested that accumulated
hydrogen peroxide formed in a metal-dependent mecha-
nism during the incubation of AP is readily converted to
hydroxyl radicals. AP;_4o can form hydrogen peroxide
upon incubation in solution at 37 °C (Bush et al. 1999),
suggesting that AB;_4o becomes toxic to cultured neurons,
since the peptide itself could generate free radicals. How-
ever, TQ pretreatment inhibited this apparent increase in
ROS. Thus, TQ may also prevent Af;_4-induced neuro-
toxicity through its antioxidant ability.

Caspases are implicated in the accomplishment of
apoptotic cell death, while the inhibition of their activation
is favorable for cell survival. The activation of caspase-3
induces DNA fragmentation, nuclear chromatin conden-
sation, and cell apoptosis (Li et al. 2008). Wai et al. (2009)
showed that caspase-3 activation was increased in AD
patients, and triggered synaptic failure (D’Amelio et al.
2011) and autophagy, which may contribute to cognitive
dysfunction in AD development (Rohn et al. 2011). The
increased level of caspase activities induced by AB;_4¢ in
our experiments supports the findings of elevated caspase-
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indicative of the presence of hydroxyl radicals; higher peaks suggest
the presence of more hydroxyl radicals and vice versa (Color figure
online)

3, -8, and -9 levels of sporadic AD patients in comparison
with non-demented controls (Tacconi et al. 2004), as well
as increased caspase-8 expression in the hippocampus of
injected rats with AP,_49 (Miguel-Hidalgo et al. 2012) and
the activation of caspase-3 in SK-N-SH neuroblastoma
cells exposed to AB;_40 (Li et al. 2012).

Caspase-8 is a member of the initiator family of casp-
ases, making it an important player in the cascade leading
up to apoptosis. Once activated, caspase-8 initiates down-
stream caspases (3, 6, and 7) that eventually cleave key
cellular substrates, leading to apoptotic cell death. It is well
documented that AP may prompt neuronal cell death
associated with AD by the induction of apoptosis followed
by cross-linking of death-receptors and concomitant acti-
vation of caspase-8 and caspase-3 (Rohn et al. 2001),
suggesting that the activation of caspase-8 and apoptosis
are crucial steps toward the damage caused by AP in AD
(Rohn et al. 2001; Ivins et al. 1999). Suppression of the
activity of caspase-3, -8, and -9, in the presence of TQ,
therefore suggests anti-apoptosis as one of the mechanisms
by which TQ protected the CGNs from the cytotoxic
effects of ABj_40.

In this study, the pretreatment of CGNs with TQ (0.1 and
1 uM) increased cell viability, reduced LDH release, pre-
served cell bodies, promoted neurite network, attenuated
condensed chromatin and free radical generation, inhibited
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Fig. 5 Effects of TQ on AB;_4o-induced activation of a caspase-3.
b Caspase-8. ¢ Caspase-9 in CGNs. Caspase activities were
determined over 24 h in CGNs with 10 puM AB;_4o alone, TQ alone

caspase-3, -8 and -9 activation compared to those exposed to
APBj_40 alone. Our results are in agreement with previous
findings, which showed that TQ is protective against Ap-
induced toxicity (Babazadeh et al. 2012; El-Agamy and
Nader 2012; Khan et al. 2012; Sheikh and Mohamadin 2012;
Ullah et al. 2012). This suggests that TQ, like other prom-
ising agents reported previously (Ferrari 2007; Matteo et al.
2007) could potentially protect against AD and possibly
other neurodegenerative disorders.

Conclusions

It has been demonstrated in the current study that AB;_4,
which is pathognomonic of AD, will lead to the activation
of both extrinsic and intrinsic apoptotic pathways, as
shown by activated caspases -8 and -9. TQ, however, may
be able to protect CGNs from AP;_4 toxic effects through
the suppression of caspases and lessen the generation of
free radicals with a resultant improvement in cell viability.
Our findings suggest that TQ has neuroprotective effects,

APl-40 TQ+ABI-40 TQ

and 10 uM ABj_40 + 0.1 uM TQ. Values represent mean + SEM
#P < 0.01 versus control, *P < 0.01 versus ABi_40

and may be worth looking into further as a potential agent
in lowering the risks of AD.
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