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Abstract
The neurotoxic effects of aluminum are generally associated with reduced antioxidant capacity, increased oxidative stress 
and apoptosis, which lead to the induction of neurodegenerative processes. Curcumin has a lipophilic polyphenol character 
and effects of antioxidant and anti-apoptotic. The present study was undertaken to examine possible aluminum exposure in 
rats brain synaptosomes and to investigate whether protective and therapeutic effects of curcumin on biochemical and mor-
phological changes in both pre- and post-treated groups. Aluminum chloride (AlCl3) at 50 µM concentration and curcumin 
at 5 and 10 µg/mL doses were applied to hippocampal synaptosomes of rats according to experimental design. Biochemical 
effects were evaluated by MTT cytotoxicity, malondialdehyde (MDA) levels, nitric oxide (NO) levels, glutathione (GSH) 
levels, caspase 3 activities, cytochrome c levels, DNA fragmentation values and protein levels. Morphological examinations 
were done by TEM analysis. AlCI3 exposure in the synaptosomes enhanced oxidative stress, triggered apoptosis and caused 
ultrastructural alterations which were well reflected in the TEM images. Curcumin pre-treatment slightly ameliorated the 
MDA levels, NO levels, cytochrome c levels and caspase 3 activities in AlCI3-exposed synaptosomes, but these results were 
not statistically significant. Furthermore, curcumin post-treatment significantly improved oxidative damage and morphologi-
cal alterations, and suppressed cytochrome c and caspase 3 activities. Taken together, our data showed that curcumin had 
more therapeutic effects than protective effects in AlCI3-induced neurotoxicity. Nevertheless, the therapeutic (post-protective) 
effects of curcumin should be further investigated in in vivo neurodegenerative models involving behavioral tests.

Keywords  Aluminum chloride · Curcumin · Oxidative stress · Apoptosis · Morphological alteration · Hippocampal 
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Introduction

Aluminum is one of the most common non-essential ele-
ments found in nature [1]. Ionic form of aluminum (Al+3) 
is chemically highly reactive and tends to be a compound. 

Al+3 has recently been used as a component in the produc-
tion of many cosmetic products, pharmaceuticals and daily 
products, such as food and beverages [2]. Al+3 is especially 
used as an effective stimulant of the immune system in the 
ingredient of many vaccines and medicines [3].

Al+3 is absorbed mainly from the gastrointestinal tract 
and spreads throughout the body, it is subsequently accu-
mulated in different tissues [4, 5]. Al+3 passes through 
the blood brain barrier by binding to the transferrin [6]. 
Al+3 predominantly accumulates in the brain areas, such 
as corpus striatum, brain stem, hippocampus and frontal 
cortex [7]. It triggers oxidative damage and impairs cel-
lular signaling cascades by increasing the production of 
reactive oxygen and reactive nitrogen species (ROS and 
RNS, respectively) [8, 9]. Studies have also shown that 
Al+3 treatment may play a role in neuronal degeneration 
processes that are associated with glucose metabolism, 
cellular respiration, axonal signal transduction, inhibition 
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of antioxidant enzymes, lipid peroxidation and protein 
denaturation [10]. Al+3 treatments also affect cytochrome 
oxidase activity, which enhances neuronal death by 
increasing mitochondrial membrane permeability, DNA 
damage and apoptosis [11, 12].

In recent years, antioxidant hallmarked plants have been 
gained an importance in oxidative stress-related neurode-
generative diseases. From these antioxidant plant speci-
mens Curcuma longa (turmeric), a traditional Indian spice, 
is a member of the ginger family. The active component of 
turmeric is curcumin, which is chemically called diferu-
loylmethane [13]. Curcumin as an alternative protective 
agent has effects of antimicrobial [14], anti-carcinogenic 
[15], anti-inflammatory [16] and antioxidant [17]. Moreo-
ver, curcumin seems to have a lot of promise in neurode-
generative diseases due to its ability to cross the blood 
brain barrier [18]. Previous study reported that curcumin 
decreased the ROS production by supporting antioxidant 
capacity and inhibited the neuro-apoptosis [19].

In the present study, we aimed to compare whether the 
pre- and post-protective effects of curcumin were through 
apoptotic and oxidative biomarkers in aluminum chloride 
(AlCI3)-induced synaptosomes. Therefore, we applied pre- 
and post-treatment of curcumin to AlCI3-induced synap-
tosome, then measured some biochemical parameters in 
rat hippocampal synaptosomes, such as MTT cytotoxicity, 
malondialdehyde (MDA) levels, nitric oxide (NO) levels, 
glutathione (GSH) levels, cytochrome c levels, caspase 3 
activities, DNA fragmentation values and morphological 
analysis.

Material and Methods

Animals

This study was conducted with 56 healthy Wistar Albino 
adult male rats (weighing 250 ± 30 g) obtained from the 
Medical and Surgical Experimental Research Center, 
Eskisehir. Experimental procedures were carried out 
according to the decision of Animal Experiments Local 
Ethics Committee of Eskisehir Osmangazi University 
(Protocol no: 655) and with the Guide for the Care and Use 
of Laboratory Animals prepared by the National Academy 
of Sciences. Rats were housed in polycarbonate cages with 
controlled temperature (25 ± 2 °C), humidity (45 ± 5%) 
and 12-h cycle of light/dark. Rats were anaesthetized with 
an intramuscular injection ketamine + xylazine (at doses 
of 40 mg/kg and 10 mg/kg, respectively) and sacrificed by 
cervical dislocation. During the experimental procedure, 
all steps were taken to alleviate animal pain and the least 
number of animals were used.

Preparation and Treatments of Synaptosomes

Rat brain synaptosomes were obtained according to the 
modified Whittaker et al. [20]. Briefly, after anesthesia, 
hippocampus of rats immediately dissected on ice and 
homogenized in a solution containing (1:10 w/v) 10 mM 
HEPES and 0.3 M sucrose. Following, homogenates were 
centrifuged at 3000×g for 10 min at 4 °C, and then pel-
lets were removed. The supernatants obtained from the 
first centrifugation were re-centrifuged at 12,000×g for 
20 min at 4 °C. After, the pellets contained the synapto-
somal parts were stored in the presence of 5% dimethyl 
sulfoxide (DMSO, a cryoprotectant) at − 80 °C (Dunkley 
et al. 2008) for future biochemical analysis.

Synaptosomal fractions each containing 100 mg of tis-
sue in 3 mL medium were divided into eight subgroups; 
each group containing hippocampus regions from seven 
animals:

•	 Group I (control), synaptosomes were exposed to saline 
for 6 h at 37 °C;

•	 Group II, synaptosomes were exposed to 50 µM AlCl3 
for 3 h, and then added with saline for another 3 h at 
37 °C;

•	 Group III, synaptosomes were treated with 5  µg/
mL curcumin for 3 h, and then added with saline for 
another 3 h at 37 °C;

•	 Group IV, synaptosomes were treated with 10  µg/
mL curcumin for 3 h, and then added with saline for 
another 3 h at 37 °C;

•	 Group V (pre-protective effects), synaptosomes were 
pretreated with 5 µg/mL curcumin for 3 h, and then 
added with 50 µM AlCl3 for another 3 h at 37 °C;

•	 Group VI (pre-protective effects), synaptosomes were 
pretreated with 10 µg/mL curcumin for 3 h, and then 
added with 100 µM AlCl3 for another 3 h at 37 °C;

•	 Group VII (post-protective effects), synaptosomes were 
pre-exposed to 50 µM AlCl3 for 3 h, and then added 
with 5 µg/mL curcumin for another 3 h at 37 °C;

•	 Group VIII (post-protective effects), synaptosomes 
were pre-exposed to 50 µM AlCl3 for 3 h, and then 
added with 10  µg/mL curcumin for another 3  h at 
37 °C.

Treated synaptosomes were used for the determina-
tion of MTT levels, MDA levels, NO levels, GSH levels, 
cytochrome c levels, caspase 3 activities, DNA fragmenta-
tion values and morphological analysis. Protein contents 
of synaptosomes were measured by the method of Lowry 
et al. [21].

Curcumin was freshly prepared with 5% DMSO before 
the experiment and administered at 5 and 10 µg/mL doses. 
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The curcumin doses were determined according to previ-
ous in vivo and in vitro studies [22, 23]. Similarly, AlCl3 
was also freshly prepared dissolving in bi-distilled water 
prior to the experiment and applied to synaptosomes at 
50 µM concentration. This concentration was the amount 
of Al+3 detected in the hippocampus region of rats after 
aluminum exposure [24, 25].

MTT Assay

We utilized the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromid (MTT) to formazan crystals 
by mitochondrial dehydrogenase to mitochondrial activity 
of synaptosomes [26]. Briefly, 50 μl synaptosomal fraction 
was added to 500 μl MTT solution (2.5 mg/ml in PBS), and 
then mixture was incubated at 37 °C for 3 h. Following incu-
bation, the mixture was centrifuged at 2000×g for 10 min 
at 4 °C and the resulting pellet re-suspended in DMSO to 
dissolve the formazan crystals. Finally, all samples were 
measured spectrophotometrically at 592 nm. The results 
were showed by comparison with the control.

Determination of MDA Levels in Synaptosomes

MDA levels were measured to determine lipid peroxidation 
in AlCl3-induced rat synaptosomes. MDA levels measured 
according to the method reported by Ohkawa et al. [27]. 
MDA is a secondary product of lipid peroxidation that is 
accepted as an important parameter most commonly used 
in the determination of lipid peroxidation. According to this 
method, MDA forms a pink-colored complex with incuba-
tion at 95 °C for 1 h with TBA at pH 3.4. This complex was 
measured at 532 nm wavelength. The results were indicated 
as nmol/mg protein.

Determination of NO Levels in Synaptosomes

The determination of NO levels was based on the meas-
urement of nitrite and nitrate formed by oxidation of nitric 
oxide. The amounts of nitrite and nitrate in the samples were 
determined by two consecutive reactions. Initially, nitrate 
was reduced to nitrite by means of enzymatic or non-enzy-
matic conversion. In the acidic reaction medium, the nitrite 
was diazotized with sulfanilamide and subsequently forms a 
purple azo compound with N-(1-naphthyl) ethylenediamine. 
The amount of nitrite was measured precisely according to 
the method also known as the Griess reaction [28]. The 
results were expressed as µmol/mg protein.

Determination of GSH Levels in Synaptosomes

GSH levels in rat brain synaptosomes were determined 
according to Srivastava and Beutler [29]. Briefly, the 

sulfhydryl group of GSH reacts with DTNB (Ellman’s rea-
gent) to form yellow colored 5-thio-2-nitrobenzoic acid 
(TNB). The GSH concentration was determined by meas-
uring the absorbance of this colored product at 412 nm. 
Reaction medium contains 0.1 mL sample, 2 mL 100 mM 
Tris–HCl buffer pH 8.4 and 0.1  mL Ellman’s reagent 
(60 mg/100 mL, 0.1 M Tris–HCl buffer pH 7.0). Synapto-
somal GSH levels were reported as μmol/mg protein.

Assays for Caspase 3 Activities and Cytochrome c 
Levels in Synaptosomes

Caspase 3 activity and cytochrome c levels were measured 
to show apoptotic status in synaptosomes. Caspase-3 activi-
ties in synaptosomes were measured spectrophotometrically 
at 405 nm using a colorimetric caspase-3 measurement kit 
(Sigma-Aldrich, St. Louis, Missouri, USA). Briefly, the 
determination of caspase 3 activity was based on the detec-
tion of releasing p-nitroaniline (pNA), which was induced 
by hydrolysis of acetyl-Asp-Glu-Val-Asp p-nitroanilide with 
caspase 3. The concentration of the pNA released from the 
substrate was calculated the absorbance values at 405 nm. 
The results were expressed as µmol pNA/min/mL.

Measurement of cytochrome c levels was based on the 
quantitative sandwich enzyme immunoassay technique. The 
rat cytochrome c assay kit (R&D Systems, Minneapolis, 
USA), which contains the microplates coated with mono-
clonal antibodies specific for rat cytochrome c, was used 
according to the manufacturer’s protocol. Data were indi-
cated as ng/mL.

Measurement of DNA Fragmentation

Synaptosomal DNA fragmentation values were determined 
using agarose gel electrophoresis. Mitochondrial DNA in 
synaptosomal fractions was obtained according to the modi-
fied method of Drakulic et al. [30]. Briefly, the synaptosomal 
DNA following centrifugation processes was incubated at 
37 °C for 3 h after mixing with 40 µl sodium dodecyl sul-
fate (5%), 10 µl RNase A (10 mg/mL) and 10 µl proteinase 
K (15 mg/mL). After incubation, DNA was precipitated by 
ethanol, separated by centrifugation and solved for electro-
phoresis in Tris–acetate-ethylenediaminetetraacetic acid 
(EDTA) buffer (pH 7). DNA purity was determined accord-
ing to absorbance ratios of 260 nm and 280 nm by taking 
1.6 and 1.8 as reference values. 5 μl DNA samples from 
different groups along with 100 bp marker were loaded on 
1% agarose gel and the samples were allowed to migrate by 
electrical field at 75 V for 3 h. DNA bands were visualized 
using ethidium bromide under UV light (Syngene G:BOX 
Chemi XRQ, Cambridge, United Kingdom).
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Transmission Electron Microscopic Analysis

Transmission electron microscopic (TEM) analysis was 
taken to show morphology in treated and untreated synapto-
somes. Synaptosomes were fixed with 2.5% glutaraldehyde 
for 2 h at room temperature. After, synaptosomes were cen-
trifuged at 18,000×g for 10 min. Pellets were washed twice 
times with phosphate buffer 0.1 M pH 7.4 and post-fixed in 
1% osmium tetroxide for 2 h at room temperature. Follow-
ing, the synaptosomes were stained with uranyl acetate and 
lead citrate for 4 h, and dehydrated with increasing etha-
nol concentrations. Finally, they were embedded into Epon 
resin. Sections were photographed in a JEOL JEM 1220 
transmission electron microscope.

Statistical Analysis

SPSS Version 21 was applied for the statistical analysis 
of biochemical measurements. Our results were shown as 
mean ± standard deviation. All data were assessed for the 
normality by using the Kolmogorov-Simirnov and Shap-
iro–Wilk tests. Data conforming to normal distribution, 
one-way ANOVA was performed, but to data that is not 
compatible with normal distribution, Kruskal–Wallis test 
was performed. P < 0.05 was considered significant.

Results

The Effects of Pre‑ and Post‑treatment 
of Curcumin on Oxidative and Apoptotic Markers 
in the AlCl3‑Exposed Synaptosomes

AlCl3 exposure showed in a dose-dependent reduction in 
MTT levels in the synaptosomes (Fig. 1a). The MTT levels 
in AlCl3-induced synaptosomes was reduced by 73% com-
pared with the control group (p < 0.001). However, treat-
ment with 5 and 10 µg/mL curcumin in Group III and Group 
IV produced respectively a modest increase of 5% and 12% 
in MTT levels compared to the control (p > 0.05). Moreo-
ver, curcumin pre-treatments in the Group V and Group VI 
did not show an increase in MTT levels compared to the 
Group II. Noteworthy, we detected a statistically significant 
decrease in MTT levels in synaptosomes after curcumin 
post-treatment. 5 and 10 µg/mL curcumin post-treatments 
led to a significant increase of 59% and 75% in MTT levels 
compared to the Group II, respectively.

As shown in Fig. 1b, 50 µM AlCl3 exposure increased 
lipid peroxidation in the synaptosomes. MDA levels in the 
Group II were significantly higher than the control group 
(67% of control, p < 0.01). Curcumin treatments in the 
Group III and Group IV did not show any changes in MDA 
levels compared to the control. Curcumin pre-treatments in 

the Group V and Group VI caused a slightly decrease in 
MDA levels compared to the Group II, while MDA levels 
in the post-treated curcumin groups were found similar to 
the control. Curcumin post-treatments in the Group VII and 
Group VIII caused respectively 28% and 41% decreases in 
MDA levels compared to the Group II.

Synaptosomes treated with 50 µM AlCl3 were found 
about three-fold increase in NO levels compared to the 
control (Fig. 1c). Curcumin treatments in the Group III and 
Group IV did not show any changes in NO levels compared 
to the control. Synaptosomes pre-treated with curcumin in 
the Group V and Group VI were shown a decrease in NO 
levels comparison with the Group II (24% and 31%, respec-
tively). On the other hand, curcumin post-treatments in the 
Group VII and Group VIII caused further decline in NO 
levels compared to Group II. In addition, synaptosomes post-
treated with 5 and 10 µg/mL curcumin doses were led to 
45% and %52 decreases in NO levels compared to the Group 
II, respectively (p < 0.05).

AlCl3-treated synaptosomes in the Group II showed a 
significant decrease of 42% in GSH levels compared to the 
control (Fig. 1d). Curcumin treatments in the Group III and 
Group IV were produced a slight increase in GSH levels 
compared to the control (8% and 13%, respectively). GSH 
levels in the pre-treated curcumin groups showed no changes 
compared to the Group II, while curcumin post-treatments 
in the Group VII and Group VIII were found a significant 
increase in GSH levels (35% and 48%, respectively).

We measured the cytochrome c and caspase 3 levels to 
confirm the apoptosis in synaptosomes following treatment 
with AlCl3 and curcumin (Fig. 1e, f). Curcumin treatments 
in the Group III and Group IV did not show any changes 
in cytochrome c and caspase 3 levels compared to the con-
trol, whereas, in the AlCl3-treated group was respectively 
observed a remarkable increase in cytochrome c and caspase 
3 levels (54% and 61% of control, p < 0.01). Curcumin pre-
treatments in the Group V and Group VI caused a moderate 
reduction in cytochrome c and caspase 3 levels compared 
to the Group II (p > 0.05). However, synaptosomes in the 
Group VII showed a significant decrease in cytochrome c 
and caspase 3 levels compared to the Group II (19% and 
43%, respectively). Additionally, cytochrome c and caspase 
3 levels in Group VIII were found a decrease of 32% and 
45%, respectively.

DNA Fragmentation Levels in the Synaptosomes

Agarose gel electrophoresis was used to demonstrate DNA 
fragmentation in the synaptosomal fractions. It can be seen 
from Fig. 2 that AlCl3-exposed synaptosomes in the Group 
II showed an increase in DNA fragmentation levels. Con-
sistently with cytochrome c and caspase 3 results, we found 
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that curcumin treatments led to a higher decrease in DNA 
fragmentation levels in the post-treatment groups.

Morphology and Integrity of Synaptosomes

Synaptosomes treated with AlCI3 and curcumin showed 
morphological variations when compared with the con-
trol group. Synaptosomal fractions in the control group 
displayed organized morphological structures, such as syn-
aptic vesicles and a clear density on synaptic junctions, 

which incorporates the plasma membranes of the pre- and 
post-synaptic regions (Fig. 3a). AlCI3-treated synapto-
somes in the Group II demonstrated distributed synap-
tosomal structures including myelin fragments (Fig. 3b). 
Curcumin treatments in the Group III and Group IV did 
not show any changes in synaptosomal structures (Fig. 3c). 
TEM images of synaptosomes in pre-treated groups 
showed to have a less clear density on the synaptic junc-
tions and to contain vesicular disintegrations (Fig. 3d). 
The pos-treated synaptosomes, on the other hand, involved 

Fig. 1   Effects of pre- and post-treatment curcumin on MTT, MDA, 
NO, GSH, cytochrome c levels and caspase 3 activities in the 
AlCI3-induced synaptosomes. a MTT levels. b MDA levels. c NO 

levels. d GSH levels. e Cytochrome c levels. f Caspase 3 activities. a 
Compared to the control group. b Compared to Group II. *P < 0.05; 
**P < 0.01; ***P < 0.001
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a clearer spherical synaptic vesicles and junctions in the 
axon terminals (Fig. 3e).

Discussion

Al+3 accumulates highly in hippocampus, a brain region that 
plays a crucial role in memory, than the other brain regions 
and influences the biochemical processes associated with 
neurodevelopmental [24, 31, 32]. This accumulation affects 
a large number of cellular signaling pathways related to neu-
rodegenerative processes like redox balance, oxidative stress 
and apoptosis [2, 9]. Previous studies also showed that Al+3 
led to a marked oxidative damage in the brain by increas-
ing ROS generation mainly via the Fenton reaction, which 
induces lipid peroxidation [33, 34]. Lipid peroxidation is an 
important biomarker associated with neuronal damage and 
neurochemical changes [35]. According to our results, AlCl3 
treatment increased the lipid peroxidation by triggering oxi-
dative stress in the hippocampal synaptosomes of rats. Cur-
cumin, a lipophilic polyphenol isolated from the rhizome 
of Curcuma longa, maintains the cell membrane integrity 
and acts as a strong protector against oxidative stress [36, 
37]. Khan et al. [38] indicated that aluminum-treatment sig-
nificantly increased the lipid peroxidation in rat brain and 

Fig. 2   The effects of curcumin and AlCl3 on synaptosomal DNA 
fragmentation levels. (M) DNA marker (1) Group I (2) Group II (3) 
Group III (4) Group IV (5) Group V (6) Group VI (7) Group VII (8) 
Group VIII

Fig. 3   Electron microscopy images of synaptosomal fractions. a Con-
trol group. b Group II. c Curcumin treatment. d Pre-treated groups. 
e Post-treated groups. SV synaptic vesicle, SJ synaptic junction, VD 

vesicular disintegration, MF myelin fragment. Scale bar is 200  nm. 
Magnification: × 150,000
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co-administration of curcumin with aluminum treatment 
inhibited lipid peroxidation in curcumin-treated rats. It was 
also reported that curcumin has an ability to modulate lipid 
peroxidation in long term chronic aluminum-intoxicated rats 
[39]. Moreover, in this study, we assessed whether curcumin 
pre- and post-treatment inhibited the AlCl3-induced lipid 
peroxidation. Our results showed that curcumin alleviated 
significantly AlCl3-induced lipid peroxidation in the post-
treated synaptosomes due to its antioxidant properties.

NO is produced from L-arginine and oxygen by the nitric 
oxide synthase (NOS) enzyme [40]. Abnormal NOS activa-
tion during aluminum treatment causes to enhance in NO 
levels that also contribute to deterioration of intracellular 
signaling mechanisms [41]. Kaizer et al. [42] reported that 
aluminum exposure led to oxidative damage by increasing 
NO levels in different mouse brain regions. Similarly, our 
data displayed that NO levels increased in AlCl3-induced 
synaptosomes. On the other hand, it was shown that cur-
cumin can play a crucial role in down-regulation of NOS 
expression [43] and specifically scavenge RNS in rats after 
aluminum exposure [34]. Consistently, we demonstrated that 
NO levels in AlCl3-induced synaptosomes were normalized 
by curcumin treatment. In addition, curcumin post-treatment 
groups exhibited a higher decrease in NO levels.

GSH forms a large part of the intracellular thiol pool and 
protects the cell from oxidative stress [44]. It has been well 
known that the reduction of GSH levels in the brain follow-
ing aluminum exposure appeared the result of the attack 
caused by increased ROS [45]. In our study, we observed 
a decrease in GSH levels in AlCl3-treated synaptosomes. 
Besides, previous study showed that co-administration of 
curcumin with Al was demonstrated to support the antioxi-
dant mechanism in the brain [46]. The presence of hydroxyl 
groups in curcumin scavenges the ROS by producing the 
electron transfer through the phenolic sites [47]. This fur-
ther can be in charge of suppressing the Al-induced increase 
of redox instability [48]. Guangwei et al. [49] also showed 
that curcumin treatment elevated GSH levels in rat brain. In 
addition, previous study reported that curcumin treatment 
inhibited oxidative damage by enhancing GSH levels in 
rats [50]. Furthermore, in this present study, the curcumin 
post-treatment produced a significant increase in GSH levels 
in AlCI3-exposed synaptosomes. According to our results, 
curcumin post-treatment in AlCI3-exposed synaptosomes 
supported the antioxidant mechanisms more than curcumin 
pre-treatment.

Al+3 accumulation in the brain mediates apoptotic and 
genotoxic processes [51]. The subcellular concentration and 
translocation of apoptosis-regulating proteins can provide 
valuable information about the fate of cells. Cytochrome 
c situated between mitochondrial membranes plays a key 
role in the apoptotic process [52]. The release of mitochon-
drial cytochrome c into the cytoplasm where it activates 

the caspase 3 which in turn activates the apoptosis. Sood 
et al. [45] reported that aluminum treatment (100 mg/kg 
oral gavage for 8 weeks) led to mitochondrial dysfunctions 
in rat cerebral cortex, mid brain, and cerebellum regions. 
There was also reported that intracisternal administration of 
aluminum into rabbit brain increased cytochrome c release, 
activates caspase 3 and DNA fragmentation [53]. Simi-
larly, we showed that AlCl3-treated synaptosomes showed 
an increase in cytochrome c release, caspase 3 activation 
and DNA fragmentation. In the literature, curcumin sup-
plementation was expressed to show simultaneously a sig-
nificant amelioration in apoptotic, genotoxic and oxidative 
stress-related indices [54, 55]. Additionally, it was shown 
to have a potential to protect DNA damage by inhibiting 
oxidative stress and apoptosis [56]. Our data demonstrated 
that curcumin treatment inhibited the cytochrome c release 
and decreased caspase 3 activity and DNA fragmentation in 
AlCI3-induced synaptosomes. A reduction in the elevated 
cytochrome c release and caspase 3 activity is a protective 
event against induction of apoptotic pathways. Amelioration 
in DNA fragmentation by curcumin treatment was consistent 
with the cytochrome c levels and caspase 3 activities. In this 
study, we also investigated whether pre-protective or post-
protective effects of curcumin related to AlCl3-induced neu-
rotoxicity. Our results displayed that the decrease of apopto-
sis and DNA fragmentation in AlCl3-treated synaptosomes 
were higher in the post-protective groups.

In recent years, synaptosomes have often been used as 
a model to understand the synaptic molecular mechanisms 
underlying neurodegenerative diseases [57]. In this study, 
we specially selected the brain hippocampus region of rats, 
which were more efficient for the isolation of synaptosomal 
enriched fractions. In addition, it was reported that synap-
tosomes isolated from hippocampus were more susceptible 
to neurodegenerative damage and oxidative stress [58]. 
Synaptosomes are membranous sacs containing synaptic 
components and are produced by subcellular fraction of 
homogenized nerve tissue. Besides, they include the post- 
and pre-synaptic membrane and the synaptic junctions, as 
well as the complete presynaptic terminal containing mito-
chondria and synaptic vesicles. Previous study reported that 
aluminum-toxicated rats exhibited vesicular disintegrations 
like heterogeneous cytoplasm with abnormal sub-cellular 
structures in TEM brain images [39]. Our TEM images indi-
cated that AlCl3 treatment caused neurotoxicity by inflicting 
damage in the synaptosome membrane structures (Fig. 3b). 
However, curcumin treatment was effective in preventing 
the aluminum-induced alterations like increase of lipofus-
cin accumulation, cytoplasmic vacuolation and mitochon-
drial abnormalities in rat brain cells. In this present study, 
curcumin treatment showed organized membrane struc-
tures including a clear density on the synaptic junctions in 
AlCl3-induced synaptosomes (Fig. 3c, e).
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Conclusion

Our data verifies that curcumin has post-protective effects 
rather than pre-protective effects following AlCI3-induced 
neurotoxicity. To the best of our knowledge, the current 
study, which is the preliminary research, is the first data 
indicating that curcumin acts as a post-protective (ther-
apeutic) agent against oxidative stress and apoptosis 
induced by AlCl3 in hippocampal synaptosomes of rats. 
Therefore, we conclude that curcumin may be a suitable 
therapeutic agent, especially in the prognosis of neuro-
degenerative diseases. However, there should be further 
investigations for the therapeutic (post-protective) effects 
of curcumin with in vivo studies, especially associated 
with neurodegenerative disease. Therefore, in our future 
studies, we will firstly examine the pre- and post-protective 
effects of curcumin on cell lines (neurons and/or astro-
cytes), and then investigate behavioral tests in neurode-
generative rat models in vivo.

Compliance with Ethical Standards 

Conflict of interest  The authors declare no conflict of interests.

References

	 1.	 Priest ND, Talbot RJ, Newton D, Day JP, King SJ, Fifield LK 
(1998) Uptake by man of aluminium in a public water supply. 
Hum Exp Toxicol 17:296–301. https​://doi.org/10.1177/09603​
27198​01700​602

	 2.	 Exley C (2013) Human exposure to aluminium. Environ Sci Pro-
cess Impacts 15:1807–1816. https​://doi.org/10.1039/c3em0​0374d​

	 3.	 Bondy SC (2014) Prolonged exposure to low levels of alu-
minum leads to changes associated with brain aging and neu-
rodegeneration. Toxicology 315:1–7. https​://doi.org/10.1016/j.
tox.2013.10.008

	 4.	 Rondeau V, Commenges D, Jacqmin-Gadda H, Dartigues JF 
(2000) Relation between aluminum concentrations in drinking 
water and Alzheimer’s disease: an 8-year follow-up study. Am J 
Epidemiol 152:59–66. https​://doi.org/10.1093/aje/152.1.59

	 5.	 Riihimaki V, Aitio A (2012) Occupational exposure to aluminum 
and its biomonitoring in perspective. Crit Rev Toxicol 42:827–
853. https​://doi.org/10.3109/10408​444.2012.72502​7

	 6.	 Fatemi SJ, Kadir FH, Moore GR (1991) Aluminium transport in 
blood serum Binding of aluminium by human transferrin in the 
presence of human albumin and citrate. Biochem J 280:527–532. 
https​://doi.org/10.1042/bj280​0527

	 7.	 Kaur A, Joshi K, Minz RW, Gill KD (2006) Neurofilament phos-
phorylation and disruption: a possible mechanism of chronic alu-
minium toxicity in Wistar rats. Toxicology 219:1–10. https​://doi.
org/10.1016/j.tox.2005.09.015

	 8.	 Wu Z, Du Y, Xue H, Wu Y, Zhou B (2012) Aluminum induces 
neurodegeneration and its toxicity arises from increased iron accu-
mulation and reactive oxygen species (ROS) production. Neu-
robiol Aging 33:199.e1–12. https​://doi.org/10.1016/j.neuro​biola​
ging.2010.06.018

	 9.	 Nampoothiri M, John J, Kumar N, Mudgal J, Nampurath GK, 
Chamallamudi MR (2015) Modulatory role of simvastatin 
against aluminium chloride-induced behavioural and biochemi-
cal changes in rats. Behav Neurol 2015:210169. https​://doi.
org/10.1155/2015/21016​9

	10.	 Walton JR (2007) An aluminum-based rat model for Alzheimer’s 
disease exhibits oxidative damage, inhibition of PP2A activity, 
hyperphosphorylated tau, and granulovacuolar degeneration. J 
Inorg Biochem 101:1275–1284. https​://doi.org/10.1016/j.jinor​
gbio.2007.06.001

	11.	 Kumar V, Bal A, Gill KD (2008) Impairment of mitochondrial 
energy metabolism in different regions of rat brain following 
chronic exposure to aluminium. Brain Res 1232:94–103. https​://
doi.org/10.1016/j.brain​res.2008.07.028

	12.	 Garcia T, Esparza JL, Nogues MR, Romeu M, Domingo JL, 
Gomez M (2010) Oxidative stress status and RNA expression 
in hippocampus of an animal model of Alzheimer’s disease after 
chronic exposure to aluminum. Hippocampus 20:218–225. https​
://doi.org/10.1002/hipo.20612​

	13.	 Bisht S, Feldmann G, Soni S, Ravi R, Karikar C, Maitra A, Maitra 
A (2007) Polymeric nanoparticle-encapsulated curcumin (“nano-
curcumin”): a novel strategy for human cancer therapy. J Nano-
biotechnol 5:3. https​://doi.org/10.1186/1477-3155-5-3

	14.	 De R, Kundu P, Swarnakar S, Ramamurthy T, Chowdhury A, Nair 
GB, Mukhopadhyay AK (2009) Antimicrobial activity of cur-
cumin against Helicobacter pylori isolates from India and during 
infections in mice. Antimicrob Agents Chemother 53:1592–1597. 
https​://doi.org/10.1128/AAC.01242​-08

	15.	 Aggarwal BB (2008) Prostate cancer and curcumin: add spice to 
your life. Cancer Biol Ther 7:1436–1440. https​://doi.org/10.4161/
cbt.7.9.6659

	16.	 Lantz RC, Chen GJ, Solyom AM, Jolad SD, Timmermann BN 
(2005) The effect of turmeric extracts on inflammatory mediator 
production. Phytomedicine 12:445–452. https​://doi.org/10.1016/j.
phyme​d.2003.12.011

	17.	 Begum AN, Jones MR, Lim GP, Morihara T, Kim P, Heath DD, 
Rock CL, Pruitt MA, Yang F, Hudspeth B, Hu S, Faull KF, Teter 
B, Cole GM, Frautschy SA (2008) Curcumin structure-function, 
bioavailability, and efficacy in models of neuroinflammation and 
Alzheimer’s disease. J Pharmacol Exp Ther 326:196–208. https​
://doi.org/10.1124/jpet.108.13745​5

	18.	 Mythri RB, Bharath MM (2012) Curcumin: a potential neuropro-
tective agent in Parkinson’s disease. Curr Pharm Des 18:91–99. 
https​://doi.org/10.2174/13816​12127​98918​995

	19.	 Adams BK, Cai J, Armstrong J, Herold M, Lu YJ, Sun A, Snyder 
JP, Liotta DC, Jones DP, Shoji M (2005) EF24, a novel synthetic 
curcumin analog, induces apoptosis in cancer cells via a redox-
dependent mechanism. Anticancer Drugs 16:263–275. https​://doi.
org/10.1097/00001​813-20050​3000-00005​

	20.	 Whittaker VP, Michaelson IA, Kirkland RJ (1984) The separation 
of synaptic vesicles from nerve-ending particles (‘synaptosomes’). 
Biochem J 90:293–303. https​://doi.org/10.1042/bj090​0293

	21.	 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-
tein measurement with the Folin phenol reagent. J Biol Chem 
193:265–275

	22.	 Jaques JA, Rezer JF, Gonçalves JF, Spanevello RM, Gutierres JM, 
Pimentel VC, Thome GR, Morsch VM, Schetinger MR, Leal DB 
(2011) The effect of curcumin in the ectonucleotidases and acetyl-
cholinesterase activities in synaptosomes from the cerebral cortex 
of cigarette smoke-exposed rats. Cell Biochem Funct 29:703–707. 
https​://doi.org/10.1002/cbf.1804

	23.	 Gorinova C, Aluani D, Yordanov Y, Kondeva-Burdina M, Tzank-
ova V, Popova C, Yoncheva K (2016) In vitro evaluation of antiox-
idant and neuroprotective effects of curcumin loaded in Pluronic 
micelles. Biotechnol Biotechnological Equip 30:991–997. https​
://doi.org/10.1080/13102​818.2016.11865​00

https://doi.org/10.1177/096032719801700602
https://doi.org/10.1177/096032719801700602
https://doi.org/10.1039/c3em00374d
https://doi.org/10.1016/j.tox.2013.10.008
https://doi.org/10.1016/j.tox.2013.10.008
https://doi.org/10.1093/aje/152.1.59
https://doi.org/10.3109/10408444.2012.725027
https://doi.org/10.1042/bj2800527
https://doi.org/10.1016/j.tox.2005.09.015
https://doi.org/10.1016/j.tox.2005.09.015
https://doi.org/10.1016/j.neurobiolaging.2010.06.018
https://doi.org/10.1016/j.neurobiolaging.2010.06.018
https://doi.org/10.1155/2015/210169
https://doi.org/10.1155/2015/210169
https://doi.org/10.1016/j.jinorgbio.2007.06.001
https://doi.org/10.1016/j.jinorgbio.2007.06.001
https://doi.org/10.1016/j.brainres.2008.07.028
https://doi.org/10.1016/j.brainres.2008.07.028
https://doi.org/10.1002/hipo.20612
https://doi.org/10.1002/hipo.20612
https://doi.org/10.1186/1477-3155-5-3
https://doi.org/10.1128/AAC.01242-08
https://doi.org/10.4161/cbt.7.9.6659
https://doi.org/10.4161/cbt.7.9.6659
https://doi.org/10.1016/j.phymed.2003.12.011
https://doi.org/10.1016/j.phymed.2003.12.011
https://doi.org/10.1124/jpet.108.137455
https://doi.org/10.1124/jpet.108.137455
https://doi.org/10.2174/138161212798918995
https://doi.org/10.1097/00001813-200503000-00005
https://doi.org/10.1097/00001813-200503000-00005
https://doi.org/10.1042/bj0900293
https://doi.org/10.1002/cbf.1804
https://doi.org/10.1080/13102818.2016.1186500
https://doi.org/10.1080/13102818.2016.1186500


2028	 Neurochemical Research (2019) 44:2020–2029

1 3

	24.	 Liang RF, Li WQ, Wang XH, Zhang HF, Wang H, Wang JX, 
Zhang Y, Wan MT, Pan BL, Niu Q (2012) Aluminium-malto-
late-induced impairment of learning, memory and hippocampal 
long-term potentiation in rats. Ind Health 50:428–436. https​://doi.
org/10.2486/indhe​alth.MS133​0

	25.	 Wang L, Hu J, Zhao Y, Lu X, Zhang Q, Niu Q (2014) Effects 
of aluminium on β-amyloid (1–42) and secretases (APP-cleaving 
enzymes) in rat brain. Neurochem Res 39:1338–1345. https​://doi.
org/10.1007/s1106​4-014-1317-z

	26.	 Musser DA, Oseroff AR (1994) The use of tetrazolium salts to 
determine sites of damage to the mitochondrial electron trans-
port chain in intact cells following in vitro photodynamic therapy 
with Photofrin II. Photochem Photobiol 59:621–626. https​://doi.
org/10.1111/j.1751-1097.1994.tb096​66.x

	27.	 Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides 
in animal tissues by thiobarbituric acid reaction. Anal Biochem 
95:351–358. https​://doi.org/10.1016/0003-2697(79)90738​-3

	28.	 Dejam A, Hunter CJ, Schechter AN, Gladwin MT (2004) Emerg-
ing role of nitrite in human biology. Blood Cells Mol Dis 32:423–
429. https​://doi.org/10.1016/j.bcmd.2004.02.002

	29.	 Srivastava SK, Beutler E (1968) Accurate measurement of 
oxidized glutathione content of human, rabbit, and rat red 
blood cells and tissues. Anal Biochem 25:70–76. https​://doi.
org/10.1016/0003-2697(68)90082​-1

	30.	 Drakulic D, Velickovic N, Stanojlovic M, Grkovic I, Mitrovic 
N, Lavrnja I, Horvat A (2013) Low-dose dexamethasone treat-
ment promotes the pro-survival signalling pathway in the adult 
rat prefrontal cortex. J Neuroendocrinol 25:605–616. https​://doi.
org/10.1111/jne.12037​

	31.	 Julka D, Vasishta RK, Gill KD (1996) Distribution of aluminum 
in different brain regions and body organs of rat. Biol Trace Elem 
Res 52:181–192. https​://doi.org/10.1007/BF027​89460​

	32.	 Baydar T, Papp A, Aydin A, Nagymajtenyi L, Schulz H, Isimer 
A, Sahin G (2003) Accumulation of aluminum in rat brain: does 
it lead to behavioral and electrophysiological changes? Biol Trace 
Elem Res 92:231–244. https​://doi.org/10.1385/BTER:92:3:231

	33.	 Pratico D, Uryu K, Sung S, Tang S, Trojanowski JQ, Lee VM 
(2002) Aluminum modulates brain amyloidosis through oxidative 
stress in APP transgenic mice. FASEB J 16:1138–1140. https​://
doi.org/10.1096/fj.02-0012f​je

	34.	 Kumar A, Dogra S, Prakash A (2009) Protective effect of cur-
cumin (Curcuma longa), against aluminium toxicity: Possible 
behavioral and biochemical alterations in rats. Behav Brain Res 
205:384–390. https​://doi.org/10.1016/j.bbr.2009.07.012

	35.	 Coyle JT, Puttfarcken P (1993) Oxidative stress, glutamate, and 
neurodegenerative disorders. Science 262:689–695. https​://doi.
org/10.1126/scien​ce.79019​08

	36.	 Hatcher H, Planalp R, Cho J, Torti FM, Torti SV (2008) Cur-
cumin: from ancient medicine to current clinical trials. Cell 
Mol Life Sci 65:1631–1652. https​://doi.org/10.1007/s0001​
8-008-7452-4

	37.	 Noorafshan A, Ashkani-Esfahani S (2013) A review of therapeutic 
effects of curcumin. Curr Pharm Des 19:2032–2046. https​://doi.
org/10.2174/13816​12811​31911​0006

	38.	 Khan KA, Kumar N, Nayak PG, Nampoothiri M, Shenoy RR, 
Krishnadas N, Rao CM, Mudgal J (2013) Impact of caffeic acid on 
aluminium chloride-induced dementia in rats. J Pharm Pharmacol 
65:1745–1752. https​://doi.org/10.1111/jphp.12126​

	39.	 Sethi P, Jyoti A, Hussain E, Sharma D (2009) Curcumin attenu-
ates aluminium-induced functional neurotoxicity in rats. Phar-
macol Biochem Behav 93:31–39. https​://doi.org/10.1016/j.
pbb.2009.04.005

	40.	 Knowles RG, Moncada S (1994) Nitric oxide synthases in mam-
mals. Biochem J 298:249–258. https​://doi.org/10.1042/bj298​0249

	41.	 Stevanovic ID, Jovanovic MD, Jelenkovic A, Ninkovic M, Dukic 
M, Stojanovic I, Colic M (2009) The effect of inhibition of nitric 

oxide synthase on aluminium-induced toxicity in the rat brain. 
Gen Physiol Biophys 28:235–242

	42.	 Kaizer RR, Correa MC, Spanevello RM, Morsch VM, Mazzanti 
CM, Gonçalves JF, Schetinger MR (2005) Acetylcholinesterase 
activation and enhanced lipid peroxidation after long-term expo-
sure to low levels of aluminum on different mouse brain regions. 
J Inorg Biochem 99:1865–1870. https​://doi.org/10.1016/j.jinor​
gbio.2005.06.015

	43.	 Brouet I, Ohshima H (1995) Curcumin, an anti-tumour promoter 
and anti-inflammatory agent, inhibits induction of nitric oxide 
synthase in activated macrophages. Biochem Biophys Res Com-
mun 206:533–540. https​://doi.org/10.1006/bbrc.1995.1076

	44.	 Meister A (1991) Glutathione deficiency produced by inhibition 
of its synthesis, and its reversal; applications in research and ther-
apy. Pharmacol Ther 51:155–194. https​://doi.org/10.1016/0163-
7258(91)90076​-x

	45.	 Sood PK, Nahar U, Nehru B (2011) Curcumin attenuates alu-
minum-induced oxidative stress and mitochondrial dysfunction 
in rat brain. Neurotox Res 20:351–361. https​://doi.org/10.1007/
s1264​0-011-9249-8

	46.	 Sivalingam N, Basivireddy J, Balasubramanian KA, Jacob M 
(2008) Curcumin attenuates indomethacin-induced oxidative 
stress and mitochondrial dysfunction. Arch Toxicol 82:471–481. 
https​://doi.org/10.1007/s0020​4-007-0263-9

	47.	 Lu JM, Lin PH, Yao Q, Chen C (2010) Chemical and molecu-
lar mechanisms of antioxidants: experimental approaches and 
model systems. J Cell Mol Med 14:840–860. https​://doi.org/10.1
111/j.1582-4934.2009.00897​.x

	48.	 Thiyagarajan M, Sharma SS (2004) Neuroprotective effect of cur-
cumin in middle cerebral artery occlusion induced focal cerebral 
ischemia in rats. Life Sci 74:969–985. https​://doi.org/10.1016/j.
lfs.2003.06.042

	49.	 Guangwei X, Rongzhu L, Wenrong X, Suhua W, Xiaowu Z, 
Shizhong W, Ye Z, Aschner M, Kulkarni SK, Bishnoi M (2010) 
Curcumin pretreatment protects against acute acrylonitrile-
induced oxidative damage in rats. Toxicology 267:140–146. https​
://doi.org/10.1016/j.tox.2009.11.001

	50.	 Wei QY, Chen WF, Zhou B, Yang L, Liu ZL (2006) Inhibition of 
lipid peroxidation and protein oxidation in rat liver mitochondria 
by curcumin and its analogues. Biochim Biophys Acta 1760:70–
77. https​://doi.org/10.1016/j.bbage​n.2005.09.008

	51.	 Campbell A, Becaria A, Lahiri DK, Sharman K, Bondy SC 
(2004) Chronic exposure to aluminum in drinking water increases 
inflammatory parameters selectively in the brain. J Neurosci Res 
75(4):565–572. https​://doi.org/10.1002/jnr.10877​

	52.	 Matsuura K, Canfield K, Feng W, Kurokawa M (2016) Meta-
bolic Regulation of Apoptosis in Cancer. Int Rev Cell Mol Biol 
327:43–87. https​://doi.org/10.1016/bs.ircmb​.2016.06.006

	53.	 Ghribi O, Herman MM, Spaulding NK, Savory J (2002) Lithium 
inhibits aluminum-induced apoptosis in rabbit hippocampus, by 
preventing cytochrome c translocation, Bcl-2 decrease, Bax eleva-
tion and caspase-3 activation. J Neurochem 82:137–145. https​://
doi.org/10.1046/j.1471-4159.2002.00957​.x

	54.	 Kumar A, Sasmal D, Sharma N (2018) Mechanism of deltame-
thrin induced thymic and splenic toxicity in mice and its protec-
tion by piperine and curcumin: in vivo study. Drug Chem Toxicol 
41:33–41. https​://doi.org/10.1080/01480​545.2017.12863​52

	55.	 Nariya A, Pathan A, Shah N, Chettiar S, Patel A, Dattani J, 
Chandel D, Rao M, Jhala D (2018) Ameliorative effects of cur-
cumin against lead induced toxicity in human peripheral blood 
lymphocytes culture. Drug Chem Toxicol 41:1–8. https​://doi.
org/10.3109/01480​545.2015.11336​37

	56.	 Ahmed T, Goel V, Banerjee BD (2018) Propoxur-induced oxida-
tive DNA damage in human peripheral blood mononuclear cells: 
protective effects of curcumin and α-tocopherol. Drug Chem Toxi-
col 41:128–134. https​://doi.org/10.1080/01480​545.2017

https://doi.org/10.2486/indhealth.MS1330
https://doi.org/10.2486/indhealth.MS1330
https://doi.org/10.1007/s11064-014-1317-z
https://doi.org/10.1007/s11064-014-1317-z
https://doi.org/10.1111/j.1751-1097.1994.tb09666.x
https://doi.org/10.1111/j.1751-1097.1994.tb09666.x
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/j.bcmd.2004.02.002
https://doi.org/10.1016/0003-2697(68)90082-1
https://doi.org/10.1016/0003-2697(68)90082-1
https://doi.org/10.1111/jne.12037
https://doi.org/10.1111/jne.12037
https://doi.org/10.1007/BF02789460
https://doi.org/10.1385/BTER:92:3:231
https://doi.org/10.1096/fj.02-0012fje
https://doi.org/10.1096/fj.02-0012fje
https://doi.org/10.1016/j.bbr.2009.07.012
https://doi.org/10.1126/science.7901908
https://doi.org/10.1126/science.7901908
https://doi.org/10.1007/s00018-008-7452-4
https://doi.org/10.1007/s00018-008-7452-4
https://doi.org/10.2174/1381612811319110006
https://doi.org/10.2174/1381612811319110006
https://doi.org/10.1111/jphp.12126
https://doi.org/10.1016/j.pbb.2009.04.005
https://doi.org/10.1016/j.pbb.2009.04.005
https://doi.org/10.1042/bj2980249
https://doi.org/10.1016/j.jinorgbio.2005.06.015
https://doi.org/10.1016/j.jinorgbio.2005.06.015
https://doi.org/10.1006/bbrc.1995.1076
https://doi.org/10.1016/0163-7258(91)90076-x
https://doi.org/10.1016/0163-7258(91)90076-x
https://doi.org/10.1007/s12640-011-9249-8
https://doi.org/10.1007/s12640-011-9249-8
https://doi.org/10.1007/s00204-007-0263-9
https://doi.org/10.1111/j.1582-4934.2009.00897.x
https://doi.org/10.1111/j.1582-4934.2009.00897.x
https://doi.org/10.1016/j.lfs.2003.06.042
https://doi.org/10.1016/j.lfs.2003.06.042
https://doi.org/10.1016/j.tox.2009.11.001
https://doi.org/10.1016/j.tox.2009.11.001
https://doi.org/10.1016/j.bbagen.2005.09.008
https://doi.org/10.1002/jnr.10877
https://doi.org/10.1016/bs.ircmb.2016.06.006
https://doi.org/10.1046/j.1471-4159.2002.00957.x
https://doi.org/10.1046/j.1471-4159.2002.00957.x
https://doi.org/10.1080/01480545.2017.1286352
https://doi.org/10.3109/01480545.2015.1133637
https://doi.org/10.3109/01480545.2015.1133637
https://doi.org/10.1080/01480545.2017


2029Neurochemical Research (2019) 44:2020–2029	

1 3

	57.	 Bai F, Witzmann FA (2007) Synaptosome proteomics. Subcell 
Biochem 43:77–98. https​://doi.org/10.1007/978-1-4020-5943-8_6

	58.	 Tenreiro P, Rebelo S, Martins F, Santos M, Coelho ED, Almeida 
M, Alves de Matos AP, da Cruz E, Silva OA (2017) Compari-
son of simple sucrose and percoll based methodologies for 
synaptosome enrichment. Anal Biochem 517:1–8. https​://doi.
org/10.1016/j.ab.2016.10.015

Publisher’s Note  Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/978-1-4020-5943-8_6
https://doi.org/10.1016/j.ab.2016.10.015
https://doi.org/10.1016/j.ab.2016.10.015

	Curcumin Acts as Post-protective Effects on Rat Hippocampal Synaptosomes in a Neuronal Model of Aluminum-Induced Toxicity
	Abstract
	Introduction
	Material and Methods
	Animals
	Preparation and Treatments of Synaptosomes
	MTT Assay
	Determination of MDA Levels in Synaptosomes
	Determination of NO Levels in Synaptosomes
	Determination of GSH Levels in Synaptosomes
	Assays for Caspase 3 Activities and Cytochrome c Levels in Synaptosomes
	Measurement of DNA Fragmentation
	Transmission Electron Microscopic Analysis
	Statistical Analysis

	Results
	The Effects of Pre- and Post-treatment of Curcumin on Oxidative and Apoptotic Markers in the AlCl3-Exposed Synaptosomes
	DNA Fragmentation Levels in the Synaptosomes
	Morphology and Integrity of Synaptosomes

	Discussion
	Conclusion
	References




