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A B S T R A C T

Background: Alcohol abuse causes severe damage to the brain neurons. Studies have reported the
neuroprotective effects of curcumin against alcohol-induced neurodegeneration. However, the precise
mechanism of action remains unclear.
Methods: Seventy rats were equally divided into 7 groups (10 rats per group). Group 1 received normal
saline (0.7 ml/rat) and group 2 received alcohol (2 g/kg/day) for 21 days. Groups 3, 4, 5 and 6 concurrently
received alcohol (2 g/kg/day) and curcumin (10, 20, 40 and 60 mg/kg, respectively) for 21 days. Animals in
group 7 self- administered alcohol for 21 days. Group 8 treated with curcumin (60 mg/kg, i.p.) alone for
21 days. Open Field Test (OFT) was used to investigate motor activity in rats. Hippocampal oxidative,
antioxidative and inflammatory factors were evaluated. Furthermore, brain cyclic adenosine mono-
phosphate (cAMP) response element binding protein (CREB) and brain derived neurotrophic factor
(BDNF) levels were studied at gene level by reverse transcriptase polymerase chain reaction (RT-PCR). In
addition, protein expression for BDNF, CREB, phosphorylated CREB (CREB-P), Bax and Bcl-2 was
determined by western blotting.
Result: Voluntary and involuntary administration of alcohol altered motor activity in OFT, and curcumin
treatment inhibited this alcohol-induced motor disturbance. Also, alcohol administration augmented
lipid peroxidation, mitochondrial oxidized glutathione (GSSG), interleukin-1 beta (IL-1b), tumor necrosis
factor-alpha (TNF-a) and Bax levels in isolated hippocampal tissues. Furthermore, alcohol-induced
significant reduction were observed in reduced form of glutathione (GSH), superoxide dismutase (SOD),
glutathione peroxidase (GPx) and glutathione reductase (GR) activities and CREB, BDNF and Bcl-2 levels.
Also curcumin alone did not change the behavior and biochemical and molecular parameters.
Conclusion: Curcumin can act as a neuroprotective agent against neurodegenerative effects of alcohol
abuse, probably via activation of CREB-BDNF signaling pathway.

© 2017 Elsevier Masson SAS. All rights reserved.
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1. Introduction

In the search for new potential sources of medications, natural
herbal compounds have often been considered as valuable and
viable options. The use of such compounds as therapeutic
supplements has been reported for treating neurodegenerative
diseases [1,2]. Recent studies have assessed the protective effects of
* Corresponding author at: Razi Drug Research Center & Department of
Pharmacology, School of Medicine, Iran University of Medical Sciences, Tehran, Iran.
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(M. Motevalian).

http://dx.doi.org/10.1016/j.biopha.2016.12.020
0753-3322/© 2017 Elsevier Masson SAS. All rights reserved.
herbal medications in suppressing apoptosis and oxidative stress
[3,4].

Alcohol is a sedative agent with neurodegenerative properties
[5,6] and its pharmacological similarity to sedative and hypnotic
agents, makes it a potential candidate for abuse [7,8]. Studies have
shown that alcohol abuse causes anxiety, depression and
cognitive impairments in animal models [8,9]. Alcohol abuse
induces oxidative stress and activates neuroapoptotic and
neuroinflammatory pathways [10–12]. Long-term alcohol con-
sumption increases the expression of apoptotic proteins such as
caspases-3, 9 and 8, and causes DNA fragmentation [13–15].
Furthermore, it decreases Bcl-2 and increases Bax proteins [13–
15]. Mitochondria play a crucial role in regulating neurotoxicity

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2016.12.020&domain=pdf
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induced by abuse of alcohol and other addictive substances
[14,16]. These substances cause the release of cytochrome c and
decrease mitochondrial biogenesis [17]. Alcohol abuse affects
some parts of the brain such as hippocampus and amygdala, more
than the other brain areas [18]. Alcohol when consumed
progressively, causes neurodegeneration in some regions of
hippocampus such as Cornu Ammonis (CA1, CA2, CA3) and
Dentate gyrus (DG) [19,20].

Curcumin (diferuloylmethane), the most abundant compo-
nent of turmeric, is extracted from rhizomes of the plant Curcuma
longa [21]. This non-nutritive yellow pigment is an established
nutraceutical dietary phenol and thus, carries a great medicinal
significance [1,2]. Studies have shown that curcumin improves
blood flow and can reduce anxiety, depression and cognitive
impairments in animal models of diabetes and other neurological
disorders [22,23]. Curcumin has shown to induce antioxidative,
anti-inflammatory, anti-apoptotic, immunomodulatory and neu-
roprotective effects in hippocampus [24–26]. Furthermore, cur-
cumin potently stimulates neurogenesis and therefore, it has been
proposed as a therapeutic agent for treating neurodegenerative
disorders and substance abuse [27–30]. The synergistic effect of
curcumin on superoxide dismutase and catalase activities has
been reported previously [30]. In addition, favorable effects of
curcumin on mitochondrial biogenesis and inhibition of oxidative
stress are well-evident[31]. Curcumin is also involved in suppress-
ing major proinflammatory cytokines like interleukin-6 (IL-6) and
tumor necrosis factor �alpha (TNF-a) [31,32].

Studies have shown that activated CREB or CREB-P is involved in
a variety of functional responses associated with nervous system
[33]. In addition, CREB acts as a transcription factor for production
of brain derived neurotrophic factor (BDNF). This pathway is
important for neurodevelopment, neurogenesis and mood dis-
orders like anxiety and depression [34–36]. Studies have proposed
that one of the signaling pathway involved in curcumin induced
neuroprotection might be CREB-BDNF pathway [37,38]. However,
the exact mechanism for this herb induced neuroprotection is yet
to be explained. Therefore, we designed this study to investigate
the in vivo role of curcumin in protecting rat hippocampal cells
against alcohol-induced neuroapoptosis, oxidative stress, neuro-
inflammation and reduced cell density. In addition, we aimed to
study the potential involvement of phospho-CREB-BDNF signaling
in curcumin-mediated neuroprotection.

2. Materials & methods

2.1. Animals

Seventy male adult wistar rats (about 8 weeks old) weighing
200 � 8.0 g were obtained from Pasteur Institute of Iran (Tehran,
Iran) and were transferred to laboratory. Animals were acclimated
to experimental conditions (12 h light dark cycle, 24 �C) for 2 weeks
and had free access to standard food and tap water. The present
study was performed in accordance with the guidelines for the care
and use of laboratory animals published by the US National
Institutes of Health (NIH Publication No.85–23, revised 1996). The
experimental protocol was approved by the Research Council of
Iran University of Medical Sciences, Tehran, Iran.

2.2. Drug

Curcumin was purchased from Sigma-Aldrich (USA) (Cat. No.
G0062890) and dissolved in normal saline for administration.
Alcohol obtained from Tehran Shimi (Tehran, Iran). Drugs were
freshly prepared just before use and the volume was adjusted to
0.7 ml/rat.
2.3. Experimental design

70 adult male rats were assigned to one of the following groups:

� Group 1 (negative control) treated with normal saline (0.7 ml/rat,
i.p.) for 21 days.

� Group 2 (positive control) treated with alcohol (2 g/kg/day by
gavage, once daily) for 21 days.

� Groups 3, 4, 5 and 6 treated concurrently with alcohol (2 g/kg/
day, by gavage, once daily) and curcumin (10, 20, 40 and 60 mg/
kg, i.p., respectively) for 21 days.

� Group 7 (positive control) treated with self-administration of
alcohol for 21 days.

� Group 8 treated with curcumin (60 mg/kg, i.p.) alone for 21 days.

On day 22, Open Field Test (OFT) – a standard behavioral
method for studying hippocampal degeneration was performed to
evaluate the motor activity and depression in experimental
animals. Two hour after behavioral test, OFT, oxidative stress,
inflammation and apoptosis were also evaluated in hippocampal
tissues. Keeping in view the importance of CREB-BDNF signaling
pathway in neuroprotection, the involvement of this pathway in
curcumin-mediated neuroprotective effects against alcohol-in-
duced disturbances was studied. Real-time reverse transcriptase-
PCR (RT-PCR) was performed to study the changes induced by
curcumin treatment in BDNF and CREB gene expressions.
Furthermore, protein levels for BDNF, CREB, Bax and Bcl-2 were
assessed by western blot analysis. Changes in gene and protein
levels were studied in dentate gyrus and CA1 areas of rat brain. In
addition, crystal violet staining was also performed in these areas
to study cell density and neurodegeneration.

Alcohol and curcumin doses were selected from a preliminary
study performed at our laboratory and other previous studies
[1,39–42].

2.4. Open field test (OFT)

This assay was used to evaluate anxiety and locomotor activity
in rodents [43,44]. Four typical behaviors in the OFT were assessed
and scored.

1. Line crossing (ambulation) distance: Total distance of the grid
lines crossed by each rat.

2. Center square entries: Number of times each rat entered the
central red square with all four paws.

3. Center square duration: The time spent by each rat in the central
square.

4. Rearing: Frequency with which each rat stands on its hind legs
in the maze.

2.5. Mitochondrial preparations

Animals were anesthetized using sodium thiopental (50 mg/kg,
i.p) and the hippocampus was isolated from each rat. The isolated
tissues were homogenized in cold homogenization buffer (25 mM
4-morpholinepropanesulfonic acid, 400 mM sucrose, 4 mM mag-
nesium chloride (MgCl2), 0.05 mM ethylene glycol tetra acetic acid
(EGTA), pH 7.3) and the homogenized tissues were centrifuged at
450 � g for 10 min. The supernatants obtained were re-centrifuged
at 12000 � g for 10 min. Finally, the sediments were re-suspended
in homogenization buffer and stored at 0 �C. Total mitochondrial
proteins in tissues were determined using Dc protein assay kit
(Bio-Rad, California, United States). Briefly, Bradford reagent (1
part Bradford: 4 parts dH2O) was added to serial dilution series
(0.1-1.0 mg/ml) of a known protein sample concentration; e.g.,
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bovine serum albumin (BSA), dissolved in homogenization buffer.
These serial dilution series were prepared and used for providing a
standard curve. On the other hand, 10, 15, 20, 25 and 30 ml of the
protein extract (homogenized cell solutions) were added to
multiple wells. Bradford reagent was also added to each well.
Densities of colors of all wells were read by plate reader at 630 nm.
Finally, by using the standard curve, protein quantity in extracts
were obtained. These homogenized cell solutions were analyzed
for the measurement of oxidative stress and inflammatory markers
[1,45,46].

2.6. Measurement of oxidative stress parameters

2.6.1. Determination of lipid peroxidation
For assessment of lipid peroxidation, malondialdehyde (MDA),

a natural by-product, was measured. Briefly, 100 ml of SDS lysis
solution was added to wells containing 100 ml sample solution or
MDA standard. After shaking and incubation of these wells, 250 ml
of thiobarbituric acid (TBA) reagent was added to each well and
incubated at 95 �C for 45–60 min. Next, tubes were centrifuged at
1000 � g for 15 min and 300 ml of n-Butanol was added to 300 ml of
supernatant. Then, the tubes were centrifuged for 5 min at
10,000 � g. Finally, the absorbance was read at 532 nm and the
results obtained were expressed as nmol/mg of protein [27,45,47].

2.6.2. Determination of reduced (GSH) and oxidized (GSSG)
glutathione

For measurement of GSH and GSSG levels, 25 ml of 1�
glutathione reductase solution and 25 ml of 1� nicotinamide
adenine dinucleotide phosphate (NADPH) solution was added to a
96-well plate, containing standard solution of glutathione or
sample of homogenized solution. Then, 50 ml of the 1� Chromogen
was added to each well and mixed vigorously. Finally, the
absorbance was read at 405 nm for each GSSG/GSH standard
and sample. Using the standard curve, amount of GSSG/GSH was
determined and the results obtained were expressed as nmol/mg
of protein [1,45,48].

2.6.3. Determination of manganese superoxide dismutase (MnSOD)
activity

The previously described method was used to assess SOD
activity [1,45,49]. SOD activity was calculated using the following
equation: SOD activity = {[(A blank 1 – A blank 3) – (A sample – A
blank 2)]/(A blank 1 � A blank 3)} � 100. Results were reported as
U/ml/mg protein [1,45,46].

2.6.4. Determination of glutathione peroxidase (GPx) activity
GPx activity was assessed as described previously [1,45,50]. It

was measured based on change in absorbance [DA340/min] by the
following equation:

DA340/min = A340 nm (Start) � A340 nm (Stop)/Reaction time
(min), any change in the absorbance is directly proportional to GPx
activity.

GPx activity: DA340/min � Reaction volume (ml) � Dilution
factor of the original sample/Extinction coefficient for NADPH at
340 nm � Volume of the tested sample. Results were expressed as
mU/mg protein [1,45,47].

2.6.5. Determination of glutathione reductase (GR) activity
GR activity was assessed as described previously [1,45]. Results

were expressed as mU/mg protein [1,45,49].
2.7. Measurement of inflammatory parameters

2.7.1. Determination of IL-1b and TNF-a level
Briefly, wells containing sheep anti-rat IL-1b and TNF-a

polyclonal antibody (Sigma Chemical Co., Poole, and Dorset, UK)
were washed three times with washing buffer (0.5 M of sodium
chloride (NaCl), 2.5 mM sodium dihydrogen phosphate (NaH2PO4),
7.5 mM Na2HPO4, 0.1% Tween 20, pH 7.2). Then, 100 ml of 1% (w/v)
ovalbumin (Sigma Chemical Co., Poole, Dorset, UK) solution was
added to each well and incubated at 37 �C for 1 h. Following three
washes, 100 ml of samples and standards were added to each well
and incubated at 48 �C for 20 h. After three washes, 100 ml of the
biotinylated sheep anti-rat IL-1b or TNF-a antibody (1:1000
dilutions in washing buffer containing 1% sheep serum, Sigma
Chemical Co., Poole, and Dorset, UK) was added to each well. Next,
after 1 h incubation and three washes, 100 ml avidin-HRP (Dako
Ltd, UK) (1:5000 dilution in wash buffer) was added to each well
and the plate were incubated for 15 min. After washing three times,
100 ml of TMB substrate solution (Dako Ltd., UK) was added to each
well and then incubated for 10 min at room temperature. Then,
100 ml of 1 M H2SO4 was added and absorbance was read at
450 nm. Results were expressed as ng IL-1b/ml or TNF-a/ml
[1,45,51].

2.8. Real-time reverse transcriptase-polymerase chain reaction (RT-
PCR)

Total RNA was extracted from 200 mg of hippocampal tissue by
using ONE STEP-RNA reagent (Bio Basic, Canada inc.) according to
the manufacturer’s instructions. Extracted RNA was assessed for
quantity and quality using a nanodrop (ND-1000, Thermo
Scientific Fisher, US) and gel electrophoresis respectively. To
eliminate genomic contamination, RNA was treated with DNase I
(Qiagen, Hilden, Germany) as described by the manufacturer. Next,
complementary DNA (cDNA) was synthesized using 1 mg of total
RNA. The integrity and quality of cDNA was examined using
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primer as
housekeeping. Real-time reverse transcriptase-PCR (RT-PCR) was
carried out to evaluate the differences in expression patterns for
BDNF and CREB genes among samples of each group. Primers were
designed using Primer 3 software version 0.4 (frodo.wi.mit.edu)
and are as follows:

BDNF Forward: 50-GGAGGCTAAGTGGAGCTGAC-30

Reverse: 50-GCTTCCGAGCCTTCCTTTAG-30

CREB1 Forward: 50-CAGACAACCAGCAGAGTGGA-30

Reverse: 50-CTGGACTGTCTGCCCATTG-30

GAPDH Forward: 50-AGACAGCCGCATCTTCTTGT-30

Reverse: 50-CCGTTCACACCGACCTTCA-30

Real time RT-PCR was performed in 20 ml reactions containing
1 ml cDNA target, 100 nM forward and reverse primers and
1 � SYBR1 Premix Ex TaqTM II (Takara, Tokyo, Japan). Experiments
were carried out in triplicate using a CFX96TM Real-Time System
(C1000TM Thermal Cycler; Bio-Rad, Hercules, CA, USA). Amplifi-
cation conditions were as follow: initial denaturation at 95 �C for
10 min, followed by 40 cycles (denaturation at 95 �C for 15 s and
annealing and extension at 60 �C for 1 min). The relative value of
the mRNA expression of CREB and BDNF genes were calculated by
comparing the cycle thresholds (CTs) of the target gene with that of
the housekeeping gene (GAPDH) using the 2�DDct method and
REST 2009 software [52]. Serial dilutions of cDNAs were used for
calculation of the primer sets efficiencies in real-time PCR. In this
regard, the efficiencies of various primer sets were found to be
similar [48,53].
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2.9. Protein expression determination using western blot analysis

We studied the immunoreactivity of CREB, CREB-P, BDNF, Bax
and Bcl-2 contents in the hippocampal tissues by western blotting.
Electrotransfer of the resolved bands from gel to polyvlinylidene
difluoride (PVDF) membrane (Millipore, Bedford, USA) was
performed in 90 min at 0.7 mA/cm2 using a semi-dry transfer
apparatus (PeQlab). After the transferring step, the membrane was
weakly stained for 3 min with Coomassie blue G-250 (1 mg/100 ml)
(Sigma Aldrich, UK). Then, the membrane was dried and cut into
2 mm wide strips. After destaining with methanol, the stripes were
washed and blocked with 2% BSA overnight at 4 �C. Next day,
bovine serum (dilution 1:100) was added and was incubated in
room temperature (RT) for 2 h on a shaker. The membranes were
then washed with PBS-T (three washing steps) and were incubated
with the following conjugated polyclonal anti-rabbit antibody:
BDNF and CREB (total and phosphorylated; 1:500 dilutions in BSA,
360 min, RT; Sigma Aldrich, Germany) Bax and Bcl-2 (1:1000
dilutions in BSA, 240 min, RT; Sigma Aldrich, Germany). Next, all
stripes were incubated with secondary HRP conjugated polyclonal
rabbit anti-sheep antibody (1:5000 dilution in BSA, 120 min, RT;
Sina Biotech, Iran). The stripes were washed and incubated with
chemiluminescent substrate [(Luminol and hydrogen peroxide
(H2O2)] for 2 min at RT. Finally, the reactive bands were detected on
X-ray film within 10–20 s under safe light condition [53,54].

2.10. Histological studies

Isolated hippocampus was fixed in formalin and washed with
physiologic serum. After dehydrating the tissues using ethanol,
tissues were embedded in paraffin wax and 5 mm thick sections
were prepared. Next, the sections were stained with crystal violet
stain and images of 20 sections per group were captured
(400 � magnification). Images were analyzed using morphome-
teric software (Optikavision pro, Italy). The cell density was
determined in an area of 1.30 mm of hippocampal subfield in all
sections [49,55].

2.11. Statistical analysis

All data were statistically analyzed using Graph Pad PRISM
software (version 6). The data were expressed as mean � standard
error of the mean (SEM). Differences between control and
treatment groups were evaluated using one way ANOVA. Differ-
ences between the behaviors in groups were evaluated by Tukey’s
post-hoc test. P < 0.05 or P < 0.001 was considered statistically
significant.
Table 1
The effects of alcohol consumption and alcohol in combination with various doses of curc
and anxiety-like behavior in rats.

Groups Ambulation distance (cm) Central s

Control 384 � 11 19 � 1.3 

Alcohol (self administration) 301 � 12a 13 � 2a

Alcohol (2 mg/kg/day) 330 � 10a 11 � 1a

Alcohol (2 mg/kg/day) + Curcumin (10 mg/kg) 341 � 9 13 � 1.1 

Alcohol (2 mg/kg/day) + Curcumin (20 mg/kg) 354 � 13 15 � 3.1 

Alcohol (2 mg/kg/day) + Curcumin (40 mg/kg) 364 � 11b 18 � 1.8b

Alcohol (2 mg/kg/day) + Curcumin (60 mg/kg) 370 � 10b,c 19 � 3b,c

Curcumin (60 mg/kg) 382 � 9b 20 � 1.1b

Data are represented as mean � SEM (n = 8, each group).
a p < 0.05 vs. control group.
b p < 0.05 vs. alcohol (2 g/kg/day) and alcohol self-administration groups.
c p < 0.05 vs. Alcohol in combination with curcumin (10 mg/kg) group.
3. Results

3.1. The effects of various doses of curcumin on alcohol-induced
disturbances in open field test (OFT) measurements

The animals in negative control group entered central square
more frequently and spent more time in the central square region
of the open field as compared to animals in self-administered and
forcefully-administered (2 g/kg/day) alcohol groups (p < 0.05)
(Table 1).

On the other hand, curcumin at all doses increased the
frequency of central square entries and time spent in the central
region of the OFT. However, this increase was statistically
significant in groups treated with 40 and 60 mg/kg of curcumin
as compared to self-administered and forcefully-administered
(2 g/kg/day) alcohol groups (p < 0.05) (Table 1). Furthermore, both
alcohol treated groups demonstrated less ambulation distance in
OFT as compared to negative control animals. Curcumin treatment
increased ambulation distance in OFT in comparison to both
alcohol treated groups (p < 0.05) (Table 1). We also found a
significant difference in frequency of central square entries, time
spent in the central region, rearing number and ambulation
distance between the group treated with 60 mg/kg curcumin in
combination with alcohol (2 g/kg/day) and the group treated with
10 mg/kg curcumin in combination with alcohol (2 g/kg/day)
(p < 0.05) (Table 1).The treatment of animals by curcumin
(60 mg/kg) alone did not change the ambulation distance,
frequency of central square entries, time spent in the central
region and rearing number in OFT, and results were similar to
control group and significantly different from both alcohol treated
groups (P < 0.05) (Table 1).

3.2. The effects of various doses of curcumin on alcohol-induced lipid
peroxidation in mitochondria

Both self-administered and forcefully-administered (2 g/kg/
day) alcohol groups showed markedly elevated mitochondrial
MDA levels in comparison with the negative control group
(P < 0.05) (Table 2). Various doses of curcumin (40 and 60 mg/
kg) diminished this alcohol-induced increase in the MDA level and
the results were found to be significant in comparison with both
alcohol treated groups (P < 0.05) (Table 2). Furthermore, we found
a significant difference in the MDA level between the group treated
with 60 mg/kg curcumin in combination with alcohol (2 g/kg/day)
and the groups treated with 10 and 20 mg/kg curcumin in
combination with alcohol (2 g/kg/day) (p < 0.05) (Table 2) The
results obtained with curcumin (60 mg/kg) alone were similar to
umin (10, 20, 40 and 60 mg/kg) and curcumin only on open field exploratory activity

quare entries (number) Time spent in central square (sec) Number of rearing

155 � 10 16 � 1.5
129 � 15a 12 � 3a

116 � 12a 11 � 3a

124 � 19 12 � 0.7
133 � 11 13.5 � 1.5
140 � 8b 14.5 � 3b

147 � 13b,c 15 � 3b,c

152 � 12b 16 � 1b



Table 2
The effects of various doses of curcumin on alcohol-induced oxidative stress in rats.

Groups MDA (nmol/mg of protein) SOD
(U/ml/mg of protein)

GPx
(mU/mg of protein)

GR
(mU/mg of protein)

Control 6.9 � 1.4 74 � 7.9 133 � 6 135 � 7
Alcohol (self administration) 15 � 1.2a 58 � 6a 109 � 8a 128 � 5a

Alcohol (2 g/kg/day) 17 � 1.9a 52 � 4a 102 � 6a 122 � 7a

Alcohol (2 mg/kg/day) + Curcumin (10 mg/kg) 15 � 1.8 55 � 7 105 � 6 125 � 8
Alcohol (2 mg/kg/day) + Curcumin (20 mg/kg) 14 � 1.4 60 � 8 110 � 7 130 � 7
Alcohol (2 mg/kg/day) + Curcumin (40 mg/kg) 10 � 1.9b 68 � 9b 128 � 9b 146 � 8b

Alcohol (2 mg/kg/day) + Curcumin (60 mg/kg) 8 � 1.5b,c 72 � 9b,c 130 � 10b,c 151 � 8b,c

Curcumin (60 mg/kg) 7.6 � 1.4b 75 � 6.3b 129 � 9b 142 � 8b

Data are represented as mean � SEM (n = 8, each group).
MDA: malondialdehyde, SOD: superoxide dismutase, GPx: glutathione peroxidase, GR: glutathione reductase.

a p < 0.05 vs. control group.
b p < 0.05 vs. Alcohol (2 g/kg/day) and alcohol self-administered groups.
c p < 0.05 vs. Alcohol (2 g/kg/day) in combination with curcumin (10 or 20 mg/kg) group.
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control group and significantly different from both alcohol treated
groups (P < 0.05) (Table 2).

3.3. The effects of various doses of curcumin on alcohol-induced
reduction in superoxide dismutase (SOD) activity in mitochondria

Both, self-administered and forcefully-administered (2 g/kg/
day) alcohol groups showed markedly reduced SOD activity in
comparison with the negative control group (P < 0.05)(Table 2).
Administration of curcumin (40 and 60 mg/kg) diminished this
alcohol-induced reduction in the SOD activity and the results were
found to be significant in comparison with both alcohol treated
groups (P < 0.05)(Table 2). Furthermore, we found a significant
difference in the SOD activity between the group treated with
60 mg/kg curcumin in combination with alcohol (2 g/kg/day) and
the groups treated with 10 and 20 mg/kg curcumin in combination
with alcohol (2 g/kg/day) (p < 0.05) (Table 2), while curcumin
(60 mg/kg) alone did not change the SOD activity, and was similar
to control group and significantly different from both alcohol
treated groups (P < 0.05) (Table 2).

3.4. The effects of various doses of curcumin on alcohol-induced
changes in the glutathione peroxidase (GPx) activity in mitochondria

Both, self-administered and forcefully-administered (2 g/kg/
day) alcohol groups showed significantly attenuated GPx activity
in comparison with the negative control group (P < 0.05) (Table 2).
In contrast, curcumin (40 and 60 mg/kg) treatment markedly
improved the GPx activity when compared to both alcohol treated
groups (P < 0.05) (Table 2). Furthermore, we found a significant
difference in the GPx activity between the groups treated with 40
Table 3
The effects of various doses of curcumin on alcohol-induced mitochondrial GSH/GSSG 

Groups GSH
(nmol/mg of prot

Control 75.7 � 2.1 

Alcohol (self administration) 56.1 � 4.2a

Alcohol (2 g/kg/day) 52.5 � 2.1a

Alcohol (2 mg/kg/day) + Curcumin (10 mg/kg) 60.3 � 3.6 

Alcohol (2 mg/kg/day) + Curcumin (20 mg/kg) 61.3 � 4.6 

Alcohol (2 mg/kg/day) + Curcumin (40 mg/kg) 69.2 � 4.7b,c

Alcohol (2 mg/kg/day) + Curcumin (60 mg/kg) 70.3 � 1.6b,c

Curcumin (60 mg/kg) 77.1 � 3.1b

Data are represented as mean � SEM (n = 8, each group).
a p < 0.05 vs. control group.
b p < 0.05 vs. alcohol (2 g/kg/day) and alcohol self-administered groups.
c p < 0.05 vs. alcohol (2 g/kg/day) in combination with curcumin (10 or 20 mg/kg) gr
and 60 mg/kg of curcumin in combination with alcohol (2 g/kg/
day) and the groups treated with 10 and 20 mg/kg curcumin in
combination with alcohol (2 g/kg/day) (p < 0.05) (Table 2).While
curcumin (60 mg/kg) alone did not change the GPx activity, when
compared to control group but showed significant difference from
both alcohol treated groups (P < 0.05) (Table 2).

3.5. The effects of various doses of curcumin on alcohol-induced
changes in glutathione reductase (GR) activity in mitochondria

Both, self-administered and forcefully-administered (2 g/kg/
day) alcohol groups showed significantly attenuated GR activity in
comparison with the negative control group (P < 0.05) (Table 2).
Administration of curcumin (40 and 60 mg/kg) improved this
alcohol-induced reduction in the GR activity when compared to
both alcohol treated groups (P < 0.05) (Table-2). Furthermore, we
found a significant difference in the GR activity between the group
treated with 40 and 60 mg/kg of curcumin in combination with
alcohol (2 g/kg/day) and the groups treated with 10 and 20 mg/kg
curcumin in combination with alcohol (2 g/kg/day) (p < 0.05)
(Table 2). Curcumin (60 mg/kg) alone increased the GR activity, but
this increase was not significant in comparison to control group.
This increase was significantly different in comparison to both
alcohol treated groups (P < 0.05) (Table 2).

3.6. The effects of various doses of curcumin on alcohol-induced GSH/
GSSG alterations in mitochondria

Forceful (2 g/kg/day) and self administration of alcohol
markedly decreased the GSH content in isolated mitochondria
in comparison with the negative control group (P < 0.05) (Table 3).
alterations in rats.

ein)
GSSG
(nmol/mg of protein)

GSH/GSSG

0.98 � 0.3 76
3.1 � 1.2a 18a

3.5 � 1.5a 14a

3.2 � 0.05 18.7
3.00 � 0.13 20.04
1.7 � 0.14b,c 40.7b,c

1.5 � 0.30b,c 46.8b,c

1.1 � 0.2b 77b

oups.
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In contrast, animals treated with 40 and 60 mg/kg of curcumin
showed noticeably higher amount of GSH in comparison to the
both alcohol treated groups (P < 0.05) (Table 3).

GSSG levels in both alcohol treated groups were found to be
significantly higher than the negative control group (P < 0.05)
(Table 3). Curcumin at doses 40 and 60 mg/kg prevented this
alcohol-induced increase in the GSSG level when compared to both
alcohol treated groups (P < 0.05) (Table 3). Furthermore, we found
a significant difference in GSH and GSSG levels between the groups
treated with 40 and 60 mg/kg of curcumin in combination with
alcohol (2 g/kg/day) and the groups treated with 10 and 20 mg/kg
of curcumin in combination with alcohol (2 g/kg/day) (P < 0.05)
(Table 3). Curcumin (60 mg/kg) alone did not change significantly
the GSH and GSSG contents when compared to control group, but
these changes were significant in comparison to both alcohol
treated groups (P < 0.001) (Table 3).

3.7. The effects of various doses of curcumin on alcohol-induced
elevated IL-1b and TNF-a level

Forceful (2 g/kg/day) and self administration of alcohol
markedly increased IL-1b and TNF-a levels as compared to the
negative control group (P < 0.001) (Figs. 1 and 2). Furthermore,
curcumin (40 and 60 mg/kg) reduced alcohol-induced rise in the
inflammatory cytokines and this effect was statistically significant
when compared to both alcohol treated groups (P < 0.001) (Figs. 1
and 2). In addition, we observed a significant difference in TNF-a
and IL-1b levels between the group treated with 40 and 60 mg/kg
curcumin in combination with alcohol (2 g/kg/day) and the groups
treated with 10 and 20 mg/kg curcumin in combination with
alcohol (2 g/kg/day) (P < 0.05) (Figs. 1 and 2). Group under
treatment with curcumin (60 mg/kg) alone did not showe
significant difference in IL-1b and TNF-a levels, in comparison
to control group,while shows significant decrease in IL-1b and
TNF-a levels when compared to both alcohol treated groups
(P < 0.001) (Figs. 1 and 2).

3.8. The effects of various doses of curcumin on alcohol-induced
reduced CREB gene expression

Both self-administered and forcefully-administered alcohol
(2 g/kg/day) groups demonstrated significantly reduced CREB gene
Fig. 1. The effects of alcohol consumption and alcohol in combination with various dos
p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001
(60 mg/kg) group.
expression in the DG and CA1 regions of hippocampus in
comparison to the negative control group (P < 0.001) (Fig. 3A
and B). In contrast, curcumin (40 and 60 mg/kg) improved the CREB
gene expression in the DG and CA1 regions of hippocampus when
compared to both alcohol treated groups (P < 0.001) (Fig. 3A and
B). In addition, we observed a significant difference in the CREB
expression between the groups treated with 40 and 60 mg/kg of
curcumin in combination with alcohol (2 g/kg/day) and the groups
treated with 10 and 20 mg/kg of curcumin in combination with
alcohol (2 g/kg/day) (P < 0.05) (Fig. 3A and B). However, curcumin
(60 mg/kg) alone did not change the CREB gene expression in the
DG and CA1 regions when compared to control group while these
changes were significant in comparison to both alcohol treated
groups (P < 0.001) (Fig. 3A and B).

3.9. The effects of various doses of curcumin on alcohol-induced
reduced BDNF gene expression

Forceful (2 g/kg/day) and self administration of alcohol
markedly reduced the BDNF gene expression in both the DG and
CA1 regions of hippocampus when compared to the negative
control group (P < 0.001) (Fig. 4A and B). In contrast, curcumin (40
and 60 mg/kg) improved the BDNF gene expression in DG and CA1
regions when compared to both alcohol treated groups (P < 0.001)
(Fig. 3A and B). Furthermore, our data showed a significant
difference in the BDNF gene expression between the group treated
with 60 mg/kg curcumin in combination with alcohol (2 g/kg/day)
and the groups treated with 10 and 20 mg/kg curcumin in
combination with alcohol (2 g/kg/day) (P < 0.05) (Fig. 4A and B).
Curcumin (60 mg/kg) only treated group did not change BDNF gene
expression in both DG and CA1 regions, when compared to control
group, while this change was significant in comparison to both
alcohol treated groups (P < 0.001) (Fig. 4A and B).

3.10. The effects of various doses of curcumin on alcohol-induced
decreased protein expression of CREB

Both, self-administered and forcefully-administered (2 g/kg/
day) alcohol groups demonstrated reduced CREB and CREB-P
protein expression in the DG and CA1 regions of hippocampus
when compared to the negative control group (P < 0.001) (Figs. 5
and 6A and B). In contrast, curcumin (40 and 60 mg/kg) improved
es of curcumin (10, 20, 40 and 60 mg/kg) on hippocampal TNF-a levels in rats. ***
 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination with curcumin



Fig. 2. The effects of alcohol consumption and alcohol in combination with various doses of curcumin (10, 20, 40 and 60 mg/kg) on hippocampal IL-b level in rats. *** p < 0.001
vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination with curcumin (60 mg/kg)
group.

Fig. 3. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction in CREB gene expression in DG (A) and CA1 (B) regions of
hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination
with curcumin (40 and 60 mg/kg) groups.
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Fig. 4. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction in BDNF gene expression in DG (A) and CA1 (B) regions of
hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination
with curcumin (60 mg/kg) group.
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the CREB protein expression in DG and CA1 regions of
hippocampus in comparison to both alcohol treated groups
(P < 0.001) (Figs. 5 and 6A and B). In addition, our data showed a
significant difference in the total CREB protein expression in
hippocampus between the group treated with 60 mg/kg
curcumin in combination with alcohol (2 g/kg/day) and the
groups treated with 10 and 20 mg/kg curcumin in combination
with alcohol (2 g/kg/day) (P < 0.05) (Fig. 5A and B). However,
CREB-P protein expression was significantly different between
the groups treated with 40 and 60 mg/kg of curcumin in
combination with alcohol (2 g/kg/day) and the groups treated
with 10 and 20 mg/kg of curcumin in combination with alcohol (2
g/kg/day) (P < 0.05) (Fig. 5A and B), Curcumin (60 mg/kg) only
treated group in comparison to control group did not change
significantly the CREB and CREB-P protein expressions and also
ratio of CREB-P to CREB in the DG and CA1 regions, these changes
were significant in comparison to both alcohol treated groups
(P < 0.001) (Figs. 5 and 6A and B). On the other hand both self-
administered and forcefully-administered (2 g/kg/day) alcohol
groups caused decreases in CREB-P/CREB ratio in DG and CA1
regions of hippocampus when compared to the negative control
group (P < 0.001) (Fig. 7A and B). In contrast, curcumin (40 and 60
mg/kg) increased the CREB-P/CREB ratio of protein expression in
DG and CA1 regions of hippocampus in comparison to both
alcohol treated groups (P < 0.001) (Fig. 7A and B). Differences of
CREB-P/CREB ratio in DG and CA1 regions group under treatment
by 40 and 60 mg/kg of curcumin in combination with alcohol (2 g/
kg/day)was significant when compared to the groups treated with
10 and 20 mg/kg of curcumin in combination with alcohol (2 g/kg/
day) (P < 0.05) (Fig. 7A and B).Curcumin (60 mg/kg) alone did not
change CREB-P/CREB ratio in DG and CA1 regions of hippocampus
when compared to the negative control, while these changes
were significant when compared to both alcohol treated groups
(P < 0.001) (Fig. 7A and B).

3.11. The effects of various doses of curcumin on alcohol induced
decrease in BDNF in western blot

Both self-administered and forcefully-administered (2 g/kg/
day) alcohol groups demonstrated reduced protein expression of



Fig. 5. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction in CREB protein expression in DG (A) and CA1 (B) regions of
hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination
with curcumin (60 mg/kg) group.
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BDNF in the DG and CA1 field of hippocampus in comparison with
the negative control group (P<0.001) (Fig. 8A and B). In contrast,
curcumin (40 and 60 mg/kg) improved BDNF protein expression in
the DG and CA1 regions of hippocampus in comparison to both
alcohol treated groups (P < 0.001) (Fig. 8A and B). Furthermore, we
observed a significant difference in BDNF protein expression in the



Fig. 6. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction in phosphorylated-CREB (P-CREB) protein expression in DG (A) and
CA1 (B) regions of hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group, y p < 0.05 vs. alcohol (2 g/kg/
day) in combination with curcumin (40 and 60 mg/kg) groups.
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hippocampus between the group treated with 60 mg/kg curcumin
in combination with alcohol (2 g/kg/day) and the groups treated
with 10 and 20 mg/kg curcumin in combination with alcohol (2 g/
kg/day) (P < 0.05) (Fig. 8A and B).Curcumin (60 mg/kg) only treated
group did not change BDNF protein expression in both DG and CA1
regions, when compared to control group although these changes
were significant in comparison to both alcohol treated groups
(P < 0.001) (Fig. 8A and B).



Fig. 7. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction P-CREB/CREB protein expression ratio in DG (A) and CA1 (B) regions of
hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination
with curcumin (40 and 60 mg/kg) group.
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3.12. The effects of various doses of curcumin on alcohol-induced
changes in protein expression of bax and bcl-2

Forceful (2 g/kg/day) and self administration of alcohol
significantly increased Bax and Bax/Bcl-2 ratio and decreased
Bcl-2 protein expression in the hippocampus when compared to
the negative control group (P < 0.001) (Fig. 9A, B and C). In
contrast, curcumin (40 and 60 mg/kg) improved Bcl-2 and reduced
Bax and Bax/Bcl-2 ratio protein expression in the hippocampus in
comparison to the both alcohol treated groups (P < 0.001) (Fig. 9A,
B and C). In addition, we found a significant difference in Bax, Bax/
Bcl-2 ratio and Bcl-2 protein expression in hippocampus between
the groups treated with 40 and 60 mg/kg of curcumin in
combination with alcohol (2 g/kg/day) and the groups treated
with 10 and 20 mg/kg of curcumin in combination with alcohol
(2 g/kg/day) (P < 0.05) (Fig. 9A, B and C), Curcumin (60 mg/kg)
alone did not change Bcl-2 and Bax protein expressions and also
did not affect the ratio of Bax/Bcl-2 in both DG and CA1 regions, and
these differences were not significant in comparison to control
group while were significant compared to both alcohol treated
groups (P < 0.001) (Fig. 9A, B and C).
3.13. Histological studies

Tissue sections of both self-administered and forcefully-
administered (2 g/kg/day) alcohol groups had dramatic loss of
the granular cells in DG and pyramidal cells in CA1 regions as
compared to control group (p < 0.05) (Table 4). In contrast,
curcumin (40 and 60 mg/kg) treatment significantly improved
neuronal cell density in the hippocampus (p < 0.05) (Table 4).
Degenerated shrunken dark cells with condensed nucleus were
observed in granular cells and pyramidal cells in the groups treated
with 2 g/kg/day of alcohol (Figs. 10 and 11). Curcumin (40 and
60 mg/kg) treatment effectively preserved the neuronal architec-
ture (Figs. 10 and 11). Furthermore, we observed significant
differences in cell number, cell shape and histomorphological
changes in the hippocampus between the groups treated with 40
and 60 mg/kg of curcumin in combination with alcohol (2 g/kg/
day) and the groups treated with 10 and 20 mg/kg of curcumin in
combination with alcohol (2 g/kg/day) (P < 0.05) (Table 4) (Figs. 10
and 11). Group under treatment by curcumin (60 mg/kg) only did
not significantly change the cells’ density and shape in both DG and
CA1 regions when compared to control group, but these changes
were significant in comparison to both alcohol treated groups
(P < 0.001) (Table 4) (Figs. 10 and 11).



Fig. 8. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction in BDNF protein expression in DG (A) and CA1 (B) regions of
hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs. alcohol (2 g/kg/day) in combination
with curcumin (60 mg/kg) group.
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Fig. 9. The effects of various doses of curcumin (10, 20, 40 and 60 mg/kg) on alcohol-induced reduction in Bcl-2 (A) and alcohol induced increase in Bax (B) and ratio of Bax/
Bcl-2 (C) protein expression in hippocampus. *** p < 0.001 vs. alcohol (2 g/kg/day) and alcohol self-administration groups. ### p < 0.001 vs. control group. y p < 0.05 vs.
alcohol (2 g/kg/day) in combination with curcumin (60 mg/kg) group.
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Table 4
The effects of various doses of curcumin on alcohol-induced reduction in hippocampal neuronal cell counting (number/mm).

Groups CA1(number/mm) Dentate Gyrus (number/mm)

Control 623.8 � 8.1 688.11 � 8.1
Alcohol (self administration) 500.6 � 11.9a 546.2 � 6.9a

Alcohol (2 g/kg/day) 472.3 � 9.4a 529.10 � 9.9a

Alcohol (2 mg/kg/day) + Curcumin (10 mg/kg) 502.3 � 9.1 554.2 � 9.8
Alcohol (2 mg/kg/day) + Curcumin (20 mg/kg) 545.6 � 12 579.3 � 7.2
Alcohol (2 mg/kg/day) + Curcumin (40 mg/kg) 577 � 9.9b,c 617.3 � 11.1b,c

Alcohol (2 mg/kg/day) + Curcumin (60 mg/kg) 600 � 10.8b,c 626.3 � 12.2b,c

Curcumin (60 mg/kg) 618.1 � 9.1b 676.2 � 10b

Data are represented as mean � SEM (n = 8, each group).
a p < 0.05 vs. control group.
b p < 0.05 vs. alcohol (2 g/kg/day) and alcohol self-administered groups.
c p < 0.05 vs. alcohol (2 g/kg/day) in combination with curcumin (10 or 20 mg/kg) groups.

Fig.10. Representative images of crystal violet-stained dentate gyrus. Control group (A1), alcohol (2 g/kg/day) group (B1), alcohol self-administration group (C1), alcohol (2 g/
kg/day) in combination with curcumin (10, 20, 40 and 60 mg/kg, respectively) (D1, E1, F1 and G1) and curcumin only (60 mg/kg) group (H1). Arrows indicate the vacuolation
and neuronal degeneration in dentate gyrus (Magnification �400. Scale bar 100 mm).

734 M. Motaghinejad et al. / Biomedicine & Pharmacotherapy 87 (2017) 721–740
4. Discussion

The current study demonstrates that various doses of curcumin
can suppress alcohol-induced apoptosis, oxidative stress and
inflammation in the hippocampus of adult rats. Furthermore, our
study shows that these protective effects of curcumin are mediated
via CREB-BDNF signaling pathway. We found that chronic alcohol
administration alters behavioral parameters, such as motor



Fig. 11. Representative images of crystal violet-stained CA1 region of hippocampus. Control group(A2), alcohol (2 g/kg/day) group(B2), alcohol self-administration group(C2),
alcohol (2 g/kg/day) in combination with curcumin (10, 20, 40 and 60 mg/kg, respectively) (D2, E2, F2 and G2) and curcumin only (60 mg/kg) group (H2). Arrows indicate the
shrinkage and degeneration of neurons (Magnification �400. Scale bar 100 mm).

M. Motaghinejad et al. / Biomedicine & Pharmacotherapy 87 (2017) 721–740 735
activity and anxiety as assessed by OFT. Alcohol increases lipid
peroxidation and oxidized form of glutathione (GSSG) while
decreasing the reduced form of glutathione (GSH), GPx, GR and
SOD activities in rat hippocampus. In contrast, curcumin (10, 20, 40
and 60 mg/kg) in a dose dependent manner attenuates lipid
peroxidation and oxidative stress in both alcohol administrated
groups. We found that alcohol treatment increases the level of pro-
inflammatory cytokines like IL-b and TNF-a in the hippocampal
tissues. Whereas, curcumin (10, 20, 40 and 60 mg/kg) has a strong
potential for suppressing alcohol-induced neuroinflammation in a
dose dependent manner. Moreover, both self-administered and
forcefully-administered alcohol groups showed an elevated
expression of an apoptotic protein Bax and Bax/Bcl-2 ratio, and
a depressed expression of an anti-apoptotic protein Bcl-2.
Interestingly, curcumin treatment antagonized alcohol-induced
neuroapoptosis in a dose dependent manner. The key finding of
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this study is that chronic alcohol consumption disrupts CREB-
BDNF signaling, whereas, curcumin mediates neuroprotection
against alcohol-induced toxicity by restoring CREB-BDNF signaling
pathway.

Alcohol, due to its sedative effect, carries a high potential for
being abused [5,40,56]. Studies have reported numerous alcohol-
induced behavioral disturbances. Cippitelli et al., demonstrated
that rats with chronic ethanol abuse have impaired spatial
navigation skills in morris water maze test and poor normal
behavior in elevated plus maze task, which were related to altered
molecular functions in brain [6]. Our results indicated that 2 g/kg/
day alcohol as well as voluntary consumption of alcohol in rats
decrease the ambulation number and distance in OFT. In contrast
to this, curcumin at 40 and 60 mg/kg doses increases ambulation
number and distance in alcohol exposed rats. This curcumin-
induced behavioral improvement is in accordance with previous
studies [37,57]. In addition, some previous works have shown that
chronic alcohol administration can alter motor activity in animal
models and human subjects [37,58–60]. Similar to previous reports
[61–63], the current study demonstrates that alcohol abuse
decreases the number of central square entries and time spent
in central square in OFT, which is indicative of alcohol-induced
anxiety-like behavior in rats. Furthermore, curcumin at doses of 40
and 60 mg/kg was found to be effective in attenuating anxiety
levels in rats. However, this study showed that curcumin (60 mg/
kg) alone did not change ambulation number and distance and also
did not affect the number of central square entries and time spent
in central square in OFT. By these findings, it can be discussed that
the mentioned changes in OFT is due to alcohol consumption and
curcumin can prevent these effects of alcohol in OFT, while the
curcumin alone did not cause an anxiety like behavior or motor
activity disturbances in OFT. Previous study from our laboratory
and other studies have reported such anxiolytic and anti-
depressant effects of curcumin on drug induced disturbances
[1,2,24,64,65]. In accordance to previous studies, the current study
shows that curcumin at highest dose studied (60 mg/kg) is more
efficient in evoking neuroprotective effects on brain [2]. Some
reports claim that in traditional medicine this herbal compound
was used as a sedative and tranquilizer [66,67], and other reports
showed that curcumin can modulate drug-induced motor activity
disturbances in abusers and can prevent anxiety and depression in
animal and human subjects [68–70].

Previous studies have demonstrated that chronic abuse of
alcohol in adult and juvenile rats leads to mitochondrial
dysfunction and respiratory enzyme imbalance, which eventually
induces oxidative stress in brain cells [11,71–73]. Nevertheless,
the exact mechanism of action of alcohol in this regard still
remains unclear. Our results indicated that voluntary and
involuntary administration of alcohol increases hippocampal
MDA level, whereas, curcumin treatment (10, 20, 40 and 60 mg/
kg) reduces alcohol-induced rise in lipid peroxidation in the
brain. The inhibitory effect of curcumin on MDA level was more
pronounced at high doses (60 mg/kg) compared to low doses used
in this study (10 and 20 mg/kg). Also our data indicated that
curcumin alone did not affect significantly the MDA level in
hippocampus.

These results are similar to previous findings which indicated
alcohol-induced lipid peroxidation in the brain [12,71]. According
to these findings, it seems that part of destructive effects of alcohol
is mediated through mitochondrial dysfunction and probably
curcumin is somehow modulating this process.

Furthermore, it has been confirmed by previous studies that
curcumin exerts neuroprotective effects by inhibiting the forma-
tion of free radicals [74,75]. The role of curcumin as a scavenger for
free radicals is well-evident in literature [45]. Our results indicated
that alcohol decreases mitochondrial GSH content, while
increasing GSSG level in the hippocampal tissues. According to
previous studies, the neurotoxic effects of alcohol can be at least
partly attributed to its ability to convert the protective reduced
glutathione form (GSH) to the toxic oxidized form (GSSG) [12,71].
The reduced form of glutathione inhibits lipid peroxidation and
acts as an antioxidant mediator by scavenging free radicals [45,76].
Many previous studies clarified that alcohol abuse can affect
glutathione pathway and by this key change can start and activate
neurodegenerative signals in brain[76,77], these reports that
alcohol inhibit the enzymes which convert glutathione destructive
form (GSSG) to protective form(GSH) and by this mechanism cause
harmful effect on glutathione cycle and consequently causes
neural cell death [76,77]. Moreover, we found that various doses of
curcumin, specially 40 and 60 mg/kg, improve GSH content, while
reducing GSSG level in animals with alcohol consumption. These
findings have also been reported already by previous studies
indicating that curcumin can be therapeutically beneficial against
neurodegenerative diseases as it promotes GSH formation [76,78].
According to these findings and already reported, an important
parts of curcumin neuroprotection properties could be attributed
to the positive role of curcumin on glutathione circle [76].

In our study, forceful and self administration of alcohol
decreased GPx, GR and SOD activities in isolated hippocampal
tissues. Previous studies have reported that alcohol abuse
diminishes antioxidant defenses which may result in neuro-
degeneration [79,80]. It has been shown that GR is the main
enzyme responsible for converting the oxidized glutathione (GSH)
to the reduced form (GSSG) [1,76]. Thus, alcohol-induced decrease
in GR activity results in elevated GSSG and reduced GSH levels as
observed in our results (Table 3). Some novel reports showed that
alcohol consumption causes inhibition of antioxidant activity in
multiple cells, and these effects cause alcohol induced degenera-
tive effects on body cells such as brain, liver, heart and other cells
[81–83], These data confirms the destructive properties of alcohol
on inhibition of antioxidant enzymes such as GPx, GR, CAT and SOD
[81–83].

We observed that curcumin treatment dose-dependently
improves the activity of antioxidant enzymes. Curcumin by
activating GR, increases the conversion of GSSG to GSH and thus,
protects the brain against alcohol-induced oxidative stress.
Previous in vivo and in vitro studies have also confirmed such
antioxidative properties of curcumin [24,45,84]. It has been
proposed that herbal drugs such as curcumin actively inhibit
glutathione-redox cycle and inhibit GSSG formation by increasing
enzymes like GR and GPx [24,85]. In addition, our results
confirmed the previous findings regarding the decrease in SOD
activity following alcohol abuse [86]. In accordance with previous
studies, treatment by curcumin was found to be effective in
reversing this alcohol-induced reduction in SOD activity in the
hippocampal tissues [12,85,87]. The role of curcumin in improve-
ment of antioxidant defenses and increase of activities of
antioxidant enzymes were clarified by multiple studies [88,89].
All of these reports believed that curcumin and other similar herbal
compounds can activate antioxidant enzymes and by this type of
activation could be involved in neuroprotection against some
neurotoxic agent such as alcohol, morphine and amphetamine
type stimulant properties [1,88–90]. Improvement of antioxidant
defenses by curcumin can prohibit formation of free radicals and
oxidative molecules and thus can inhibit cell death [1,89]. In
addition, our data showed that curcumin alone did not signifi-
cantly affect the GPx, GR and SOD activities in hippocampus which
confirmed that in group under treatment by alcohol in combina-
tion with curcumin, alcohol consumption decreases the GPx, GR
and SOD activities and this was inhibited by curcumin.

We demonstrated that chronic alcohol administration increases
the inflammatory biomarkers in the hippocampus. Our results are
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in agreement with previous findings which have reported the rise
of pro-inflammatory cytokines following alcohol abuse
[6,74,91,92]. The role of activation of neuroinflammtion by drug
abuse especially alcohol consumption, in animal and human
subjects, were reported already [6,93].These studies suggested that
neuroinflammation and production of inflammatory biomarkers
attribute to alcohol induced cell death [6,93].

We found that curcumin treatment in a dose dependent
manner suppresses alcohol-induced neuroinflammation, as ob-
served by reduced IL-1b and TNF-a levels. Similarly, a study on
alzheimer’s disease reveals the potential of this herbal compound
in depressing the inflammation caused by activated astrocytes and
microglia[94]. Moreover, curcumin has shown to block multiple
sites of TNF-a and TGF-b signaling cascades, thereby protecting
the tissue against inflammation and injury [38,95–97]. Anti
inflammatory role of curcumin was confirmed in previous studies
[76,98], and this property is the reason for its effectiveness in
autoimmune disorders [76,98], and neuroprotective effects against
neurotoxic agent induced inflammation [68,76,98].

Current study showed that high doses of curcumin (40 and
60 mg/kg) markedly decrease IL-1b and TNF-a level as compared
to low doses of curcumin (10 or 20 mg/kg), which confirms its dose
dependent effects on anti-inflammatory parameters. Also our data
showed that curcumin alone did not affect on IL-1b and TNF-a
levels in hippocampus which confirmed that in group under
treatment by alcohol in combination with curcumin, alcohol
consumption can cause inflammation and this can be inhibited by
curcumin

In addition to oxidative stress and inflammation, the current
study confirms alcohol-induced apoptosis in rat hippocampus.
Voluntary and involuntary administration of alcohol increased Bax
and decreased Bcl-2 protein expressions. These results are in
accordance with the previous studies which have reported that the
alcohol and tobacco abuse trigger apoptosis, and eventually lead to
brain damage [6,99]. One of the proposed pathways for alcohol
induced neurodegeneartion was activation of apoptosis in brain
cells which caused cell death [100]. Infact these type of activation
of apoptosis was suggested as the main and key pathway for
alcohol induced cell damage and breakdown [100].

The results of present study demonstrated the anti-apoptotic
effect of curcumin (especially in 40 and 60 mg/kg) against alcohol
toxicity, as indicated by reduced Bax and improved Bcl-2
expressions in the hippocampus. Wang et al., demonstrated that
curcumin treatment markedly attenuates cleaved caspase-3 and
nuclear condensation resulting from brain ischemia-reperfusion
injury[38]. Curcumin properties in management and inhibition of
cell death were suggested by various reports [1,30]. Herbal
compounds such as curcumin can inhibit pro-apoptotic and can
inhibit drug-induced cell death by inhibition of apoptotic and pro-
apoptotic factors in various brain areas, which this property
somehow take a part in neuroprotective role of curcumin [1,101].
Our data also indicates that curcumin at high doses (40 and 60 mg/
kg) significantly decreases alcohol-induced apoptosis as compared
to lower doses (10 or 20 mg/kg) which confirms its dose dependent
effects on alcohol-induced toxicity. Also our data showed that
curcumin alone did not affect the Bcl-2 and Bax protein
expressions in hippocampus which confirmed that in group under
treatment by alcohol in combination with curcumin, alcohol
consumption can cause apoptosis which this effect was inhibited
by high doses of curcumin.

Brain-derived neurotrophic factor (BDNF), an important nerve
growth factor, plays a vital role in synaptic plasticity, neurogenesis
and neuronal survival [35]. BDNF and its receptor, tropomyosin-
related kinase B, are regulated by cAMP and CREB. Furthermore,
CREB-BDNF signaling has been implicated in regulating several
neural functions like learning, memory, mood balances and reward
mechanisms [102]. Previous works have reported the reduced
expression of CREB, CREB-P and BDNF in alcohol abuse animal
models. Perturbation in CREB-BDNF signaling pathway during
alcohol-abuse has been speculated in cell death and neuro-
degeneration [103]. Bison and Crews demonstrated that a 4-day
binge ethanol treatment reduces CREB-P immunoreactivity in the
hilus of DG and in CA3 and CA2 fields of hippocampus [104].
Furthermore, ethanol-induced reduction in cAMP, CREB and CREB-
P expression was associated with impairment of mitochondrial
function and cellular toxicity in human neuroblastoma cells [105].
Lovinger et al., demonstrated ethanol-induced inhibition of
glutamate receptor activation in hippocampal neurons [106],
which may in turn reduce BDNF production by disturbing calcium-
mediated signaling pathways [107]. In addition, ethanol inhibits
cell proliferation by interfering with mitogenic growth factors like
bFGF and IGF-1 (basic fibroblast growth factor and insulin-like
growth factor 1, respectively) [108]. The growth factors via PI3K-
Akt (Phosphatidylinositol-3-Kinase-Protein Kinase B) pathway
activate CREB and may influence BDNF production [109,110].

The key focus of the current study was to investigate the
molecular mechanisms involved in curcumin-induced neuro-
protection against alcohol abuse and in this regards, we studied
CREB-BDNF signaling pathway. Similar to previous reports, we
found that voluntary and involuntary administration of alcohol
suppresses expression of CREB and CREB-P in the DG and CA1
regions of hippocampus, and consequently reduces BDNF expres-
sion at gene and protein levels. Interestingly, curcumin in a dose
dependent manner (specially at 40 and 60 mg/kg) increases CREB,
CREB-P and BDNF expression in the hippocampal tissues. Since,
ethanol consumption has shown to perturb cAMP–protein kinase A
signaling within mesolimbic reward pathway [111], it can be
suggested that curcumin treatment restores the cAMP-CREB
cascade and improves BDNF levels in alcohol-addicted rats. Kumar
et al., demonstrated that curcumin treatment improves diabetes-
induced alternations in dopaminergic signaling by improving
expression of phospholipase C and CREB [36]. In addition,
curcumin promotes neuronal survival by evoking a dose- and
time- dependent increase in BDNF protein [38]. Fig. 12 vdescribes
the alcohol-induced perturbation of possible signaling pathways
which can influence BDNF production, and the inhibitory effect of
curcumin on these signaling perturbations. Moreover, similar to
previous studies[112], our data showed that curcumin alone did
not significantly affect on cAMP-CREB cascade protein expression
in hippocampus which confirmed that in group with alcohol
consumption in combination with curcumin, alcohol abuse can
cause decrease of cAMP-CREB cascade protein expression which
could inhibited by high doses of curcumin.

The histological findings of present study indicated a significant
neurodegeneration caused by alcohol consumption in the DG and
CA1 areas of hippocampus. However, curcumin treatment reduced
alcohol-induced cell degeneration and improved neuronal survival
by reducing apoptosis, oxidative stress, neuroinflammation and
perturbation in CREB-BDNF signaling. We found that curcumin
alone did not significantly affect the histology of DG and CA1 areas
of hippocampus which confirmed that in group received alcohol in
combination with curcumin, alcohol abuse can cause histological
changes in DG and CA1 areas of hippocampus which could be
inhibited by high doses of curcumin. Ying et al., demonstrated the
potential of curcumin in reversing impaired hippocampal neuro-
genesis in chronically stressed rats via up-regulation of BDNF and
serotonin receptors [113]. Furthermore, Dong and his group also
reported curcumin-induced diverse effects on genes related to
growth and plasticity [101]. Studies have shown that oxidative
stress, inflammation and apoptosis are suitable indicators repre-
senting mitochondrial dysfunction[114]. A number of diseases
such as parkinson's disease, gliomas and sclerosis are associated
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with dysfunction of mitochondrial complexes. Inhibition of
mitochondrial respiratory chain complexes can induce cell death
by enhancing the production of reactive oxygen species[109,114].
Studies have shown that CREB-BDNF signaling pathway protects
neuronal mitochondria against various malicious agents [109].

5. Conclusion

For the first time, the current study shows that curcumin
treatment reduces the alcohol-induced apoptosis, oxidative stress
and inflammation probably via activation of CREB-BDNF pathway.
Thus, curcumin may be useful as a therapeutic agent for reducing
deficits caused by alcohol abuse and other neurodegenerative
diseases. However, further studies regarding human dosage and
toxicity are warranted.
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