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Abstract: The aim of the current study was to explore the underlying neuroprotective mechanisms of
curcumin (50 mg/kg, for six weeks) against ethanol (5 mg/kg i.p., for six weeks) induced oxidative
stress and inflammation-mediated cognitive dysfunction in mice. According to our findings, ethanol
triggered reactive oxygen species (ROS), apoptosis, neuroinflammation, and memory impairment,
which were significantly inhibited with the administration of curcumin, as assessed by ROS, lipid
peroxidation (LPO), and Nrf2/HO-1 (nuclear factor erythroid 2-related factor 2/Heme-oxygenase-1)
expression in the experimental mice brains. Moreover, curcumin regulated the expression of the glial
cell markers in ethanol-treated mice brains, as analyzed by the relative expression TLR4 (Toll like
Receptor 4), RAGE (Receptor for Advanced Glycations End products), GFAP (Glial fibrillary acidic
protein), and Iba-1 (Ionized calcium binding adaptor molecule 1), through Western blot and confocal
microscopic analysis. Moreover, our results showed that curcumin downregulated the expression of
p-JNK (Phospo c-Jun N-Terminal Kinase), p-NF-kB (nuclear factor kappa-light-chain-enhancer of
activated B cells), and its downstream targets, as assessed by Western blot and confocal microscopic
analysis. Finally, the expression of synaptic proteins and the behavioral results also supported the
hypothesis that curcumin may inhibit memory dysfunction and behavioral alterations associated with
ethanol intoxication. Altogether, to the best of our knowledge, we believe that curcumin may serve as
a potential, promising, and cheaply available neuroprotective compound against ethanol-associated
neurodegenerative diseases.

Keywords: neurodegenerative diseases; oxidative stress; neuroinflammation; apoptosis;
synaptic dysfunction

1. Introduction

Alcohol is a sedative agent and is pharmacologically similar to other hypnotic drugs, which makes
it a potential candidate for abuse worldwide. In Western, European, and North American populations,
the percentage of alcoholics among the adult population varies from 2% to 12% [1]. Alcohol and
its derivatives promote physiological, behavioral, and cognitive dysfunctions in consumers [2], so
worldwide alcohol dependence is considered to be a serious health issue in the modern world [3].
Ethanol has shown strong neurodegenerative consequences in experimental animal brains [4,5].
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The neurodegenerative effects are associated with neuroinflammation, apoptotic cell death [6], and
synaptic dysfunction [7,8]. Moreover, it has been shown that the consumption of alcohol leads to the
generation of free radicals and to the chain reaction of lipid peroxidation that causes damage to the brain
and other vital organs [9,10]. To combat the challenges of free radical generation, a potent antioxidant
defense mechanism is of crucial importance. In the journey to find a novel, potent, and effective
antioxidant system, naturally occurring compounds have always drawn more attention because of their
ease of availability, safety, and efficacy. Many natural compounds and their derivatives have shown
efficacy in the management of different neurological disorders [11-13], and are under consideration and
evaluation for these disorders. Curcumin, a compound known to inhibit neuroinflammation, reduces
plaque deposition in AD (Alzheimer’s Disease) models and improves vascular dysfunction [14]. It has
been shown to antagonize many steps in the inflammatory cascade [15], including the suppression of
nuclear factor-B, iNOS (Inducible nitric oxide synthase), and JNK (c-Jun N-terminal kinases) [13,16].
Moreover, it has shown the best antioxidant effects in mice [17]. It has shown effectiveness against
the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model of Parkinson’s disease [18] and the
MCAO (middle cerebral artery occlusion) animal model of the ischemic brain [19]. Based on the
promising therapeutic potentials of naturally occurring curcumin, we hypothesized that chronic
curcumin administration may inhibit ethanol-induced neurodegeneration and memory impairment
in mice, by regulating reactive oxygen species (ROS), toll-like receptor-4 (TLR4), and Receptor for
advanced glycation end products (RAGE)-mediated neuroinflammation, while p-JNK and p-NF-kB
triggered the release of cytokines and synaptic dysfunction. The main target of the current study is
oxidative stress, regulated by nuclear factor erythroid-2 (Nrf2; an endogenous antioxidant enzyme),
and neuroinflammation, initiated by the activation of the innate immune response, mostly tailored by
the activation of TLR4 and RAGE, playing a role in recognizing the microbial-associated molecular
patterns initiating and modulating the immune response. The activation of the TLR4 signaling
promotes the phosphorylation of NF-kB, thereby promoting the inflammatory effects [20]. The signals
generated by both the RAGE and TLR4 receptors funnel to the same pathway of neuroinflammation [21].
Compounds counteracting the abnormal ROS generation, inhibition of TLR4/RAGE, and inhibition of
the phosphorylation of JNK/NF-kB signaling may render protection to the brain against the mediators
of neurodegeneration. Here, we have made an attempt to explore the underlying neuroprotective
mechanisms of chronic curcumin administration against ethanol-induced neurodegeneration and
memory impairment, by targeting the oxidative stress, neuroinflammation, and apoptotic cell death.

2. Materials and Methods

2.1. Chemicals and Antibodies

The antibodies used in the Western blot and immunofluorescence studies were anti-Nrf2 (sc-722),
anti-HO1 (sc-136,961), anti-synaptosomal-associated protein 23 (SNAP-23) (sc-374,215), anti-PSD-95
(sc-71,933), anti-Syntaxin (sc-12,736), anti-tumor necrosis factor-o (TNF-«) (sc-52,746), anti-PARP-1
(sc-8007), TLR4 (sc-16240), Synaptophysin (sc-17750), anti-interleukin (IL)-1f (sc-32,294), anti-Bax
(sc-7480), anti-Bcl2 (sc-7382), anti-p-NF-kB (sc-136,548), anti-Iba-1 (sc-32,725), anti-Glial fibrillary
acidic protein (GFAP; sc-33,673), and anti-f3- actin (sc-47,778) (Santa Cruz Biotechnology, Dallas, TX,
USA). In addition, the anti-Cleaved Caspase-3 (#9664) antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). For Syntaxin and (-actin, the antibodies were diluted in TBST
(1:10000) (Santa Cruz Biotechnology, Dallas, TX, USA). Other primary antibodies were diluted in 1x
TBST (1:1000), and Secondary anti-mouse HRP (Horseradish peroxidase) conjugated (Promega Ref#
W402) and anti-rabbit HRP conjugated (Promega Ref# W401) were diluted 1:10,000 in 1x TBST and
were purchased from Promega, (Fitchburg, WI, USA). TAK242, Resatorvid (CAS 243984-11-4), the
specific inhibitor of TLR4. For the confocal microscopic studies, the secondary fluorescent antibodies
used were goat anti-mouse (Ref# A11029) and goat anti-rabbit (Ref# 32732) diluted in 1x PBS.
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2.2. Animals Grouping and Drugs Administration

Male mice (C57BL/6N, n = 60, mice 25 + 3 g, eight old weeks) were acclimatized to the animal
house environment for one week, at 12/12 h light/dark cycles at room temperature. The study was
approved and conducted in accordance with the guidelines of the Institutional Animal Care and Use
Committee (IACUC) of the Division of Applied Life Science, Gyeongsang National University, South
Korea (approval ID: 125). Efforts were made to minimize the number of animals used, as well as their
suffering. The mice were randomly divided into three groups. (1) The control group mice were treated
with an equal volume of vehicle intraperitoneally (physiological saline 0.1 mL/100 g/day) for six weeks,
and the mice were freely allowed water and food ad-libitum. (2) The ethanol group mice were treated
with an intraperitoneal injection of ethanol for six weeks (5 g/kg i.p., for six weeks, daily). (3) The
ethanol and curcumin group mice were treated with curcumin 50 mg/kg for six weeks, daily. The doses
of ethanol and curcumin were purely selected on the bases of previously published papers [22]. After
the completion of the treatment and behavioral analysis, the mice were sacrificed.

2.3. Tissues Collections for Molecular and Morphological Analysis

For biochemical studies, the mice (8-10/group) were anesthetized, sacrificed, and the brain
sections were separated. Next, the brain tissue was homogenized in a protein extraction solution
(PRO-PREP™), according to the instructions (iNtRON Biotechnology, Inc., Sungnam, South Korea).
After homogenization, the samples were centrifuged at 13,000 r.p.m. at4 °C for 25 min. The supernatants
were collected and stored at —80 °C.

For the morphological studies, the mice (seven to eight per group) were anesthetized and perfused
transcardially with saline at a flow rate of 10 mL/min for 3 min, followed by perfusion with a 4%
paraformaldehyde solution for 8 min using a peristaltic pump, as provided [23]. The brains were
removed and fixed in 4% cold neutral buffer paraformaldehyde for 48 h, and cryoprotected by
immersing into a 30% sucrose phosphate buffer for 48 h at 4 °C [23]. After that, the whole brain
was frozen in an OCT (optimal cutting temperature compound) compound (Sakura, Torrance, CA,
USA), and 14 pm sections were made in the coronal planes using a microtome (Leica cryostat CM
3050S, Nussloch, Germany). The sections were mounted on the probe-on plus charged slides (Fisher,
Pittsburgh, PA, USA), and were stored at —70 °C for further analyses.

2.4. In Vitro Cell Culturing, Drug Treatment, Nuclear Factor-2 Erythroid-2 (Nrf2) Gene Silencing by Small
Interfering RNA (siRNA) and Western Blot Analysis

The mouse hippocampal HT22 and murine BV2 microglial cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with FBS (Fetal bovine serum) (10%) and
penicillin/streptomycin (1%) in a 5% CO2 incubator at 37 °C. After attaining a confluency of 70%, the
cells were pretreated for 1 h with ethanol (100 pM), followed by curcumin (2 uM) or Nrf2 siRNA for
24 h, or TAK242 (TLR4 specific inhibitor). The Nrf2 gene was knocked down with Nrf2 siRNA at a
concentration of 10 pM per transfection for 36 h, as directed (SC: 37049, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). The transfection was conducted with lipofectamine™2000 reagent (Invitrogen,
Waltham, MA, USA) when the cells culture reached to 75-80%. The control group cells were treated
with 0.01% Dimethyl sulfoxide (DMSO).

2.5. Western Blot Analysis

Western blot was performed as described previously, with some modifications [24,25]. The proteins
were loaded and separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis),
and transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P5?, Transfer membrane,
Merck Millipore, Burlington, MA, USA). The immunoreaction was carried out for 16 h at 4 °C using an
appropriate ratio of the primary antibodies. After that, the membranes were washed with 1x TBST
three times for 10 min, and reacted with a horseradish peroxidase-conjugated secondary antibody for
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2 h, as appropriate. The expression of the respective proteins was detected using an ECL (Enhanced
chemiluminescence) -detection reagent, according to the manufacturer’s instructions. The expressions
of the different proteins were obtained on X-ray films and were scanned, and the optical densities of
the bands were analyzed by densitometry, using the computer-based Image] software (version 1.50,
NIH, https://imagej.nih.gov/ij/, Bethesda, MD, USA).

2.6. Immunofluorescence Staining

The fluorescence assay was performed as mentioned previously [26,27]. The slides were dried
overnight at room temperature, washed with PBS (0.01 mM) for 8-10 min (two times), treated with
proteinase K for 5 min, rinsed with PBS, and blocked with normal serum (2% goat/rabbit, as appropriate)
in PBS, added with 0.1% Triton X-100. After that, the slides were incubated with primary antibodies
overnight at4 °C. The slides were then incubated with tetramethylrhodamine isothiocyanate—fluorescein
isothiocyanate (FITC)-labeled secondary antibodies (antirabbit and antimouse, as appropriate), at
room temperature for 95 min. The slides were covered using the fluorescent mounting medium.
Images were taken using a confocal laser-microscope (FluoView FV 1000 MPE, Olympus, Tokyo, Japan).
Integrated density was used for the quantification of the staining intensity and for the amount in the
immunofluorescent microscopic image. Image]J software (wsr@nih.gov., https://imagej.nih.gov/ij/) was
used to quantify the integrated density, which represents the sum of the pixel values in an image.

2.7. ROS Assay

To analyze the effects of curcumin against ethanol-induced oxidative stress, we conducted
a ROS assay, as described previously [28,29]. The assay is based on the oxidation of
2’,7’-dichlorodihydrofluorescein diacetate (CAS 4091-99-0, Santa Cruz Biotechnology, Dallas, TX,
USA) to 2’ 7 dichlorofluorescein (DCF). The brain homogenates were diluted with cold Lock’s buffer at
1:20, to yield the final concentration of 2.5 mg tissue/500 uL. The reaction mixture of Lock’s buffer (1 mL;
pH + 7.4), 0.2 mL of homogenate, and 10 mL of DCFH-DA (dichlorodihydrofluorescein diacetate)
(5 mM) was incubated at room temperature for 15 min, to convert the DCFH-DA to the fluorescent
product DCF. The conversion of DCFH-DA to the DCF was analyzed using a spectrofluorimeter
(Promega, Fitchburg, WI, USA), with excitation at 484 nm and emission at 530 nm. For the background
fluorescence (conversion of DCFH-DA in the absence of homogenate), parallel blanks were measured.
The quantitative expression of ROS has been shown with a histogram.

2.8. Determination of Lipid Peroxidation

Lipid peroxidation (LPO) is used to assess oxidative stress. Free malondialdehyde (MDA), which
is an indicator of LPO, was analyzed in the tissue homogenates, by using a lipid peroxidation (MDA)
colorimetric/fluorometric assay kit (BioVision, San Francesco, CA, USA, Cat#739-100), according to the
manufacturer’s instructions.

2.9. Morris Water Maze Test

The behavioral analysis was done by the MWM (Morris Water Maze) and Y-maze test (n = 12
mice/group), as performed previously [30,31]. The apparatus used for the analysis was made of a
circular tank (100 cm in diameter, 40 cm in height), containing water (23 + 1 °C) to a depth of 15.5 cm.
The water was made opaque by adding a non-toxic white color. A platform made of white plastic was
kept 1 cm below the water surface, at one quadrant. For five consecutive days, the mice were trained
consecutively. The latency to escape from the water (searching the hidden platform) was calculated for
each trial. On the sixth day, the probe test was conducted for the evaluation of the memory effects.
The probe test was conducted by removing the platform and allowing the mice to explore the tank
freely for one hour. The time spent by the mice in the target quadrant and the number of crossings
over the position of the platform were recorded. The time spent in the target quadrant was taken to
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show the degree of memory changes. The data were recorded using video-tracking software (SMART
Panlab, Harvard Apparatus, Holliston, MA, USA).

2.10. Y-Maze Test

The apparatus used for the evaluation of the Y-maze was made of black-painted wood, and the
dimensions of the arms were 50 cm long and 20 cm height and 10 cm width, as already used by our
group [32] and others [33]. The mice were allowed to move freely in the Y-maze, and for that, the
mice were kept in the center of the apparatus for 8 min, three times. The arm entries were visualized
and observed carefully. The successive entry of the mice into the arms was defined as spontaneous
alternations. The alternation behaviors were considered as (successive triplet sets (entries into three
different arms consecutively)/total number of arm entries (2)) x 100. A higher percentage (%) of
spontaneous alternations was considered to be an indicator of the improved cognitive performance of
the experimental mice, and vice versa.

2.11. Fluoro-Jade B Staining

The Fluoro-Jade B staining was done as described previously [28], and according to the instructions
provided (Burlington, MA, USA, Cat #AG310, Lot #2159662). The slides were dried at room temperature
for 24 h. Furthermore, the slides were dipped in a solution of 1% sodium hydroxide and 80% ethanol,
for five min. After that, the slides were kept in 70% ethanol for 2 min and in D-water for 2 min,
transferred into a potassium permanganate solution (0.06%) for 10 min, rinsed with D-water, and kept
in 0.1% acetic acid solution and 0.01% Fluoro-Jade B solution for 20 min, washed with D-water, and
dried for 10 min. The sections were covered using a DPX mounting medium, and the images were
taken using a confocal laser microscope (FV 1000, Olympus, Tokyo, Japan). Integrated density was
used for the quantification of the staining intensity and for the amount in the immunofluorescent
microscopic image. Image] software (wsr@nih.gov, https://imagej.nih.gov/ij/) was used to quantify the
integrated density, which represents the sum of the pixel values in an image.

2.12. Nissl Staining

Nissl staining was performed according to the previously used methods [34], so as to visualize
the histological changes in the brain. The slides were washed with 0.01 M BPS, twice for 15 min, and
stained with 0.5% cresyl violet solution (containing a few drops of glacial acetic acid) for 12 to 15 min.
Then, the sections were washed with D-water and dehydrated in ethanols (70%, 95%, and 100%),
and xylene was dropped on the slides and covered by using the non-fluorescent mounting medium.
The neurodegeneration was visualized by light microscope, and the densities of the cells were counted
by using Image]J software.

2.13. Data Analysis and Statistics

The densities of the bands were analyzed by densitometry using the Image] software.
We performed one-way ANOVA (Analysis of variance) with Tukey’s post-hoc test for comparisons
among the different experimental groups. The data are presented as the “mean (SD)” of 7-10
mice per group, and are representative of three independent experiments. The calculations and
graphs were generated by using Prism 6 software (GraphPad Software, San Diego, CA, USA). Q) is
significantly different from the vehicle-treated, ® is significantly different from the ethanol-treated
group. Significance = (), p < 0.05, ®, p < 0.05, and ¥, p < 0.05.
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3. Results

3.1. Chronic Administration of Curcumin Inhibits Ethanol-Induced Oxidative Stress in Mice Brains and
In-Vitro HT22 Cells

Oxidative stress has been a significant player in ethanol [35] and other neurotoxins-induced
neurodegenerative disorders [36,37]. To find the potential effects of curcumin against ethanol-induced
oxidative stress, we performed ROS and LPO assays. According to our findings, curcumin inhibits the
elevated level of LPO and ROS (Figure 1A,B). Similarly, the other main antioxidant genes, Nrf2/HO-1,
were also analyzed in the experimental groups. According to our Western blot and confocal findings,
the chronic co-administration of curcumin with ethanol inhibited the suppression of Nrf2/HO-1 in the
mice brains, thereby preserving the endogenous antioxidant mechanism of the brains (Figure 2C,D).
Furthermore, we observed a reduced expression of Nrf2 and its target genes HO-1, in the ethanol
(100 uM) exposed HT22 cells, which was markedly reversed by curcumin (2 uM), thereby upregulating
the expression of Nrf2 and HO-1 in the cells. Interestingly, curcumin could not upregulate the
expression of Nrf2/HO-1 in the ethanol-treated cell lines, where the Nrf2 genes were knocked down by
Nrf2 siRNA (Figure 1E), indicating that curcumin abrogated the elevated ROS, by upregulating the
Nrf2 genes, and the downstream targets of Nrf2.

3.2. Chronic Administration of Curcumin Attenuates Ethanol-Induced Astrocytes and Microglia Activation in
Ethanol-Treated Mouse Brains and In-Vitro Microglial Cells

Previous literature has shown that there is activated microglia and astrocytes with ethanol
intoxication [4], which may promote neurological disorders such as AD and dementia [38]. TLR4, a
receptor for innate immune response, has been shown to be upregulated with ethanol; another receptor
is RAGE, which has been shown to be playing a similar role in the inflammatory signaling. Our
findings demonstrate that there was a significant reduction in the activation of both of the receptors in
the curcumin-treated group. The Glial fibrillary acidic protein (GFAP) and ionized calcium-binding
adaptor 1 (Iba-1) are assigned markers for the activities of astrocytes and microglia, respectively [28].
According to our Western blot and confocal microscopic results, there was an increased expression
of GFAP and Iba-1 in the ethanol-treated mice brains, which was significantly rescued with the
administration of curcumin (Figure 2). Furthermore, the in vitro findings also showed an enhanced
expression of TLR4 and Iba-1 in the ethanol treated BV-2 microglial cells, which were significantly
reduced in the curcumin and TAK242 (a specific inhibitor of TLR4) treated cells.

3.3. Chronic Administration of Curcumin Regulated Ethanol-Induced Inflammatory Markers in Mouse Brains

Previous studies have shown that ethanol intoxication is responsible for the activation of
stress-markers and inducing inflammatory cytokines [39]. To explore whether these markers may be
inhibited with the administration of curcumin, we analyzed the expression of stress and inflammatory
markers, such as p-JNK, p-NF-kB, cyclooxygenase-2 (COX-2), interleukin-1 (IL-1B), and tissue
necrosis factor-« (TNF-x), in the mice brains. As shown here, treatment with ethanol elevated the
expression of p-JNK, p-Nf-«B, IL-1$3, COX-2, and TNF-«. However, the mice that were co-administered
the curcumin and ethanol had a lower expression of these markers compared with the ethanol-treated
group, supporting the hypothesis that curcumin inhibits the expression of inflammatory cytokines,
thereby rendering protection to mice brains against ethanol-induced neurodegeneration. The Western
blot results were further supported by the confocal microscopic analysis, which showed that curcumin
inhibits the effects of ethanol against the activation of p-JNK in mice brains (Figure 3).
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Figure 1. Chronic administration of curcumin inhibits ethanol-induced oxidative stress in mice brain:
(A & B) Results of lipid peroxidation (LPO) and reactive oxygen species (ROS) assays, respectively;
(C & D) Western blot results of nuclear factor erythroid 2-related factor 2 (Nrf2) & heme-oxygenase 1
(HO-1), in the mice brain; (E & F) Confocal microscopic results of HO-1, and Nrf2 in the experimental
groups, with bar graphs, magnification 30X, scale bar 50 pm; (G) In vitro HT22 cells treated with
ethanol. Curcumin or ethanol + curcumin, and (), significantly different from the vehicle-treated, ®,
significantly different from the ethanol-treated group, and ¥, significantly different from the ethanol +
Curc treated group. DG means dentate gyrus, Significance = ® p < 0.05; (2, p < 0.05; ¥, p < 0.05. MDA:
malondialdehyde, DCF: 2’ 7” dichlorofluorescein, eth: ethanol, curc: curcumin.
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Figure 2. Curcumin Rescued activated Microglia and Astrocytes in the ethanol-treated Mouse Brains:
(A & B) The Western blot results of toll-like receptor 4 (TLR4), Receptor for Advanced Glycations End
Product (RAGE), glial fibrillary acidic protein (GFAP), and ionized calcium binding adaptor molecule 1
(Iba-1) in the brains of the experimental groups; (C) Immunofluorescence images of the expression of
GFAP in the experimental groups; (D) Immunofluorescence images of Iba-1 in the experimental groups
(n =12 mice per group); (E) Immunoblot results of TLR4 and Iba-1 in BV-2 Cells, in different experimental
groups. Magnification 30X objective field, scale bar = 50 pm & 30 um. (), significantly different from the
vehicle-treated, ®, significantly different from the ethanol-treated group and ¥, significantly different
from the ethanol + Curc treated group. DG means dentate gyrus, Significance = ® p < 0.05; 3, p < 0.05;
¥, p < 0.05. eth: ethanol, curc: curcumin, DAPI: 4’,6-diamidino-2-phenylindole dihydrochloride.
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Figure 3. Curcumin Abrogates the Phosphorylation of c-Jun N-Terminal Kinase (JNK) and its
Downstream Targets in Ethanol-Treated Mouse Brain: (A & B) Immunoblot results, showing the
expression of active phospho c-Jun N-terminal kinase (p-JNK), nuclear factor kappa-light-chain
enhancer of activated B cells (p-NF-kB), tumor necrosis factor alpha (TNF-«), cyclooxygenase-2
(COX-2), and IL- 1B and in mice that received saline, ethanol, and ethanol plus Curcumin for 6 weeks
(n =12 mice per group), normalized with its 3-actin, as a loading control, with its Histograms; (C & D).
Confocal images, showing active JNK and interleukin-1§ (IL-1f) in the mouse brain. Magnification
30x objective field, scale bar = 50 pum, (2, significantly different from the vehicle-treated, ®, significantly
different from the ethanol-treated group. DG means dentate gyrus, Significance = ® p < 0.05, O,
p < 0.05. eth: ethanol, curc: curcumin.
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3.4. Chronic Administration of Curcumin Rescued Apoptotic Cell Death and Neurodegeneration

Studies have shown that there is an increased expression of apoptotic markers in ethanol-treated
mice brains, which leads to apoptotic cell death and neuronal loss [4,40]. Keeping in mind the role
of these apoptotic markers in ethanol-induced neurodegeneration, we analyzed the expression of
apoptotic markers, including Bax and Bcl-2, Cleaved Caspase-3, and PARP-1 in mice brains. Per our
Western blot results, there was an increased expression of pro-apoptotic markers Caspase-3, Bax, and
PARP-1, and a decreased expression of Bcl-2 (anti-apoptotic marker) in the ethanol-treated mice brains.
However, curcumin regulated the expression of these markers. Moreover, the immunofluorescence
results indicated the increased expression of Caspase-3 and PARP-1 in the ethanol-treated mice brains,
which were inhibited with chronic administration of curcumin (Figure 4).

3.5. Chronic Administration of Curcumin Rescued the Neuronal Cell Loss, as Assessed by Fluoro-Jade B and
Nissl staining

Overall, the neuroprotective effects of curcumin were further confirmed by visualizing the
morphology of hippocampal neurons, by using Nissl and FJB staining on the mice brains, as these
staining protocols have extensively been used to visualize the morphology of neurons in different
experimental settings [41,42]. According to FJB staining, there were increased FJB stained neurons in
the ethanol-treated group, which was significantly inhibited with the administration of curcumin, as
shown (Figure 5A). Similarly, in the Nissl staining, there was a decrease in the Nissl stained neurons in
the ethanol injected group, which was significantly preserved with the administration of curcumin,
as shown (Figure 5B), thereby confirming the hypothesis that curcumin plays a rescuing role against
ethanol-induced neurodegeneration and memory impairment.

3.6. Chronic Administration of Curcumin Reversed Synaptic Dysfunction and Memory Impairment in the
Ethanol-Treated Mouse Brain

Previous studies have shown that ethanol intoxication contributes to the loss of synaptic protein
in animal models [39,43]. To explore the effects of curcumin on synaptic marker ethanol-treated mouse
brains, we evaluated the expression of synaptic proteins via Western blot and confocal microscopy.
According to our findings, the synaptic proteins, including PSD-95, synaptophysin, and SNAP-25,
were significantly downregulated in the ethanol-treated mice brains compared with the control mice.
Interestingly, curcumin significantly inhibited these effects. The confocal microscopic results of PSD-95
showed significant fluorescence in the curcumin- and ethanol-treated group compared with the ethanol
alone group, showing that curcumin preserves the synaptic markers by regulating oxidative stress,
neuroinflammation, and apoptotic cell death in mouse brains (Figure 6). Previously, it has been shown
that chronic ethanol intoxication causes abnormalities in motor functions and impaired spatial learning
and memory [39]. To show whether curcumin could rescue ethanol-induced memory impairment,
we performed the MWM and Y-maze tests. First, we recorded the learning abilities of the mice (1 =
12 mice/group) with the MWM test. We found that ethanol-treated mice had an enhanced latency to
reach to the platform, and the mice that had received curcumin (50 mg/kg, i.p., six weeks) showed a
decreased escape latency (Figure 6). Twenty-four hours after the fifth day of training, the platform was
removed and the mice were allowed to swim freely. We found that the ethanol-treated mice spent
less time in the target quadrant and showed less platform crossings, highlighting that ethanol induces
memory impairments. Interestingly, curcumin improved the ethanol-induced memory impairments
by increasing the total time spent in the target quadrant, and the number of crossings of the platform
(Figure 6EG). After that, we checked the spontaneous alternation behaviors (showing the spatial
working memory or short-term memory) of mice (n = 12 mice/group) in the Y-maze test. In the
ethanol-treated mice, there was a reduction in the spontaneous alternation behaviors compared with
the saline-treated mice, showing a cognition decline in the ethanol treated mice. Interestingly, curcumin
significantly increased the spontaneous alternation behaviors in the ethanol-treated mice compared
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with the ethanol-treated group (Figure 6H). Collectively, our findings showed that the co-administration
of curcumin with ethanol significantly prevents cognitive dysfunctions in mice.
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Figure 4. Curcumin Abrogated Ethanol-Induced Apoptotic Cell Death in Mouse Brain: (A & B)
Immunoblot results of B-cell lymphoma 2-associated X (Bax); , B-cell lymphoma 2 (Bcl-2), Caspase-3,
and PARP-1 in the brains of the experimental groups, with their relative bra graphs; (C & D)
Immunofluorescence results of activated Caspase-3 and poly (ADP-ribose)polymerase 1 (PARP-1) in
the brains of the experimental mice, with their histograms (n = 12 mice/group), Magnification, 40x,
scale bar 50 pm & 30 um. (), significantly different from the vehicle-treated, ®, significantly different
from the ethanol-treated group. DG means dentate gyrus, Significance = ® p < 0.05, (3, p < 0.05. eth:
ethanol, curc: curcumin.
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Figure 6. Curcumin Rescued Ethanol-Induced Synaptic Dysfunction and Memory Impairment in
Mouse: (A & B) Immunoblot results of PSD95, SNAP23 and synaptophysin in mice brain (n = 10), with
histograms; (C) Confocal images of PSD-95 in mouse brains, with its bar graph. Magnification, 40X,
scale bar up to 50 um; (D). Mean escape latency (shown in seconds) to the platform during a training
session, n = 12 mice/group; (E). Latency on the final day of the probe test; (F). Histograms showing
the number of platform crossings during the probe test; (G) Time spent in the target quadrant during
the probe trial; (H) Spontaneous alternations (in percent) in the Y-maze test; (I & J). Trajectories of
the MWM tests & Y-maze tests, respectively (n = 12 mice/group). (), significantly different from the
vehicle-treated, ®, significantly different from the ethanol-treated group. Significance = ® p < 0.05, (),
p < 0.05. eth: ethanol, curc: curcumin.
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4. Discussion

The current study has the following main findings. (i) Curcumin has strong anti-oxidant potentials
against ethanol-induced oxidative stress, in vivo mouse brains, and in vitro mouse hippocampal HT22
cells, and the antioxidant effects of curcumin are solely dependent on Nrf2. (ii) Curcumin has rescuing
effects against ethanol induced activated astrocytes and microglia, in vivo and in vitro, as revealed by
the reduced expression of TLR4/RAGE, GFAP, and Iba-1. (iii) Curcumin may rescue the mice brain
from ethanol-induced apoptotic cell death, synaptic dysfunction, and memory impairment in mice
brains. Several lines of studies have also reported the neuroprotective effects of curcumin against
neuroinflammation and apoptotic cell death [44—46]. One study completely focused on oxidative stress
mediated neuroinflammation [47]. However, they have not further extended their study to the main
antioxidant enzymes, such as Nrf2/HO-1. Curcumin was administered intraperitoneally, and although
it is considered a parenteral route of administration, the pharmacokinetics of substances administered
intraperitoneally are more similar to those seen after oral administration. In both cases, the primary
route of absorption is into the mesenteric vessels, which drain into the portal vein and pass through
the liver [48].

Curcumin has long since been reported to be a potent antioxidant, but no studies have yet
reported its effects on the endogenous antioxidant mechanisms (Nrf2/HO-1) and TLR4/RAGE mediated
neurodegeneration. A wide range of effects are associated with ethanol intoxication, including oxidative
stress, apoptotic neurodegeneration, excitotoxicity, and the disruption of cell to cell interactions [40,49].
The production of ROS may cause other serious consequences, such as an altered metabolism, deleterious
structural modifications of proteins, DNA mishandlings, and altered mitochondrial homeostasis. Here,
we report that ethanol-induced oxidative stress mediated neuroinflammation via Nrf-2/TLR4 signaling.
The induction of oxidative stress with the administration of ethanol is in accordance with previous
studies [50]. Interestingly, the in vitro findings also support the results, showing antioxidant effects
against ethanol induced oxidative stress. For more confirmatory purposes, we used specific Nrf2
siRNA, and the findings showed that curcumin may relieve the elevated ROS level through Nrf2.

The other outcome of our study is that curcumin may inhibit the TLR4/RAGE triggered
neuroinflammation in mice brains and in in vitro microglial cells. TLR4, which is mainly expressed in
the microglial cells, induces microglial activation and the expression of proinflammatory cytokines,
such as TNF-o and p-NF-kB, in response to a variety of stimuli [51]. Besides TLR4, other receptors
are also involved in neurodegenerative conditions, such as RAGE. Here, we also evaluated the
expression of RAGE in the experimental groups. According to our findings, there was an enhanced
expression of TLR4/RAGE and its downstream inflammatory mediators in the ethanol-treated mice
brain. Interestingly, these markers were significantly reduced with the administration of curcumin. For
more confirmatory purposes, we used a specific TLR4 inhibitor (TAK242). Interestingly, the rescuing
effects of curcumin against TLR4/iba-1 in the microglial cells were comparable to TAK 242. GFAP and
Iba-1, which are the assigned markers for the activated astrocytes and microglia, were significantly
upregulated in the ethanol-treated group, however, there was a significantly lower expression in
the curcumin-treated group. The upregulation of GFAP and Ibal in the ethanol-treated group is in
accordance with the previous reports [4]. The inhibition of TLR4 further inhibited the expression of its
downstream effectors (Iba-1) in the microglial cells. The upregulation of TLR4, RAGE, and the iba-1 in
the ethanol-treated mice brains is in accordance with the previous reported effects of ethanol [52].

The other inducer of the neurodegenerative conditions are as follows: the phosphorylation of
MAP kinases, which phosphorylates and translocates the NF-kB to the nucleus, playing a pivotal
role in the release of inflammatory mediators [53]. According to our findings, there were enhanced
expressions of p-JNK and p-NF-kB, as well as other inflammatory mediators (TNF-o, Cox-2, and
IL-1B) in the ethanol treated mice, which is in accordance with previous studies [39]. Another main
contributor to the neurodegeneration is apoptotic cell death in neurodegenerative conditions [54],
as apoptotic cell death has closely been linked to the oxidative damage [55]. For the evaluation of
the effects of curcumin against apoptotic cell death, the expression of proapoptotic (Bax, Caspase-3,



Nutrients 2019, 11, 1082 15 of 18

and PARP-1) and antiapoptotic (Bcl-2) markers were evaluated; according to our findings, ethanol
promoted proapoptotic cell death, which was significantly inhibited with the administration of
curcumin. For more confirmatory purposes, we performed Nissl and FJB staining, which showed
that curcumin significantly inhibited the neurotoxic effects of ethanol on mice brains. The ultimate
consequence of neurodegeneration is synaptic dysfunction and loss of memory, which have been
extensively reported with ethanol intoxication [56].

For the evaluation of synaptic dysfunction and memory impairment, we performed behavioral
studies in Morris water maze and Y-maze tests, as well as the protein markers related to
synaptotoxicity. According to our results, curcumin significantly improved the behavioral alterations
and synaptic markers (postsynaptic density protein-95, SNAP-23, and synaptophysin) in the mice
brain. The protective effects of curcumin on the behavioral changes and synaptic dysfunction are in
accordance with previous studies [43,57].

5. Conclusions

Altogether, our findings support the hypothesis that the chronic administration of curcumin
may protect mice brains against the detrimental effects of ethanol, by serving as a strong antioxidant,
anti-inflammatory, and antiapoptotic agent in vivo mice brains and in vitro cells.
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