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A B S T R A C T

Aluminum (Al) causes hippocampal lesions by oxidative stress, which is widely accepted as the primary pa-
thogenesis of Al neurotoxicity. Lycopene (LYC), a naturally carotenoid, has received extensive attention due to
its antioxidant effect. In this study, the neuroprotective effects and mechanisms of LYC against aluminum
chloride (AlCl3)-induced hippocampal lesions were explored. First, oral administration of LYC (4 mg/kg) alle-
viated AlCl3-induced (150 mg/kg) cognition impairment and histopathological changes of the hippocampus in
rats. Then, LYC significantly attenuated AlCl3-induced oxidative stress, presenting as the reduced reactive
oxygen species, malondialdehyde and 8-hydroxy-2′-deoxyguanosine levels, and increased glutathione level and
superoxide dismutase activity. Moreover, LYC also protected the hippocampus from AlCl3-induced apoptosis and
neuroinflammation, as assessed by protein levels of p53, Bcl-2-associated X protein (Bax), B-cell lymphoma gene
2 (Bcl-2), Cytochrome c (Cyt c), cleaved caspase-3 and nuclear factor kappa B, as well as the mRNA levels of Bax,
Bcl-2, tumor necrosis factor alpha, interleukin-6 and interleukin-1 beta. Finally, LYC increased nuclear factor-
erythroid-2-related factor 2 (Nrf2) nuclear translocation and its downstream gene expression, including heme
oxygenase-1, NAD(P)H: quinone oxidoreductase 1, glutamate cysteine ligase catalytic subunit and superoxide
dismutase 1, which were involved in antioxidant, anti-apoptosis, and anti-inflammation. Overall, our findings
demonstrate LYC attenuates Al-induced hippocampal lesions by inhibiting oxidative stress-mediated in-
flammation and apoptosis in the rat.

1. Introduction

Aluminum (Al), an accumulative neurotoxic metal, causes learning
and memory ability impairments in humans and animals [1,2]. Al-
though the neurotoxicity of Al is a well-established fact in mammals
now, Al remains widely used in daily life, such as water purifiers, food
additives and pharmaceuticals [3–5]. Moreover, acid rain and bauxite
mines exploitation can result in the discharge of Al salts from insoluble
minerals, raising the risk of human contact with Al [6,7]. Al can pe-
netrate the blood-brain barrier and accumulate in all brain regions [8].
Hippocampus, the site of memory and learning, is the brain regions of
Al maximum accumulation after Al intoxication [9]. Al induces im-
balance between cellular reactive oxygen species (ROS) production and
antioxidant capacity in the hippocampus, and thereby causes oxidative
stress and apoptotic cell death, resulting in hippocampal lesions
[10–12]. Furthermore, recent studies showed ROS activates nuclear

factor κB (NF-κB) and increases inflammatory mediators, such as in-
ducible tumor necrosis factor α (TNF-α), Interleukin-6 (IL-6) and In-
terleukin-1β (IL-1β), subsequently causes secondary neuronal insult
[13–15]. Therefore, antioxidant was considered as a potential ther-
apeutic or preventive strategies of Al-induced hippocampal lesions.

The nervous system has neuroprotective mechanism against oxida-
tive stress. The nuclear factor-erythroid-2-related factor 2 (Nrf2), a
regulator of redox homeostasis, can enhance antioxidant defense cap-
ability by increasing the expression of antioxidant genes to protect the
nervous system [16]. A recent study showed that the mechanism of Al
neurotoxicity is associated with dysregulation of Nrf2 signaling [17].
Moreover, sulforaphane, an activator of Nrf2, protects the hippocampus
against Al-induced learning and memory deficits [18]. Therefore, Nrf2
activation may have the potential therapeutic or preventive effect in Al-
induced neurotoxicity.

Lycopene (LYC) is a naturally occurring carotenoid found in
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tomatoes and other red fruit, such as watermelons, papayas and guava
[19]. LYC has received rapidly soaring attention due to its various
health-beneficial bioactivities such as antioxidant defense, anticancer
and cardiovascular protective effects with few side effects [20–22]. In
addition, recent studies showed LYC possesses potential neuroprotec-
tive effects against amyloid β protein, lipopolysaccharide and D-ga-
lactose-induced neurological disorders by antioxidant, anti-in-
flammatory and anti-apoptosis [23–25]. Nevertheless, it remains
unknown about the protective role of LYC against Al-induced neuro-
toxicity. Therefore, this study was aimed to investigate the possible
protective effect of LYC on Al-induced hippocampal lesions and explore
its detailed mechanisms.

2. Materials and methods

2.1. Animals and treatment

Seventy-two male Wistar rats (three-weeks old) were purchased
from the Experimental animal center of Harbin Medical University
(Harbin, China). The rats were housed under standard conditions ac-
cording to a previous method [2]. After five days of acclimatization, the
rats were randomly divided into four groups (n = 18 per group). Group
1 (Control) was administered with vehicle by oral gavage. Group 2 (Al)
was administered with AlCl3 at 150 mg/kg/day and vehicle of LYC by
oral gavage. Group 3 (Al + LYC) was administered with AlCl3 at
150 mg/kg/day and LYC at 4 mg/kg/day by oral gavage. Group 4 (LYC)
was administered with vehicle of AlCl3 and LYC at 4 mg/kg/day by oral
gavage. AlCl3 (Aladdin, Shanghai, China) was dissolved in distilled
water, and then administered according to the values of oral uptake
promoted neurotoxicity on rats [2]. LYC (≥ 96%, Jingzhu, Nanjing,
China) was dissolved in distilled water with 5% Tween 80, and then
administered according to values of oral uptake promoted neuropro-
tective on rats [26]. The rats were daily administered with AlCl3 12 h
prior to LYC administration for 90 days. To maintain a constant AlCl3
and LYC intake, we measured the body weight every five days and then
adjusted the dose accordingly. The animal procedures were approved
by the Animal Ethics Committee of the Northeast Agricultural Uni-
versity (Harbin, China).

2.2. Morris water maze

Six rats were randomly selected from each group for the Morris
water maze (MWM) test. MWM was performed same as described
previously [2]. Briefly, to assess spatial learning, the rats went through
an acquisition trial on 1–5 days, then on day 6 probe trial to assess
spatial memory. The MWM (Xinruan Information Technology,
Shanghai, China) was a black circular pool (160 cm in diameter, 50 cm
high) filled with water (30 cm in depth) at 22 ± 1 °C. In the acquisition
trial, a transparent round platform was placed below the water surface
of northeast quadrant in a circular pool. The rats were placed for 30 s on
the platform, and then were placed at a starting point in the middle of
the rim of a quadrant with them facing to the wall. The rats swam freely
until they reached the platform. The rats that failed to reach the plat-
form within 90 s were guided to the platform and allowed to stay on it
for 30 s. We trained the rats for 5 days with three trials per day (8:00
a.m–12:00 p.m) at 10 mins interval. In the probe trial, the escape
platform was removed. The rats were placed gently at the start point of
southwest quadrant and allowed to swim freely for 90 s. We recorded
the number of crossings platform location and the time that the rats
spent swimming in target quadrant.

2.3. Tissue sample preparation

The rats were sacrificed after anesthesia (50 mg/kg, sodium pento-
barbital, i.p.). We chose the rats that were exposed to the MWM for
hematoxylin and eosin (HE) staining and measurement hippocampal Al

level. The half of the brain fixed in 10% formalin for HE staining, and
the hippocampus of the other half of the brain (frozen rapidly in liquid
nitrogen and then stored at −80 °C) was used for measurement hip-
pocampal Al level. We chose the other rats that were not exposed to the
MWM for subsequent study. The hippocampus was excised immediately
and washed in ice-cold saline. Part was used to prepare hippocampus
homogenate for assay of oxidative stress markers, and a portion (frozen
rapidly in liquid nitrogen and then stored at −80 °C) was used for
hippocampus RNA and protein extraction. The body weight and hip-
pocampal weight (n = 12 per group) was measured. The hippocampal
coefficients were calculated by multiplying the hippocampal weight
(g)/body weight (g) with 100%.

2.4. Histopathological analysis

The brain (n = 6 per group) was fixed with 10% neutral buffered
formalin for 72 h, and processed using routine histological techniques.
After paraffin embedding, 5 μm sections were cut and stained with HE
staining to assess tissue structure according to the previous study [27].
The slides were visualized using light microscopy (Nikon, Japan). The
extent of the neuronal damage was quantifed by counting the number
of normal pyramidal neurons (without any pathological alteration) in
the CA1 and CA3 region of the hippocampus, which was expressed as
the number of neurons per unit length (mm).

2.5. Measurement of hippocampal Al level

We determined the hippocampal Al level with graphite furnace
atomic absorption spectrophotometry as described previously [28].
0.05 g hippocampus was dried in a dryer (80 °C) for 12 h. We added the
dried tissue to a triangle flask, added 10 ml nitric acid and perchloric
acid mixture (volume ratio is 4:1), mixed and overnight. Then the
mixture were heated slowly on an electric stove till it became colorless
and transparent. After cooling it well, the mixture were diluted to 10 ml
with 0.5% nitric acid. The Al standard solution was made by mixing
1 ml Al standard reserve liquid (1000 μg/ml, Shines East Chemical Co.,
Ltd., Guangzhou, China) and 99 ml deionized water. The absorbency
was determined by a PEAA800 atomic absorption spectrophotometer
(Perkin Elmer, Fremont, CA, USA) using a wavelength of 309.3 nm, slit
width of 0.7 nm, lamp current of 15.0 mA, and an injection volume of
20 μl. We examined each sample (n = 6 per group) in triplicate and
calculated a mean value.

2.6. Measurement of oxidative stress markers

The ROS level, malondialdehyde (MDA) level, glutathione (GSH)
level, superoxide dismutase (SOD) activity and 8-hydroxy-2′-deox-
yguanosine (8-OHdG) level in the hippocampus was detected by com-
mercially available kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Briefly, the assay of ROS was determined using 20, 70-
dichlorofluorescin diacetate (DACHA). The fluorescence was de-
termined at 488 nm excitation and 525 nm emission wavelength, using
a fluorescence spectrophotometer (Infinite M200 PRO Tecan,
Switzerland). The MDA levels, GSH levels and SOD activity were
measured according to the manufacturer's instructions. The absorbance
was measured using a spectrophotometer (Spectrum Instruments Co.,
Ltd., Shanghai, China) at 532 nm, 405 nm and 450 nm, respectively.
The 8-OHdG levels were measured by Rat 8-OHdG ELISA Assay Kit. The
optical density was measured using a 318 MC microplate reader
(Shanghai Sanco Instrument Co., Ltd., Shanghai, China) at 450 nm. We
examined each sample (n = 6 per group) in triplicate and calculated a
mean value.

2.7. Quantitative real-time PCR

The mRNA levels of Bcl-2-associated X protein (Bax), B-cell
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lymphoma gene 2 (Bcl-2), IL-1β, TNF-α, IL-6, heme oxygenase-1 (HO-
1), NAD(P)H: quinone oxidoreductase 1 (NQO1), glutamate cysteine
ligase catalytic subunit (GCLC) and superoxide dismutase 1 (SOD1)
were detected by quantitative real-time reverse transcription-poly-
merase chain reaction as described previously [29]. Total RNA was
extracted from the hippocampus using Trizol Reagent (Invitrogen,
Waltham, USA) according to the manufacturer's instructions, and then
reversely transcribed each sample into cDNA using Trans Script First-
Strand cDNA Synthesis Super Mix (Trans Gen Blotech, Beijing, China).
We used SYBR Green/Fluorescence in qPCR Master Mix and the ABI
PRISM 7500 Real-Time PCR System (Applied Biosystems, Waltham,
USA) to examine gene expression. We used β-actin mRNA as internal
control to adjust the amount of mRNA in each sample. We examined
each sample (n = 6 per group) in triplicate and calculated a mean
value. The primer sequences that we used for this study are as shown
Supplementary Table 1.

2.8. Western blot

Cytoplasmic and nuclear proteins were extracted from the hippo-
campus using Nuclear and Cytoplasmic Protein Extraction kit
(Beyotime Biotechnology, Nantong, China). For Western blot, as de-
scribed previously [27], the protein was separated in 12% sodium do-
decylsulfate-polyacry-lamide gel electrophoresis and transferred to
polyvinylidene difluoride membrane (Millipore, Bedford, USA). The
membranes was blocked with 5% fat-free milk in Tris buffered saline
Tween at 37 °C for 3 h, and then incubated with anti-Nrf2 (Wanlei
Biotechnology, Shenyang, China), anti-NF-κB p65 (Bioss Biotechnology,
Beijing, China), anti-p53 (Wanlei Biotechnology, Shenyang, China),
anti-Cytochrome c (cyt c) (Santa Cruz Biotechnology, Texas, USA), anti-
B-cell lymphoma gene 2 (Bcl-2) (Wanlei Biotechnology, Shenyang,
China), anti-Bcl-2-associated X protein (Bax) (Wanlei Biotechnology,
Shenyang, China), anti-cleaved caspase-3 (Wanlei Biotechnology, She-
nyang, China), anti-β-actin (Wanlei Biotechnology, Shenyang China)
and anti-Lamin B1 (Boster Biotechnology, Wuhan, China.) in 5% fat-
free milk overnight at 4 °C overnight. Subsequently, the primary anti-
bodies were localized with goat anti-rabbit IgG (H + L) and goat anti-
mouse IgG (H + L) (Beytime Biotechnology, Nantong, China) for 2 h at
37 °C. Then protein level was determined using the enhanced chemi-
luminescent reagent (Beytime Biotechnology, Nantong, China). The
densitometric measurements were determined using the Image-J soft-
ware. We examined each sample (n = 6 per group) in triplicate and
calculated a mean value.

2.9. Statistical analysis

Data are expressed as mean ± standard deviation (SD). The results
were analyzed by One-way analysis of variance followed by
Bonferroni's test (SPSS 22.0 software; SPSS Inc., Chicago, IL, USA). We

considered p-values of < 0.05 as significant and < 0.01 as markedly
significant.

3. Results

3.1. Effects of LYC on body weight, hippocampal coefficient and
hippocampal Al level in AlCl3-exposed rats

For the body weights, there were no significant differences
(p > 0.05) among the groups (Supplementary Fig. 1). The hippo-
campal coefficient in the AlCl3 group was lower (p < 0.01) than that in
the control group, and hippocampal coefficient in the AlCl3 + LYC
group was higher (p < 0.01) than that in the AlCl3 group (Fig. 1A).
The hippocampal Al level of AlCl3 group and AlCl3 + LYC was higher
(p < 0.01) than that of control group, and the hippocampal Al level of
AlCl3 + LYC group was lower than that of AlCl3 group, but it was not
statistically significant (p > 0.05) (Fig. 1B).

3.2. Effects of LYC on learning and memory in AlCl3-exposed rats

In acquisition trial, the escape latency of the AlCl3 + LYC group and
the LYC group was not different (p > 0.05) as compared to that of the
control group in five days, but escape latency of the AlCl3 group was
longer (p < 0.05) than that of the control group from the third to fifth
days. The escape latency of the AlCl3 + LYC group was shorter
(p < 0.05) than that of the AlCl3 group in fourth and fifth days
(Fig. 2A). In probe trial, the time spent in target quadrant by the
AlCl3 + LYC group and the LYC group was similar (p > 0.05) to that of
the control group, but the time spent by the AlCl3 group in the target
quadrant was shorter (p < 0.01) than that by the control group. The
time spent by the AlCl3 + LYC group in the target quadrant was longer
(p < 0.05) than that by the AlCl3 group (Fig. 2B). Additionally, the
number of crossings platform position in the AlCl3 + LYC group and the
LYC group was not different (p > 0.05) as compared to that in the
control group, but the number of crossings platform position in the
AlCl3 group was less (p < 0.01) than that in the control group. The
number of crossings platform position in the AlCl3 + LYC group was
more (p < 0.05) than that in the AlCl3 group (Fig. 2C). These results
indicate LYC administration improves learning and memory in AlCl3-
exposed rats.

3.3. Effects of LYC on the histopathology of hippocampus in AlCl3-exposed
rats

The micrographs of HE staining (Fig. 3) showed that the CA1 and
CA3 regions of the hippocampal neurons presented regular arrange-
ment, clear nucleus and nucleolus without any pathological alteration
in the control group and the LYC group. In the AlCl3 group, the hip-
pocampal neurons presented irregular arrangement, enlarged

Fig. 1. Effects of LYC on hippocampal coefficient and hippocampal Al level in AlCl3-exposed rats. (A) The hippocampal coefficient. (B) Hippocampal Al level.
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pericellular space, unclear nuclear structure, pyknotic nuclei and ne-
crosis. While, the hippocampal neurons of the AlCl3 + LYC group
showed a relatively normal morphological appearance of the nerve cells
with few enlarged pericellular space and necrosis. Additionally, the
number of normal pyramidal neurons in the AlCl3 group was lower
(p < 0.01) than that in the control group, and the number of normal
pyramidal neurons in the AlCl3 + LYC group was higher (p < 0.05)
than that in the AlCl3 group. These results indicate LYC administration
attenuates AlCl3-induced hippocampal lesions in rats.

3.4. Effects of LYC on oxidative stress in the hippocampus of AlCl3-exposed
rats

As shown in Fig. 4, the levels of ROS, 8-OHdG and MDA in the AlCl3
group were higher (p < 0.01) than these in the control group, and the
levels of ROS, 8-OHdG and MDA in the AlCl3 + LYC group were lower
(p < 0.01) than these in the AlCl3 group. Additionally, the SOD ac-
tivity and GSH level in the AlCl3 group was lower (p < 0.01) than that
in the control group, and the SOD activity and GSH level in the
AlCl3 + LYC group was higher (p < 0.05) than that in the AlCl3 group.

3.5. Effects of LYC on apoptosis in the hippocampus of AlCl3-exposed rats

As shown in Fig. 5, the protein levels of p53, cytoplasmic Cyt c and
cleaved caspase-3 in the AlCl3 group were higher (p < 0.01) than these
in the control group. In addition, the protein and mRNA level of Bax in
the AlCl3 group was higher (p < 0.01) than that in the control group,
the protein and mRNA level of Blc-2 in the AlCl3 group was lower
(p < 0.01) than that in the control group. However, compared with the
group only receiving AlCl3, LYC significantly reversed these effects
(p < 0.01).

3.6. Effects of LYC on neuroinflammation in the hippocampus of AlCl3-
exposed rats

As shown in Fig. 6, the mRNA levels of IL-1β, TNF-α and IL-6 in the
AlCl3 group were higher (p < 0.01) than these in the control group,
and the mRNA levels of IL-1β, TNF-α and IL-6 in the AlCl3 + LYC group
were lower than these in the AlCl3 group (p < 0.01). These results
suggest that LYC administration attenuates AlCl3 induced inflammation
in the hippocampus. Additionally, the nuclear protein level of NF-κB
p65 in AlCl3 group was higher (p < 0.01) than that in control group,
and nuclear protein level of NF-κB p65 in the AlCl3 + LYC group was
lower than that in the AlCl3 group (p < 0.01). The cytosolic protein
level of NF-κB p65 in the AlCl3 and the AlCl3 + LYC group was lower
(p < 0.01) than that in the control group, but the cytosolic protein
level of NF-κB p65 in the AlCl3 + LYC group was not different from that
in the AlCl3 group (p > 0.05).

3.7. Effects of LYC on Nrf2 and its downstream genes in the hippocampus of
AlCl3-exposed rats

As shown in Fig. 6, the nuclear protein level of Nrf2 in the AlCl3,
AlCl3 + LYC and LYC group was higher (p < 0.05) than that in the
control group, and the nuclear protein level of Nrf2 in the AlCl3 + LYC
group was higher (p < 0.01) than that in AlCl3 group. The cytosolic
protein level of Nrf2 in the AlCl3, AlCl3 + LYC and LYC group was
lower (p < 0.01) than that in the control group, and the cytosolic
protein level of Nrf2 in the AlCl3 + LYC group was not different from
that in the AlCl3 group (p > 0.05). Additionally, the mRNA levels of
HO-1, NQO1, GCLC and SOD1 in the AlCl3, AlCl3 + LYC and LYC group
were higher than these in the control group (p < 0.05), and the mRNA
levels of HO-1, NQO1, GCLC and SOD1 were in the AlCl3 + LYC group
higher (p < 0.01) than these in the AlCl3 group.

4. Discussion

In this study, several important observations were obtained. First,
LYC attenuated AlCl3-induced cognition impairment and histopatholo-
gical changes of the hippocampus in rats. Then, LYC reduced oxidative
stress, apoptosis and inflammation in the hippocampus of AlCl3-ex-
posed rat. Finally, LYC increased nuclear translocation of Nrf2 and its
downstream gene expression in the hippocampus of AlCl3-exposed rats,
indicating that activation of Nrf2 was involved in the protective effect
of LYC against AlCl3-induced hippocampal lesions.

Oxidative stress has been implicated with pathogenesis of

Fig. 2. Effects of LYC on hippocampal-dependent learning and memory ability
in AlCl3-exposed rats. Acquisition trials: (A) mean time to reach platform. Probe
trials: (B) mean time spent in target quadrant and (C) the number of crossings
platform location.
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Fig. 3. Representative photomicrographs of The hippocampal histology (HE, magnification: 400×). (A) The hippocampal CA1 regions. (B) The hippocampal CA3
regions. (C) The number of neurons per unit length (mm) in hippocampus. The black arrow indicates necrosis and pyknotic nuclei. The red arrow indicates vacuolar
spaces around cell cytoplasm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Effects of LYC on oxidative stress in the hippocampus of AlCl3-exposed rats.

Fig. 5. (A) The p53, Bax, Bal-2, Cytosolic Cyt c and Cleaved caspase-3 protein expressions were assessed by Western blot. (B) The relative protein expressions of p53,
Bax, Bal-2, Cytosolic Cyt c and Cleaved caspase-3. (C) The relative gene expressions of Bax and Bcl-2.
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neurodegeneration [30], which is also widely accepted as the primary
pathogenesis of Al neurotoxicity [11]. Our present study showed that
LYC significantly reduced ROS, lipid peroxidation production MDA and
DNA damage biomarker 8-OHdG level as well as elevated antioxidant
enzyme SOD activity and GSH level in hippocampus of AlCl3-exposed
rats, indicating LYC protects hippocampus against AlCl3-induced oxi-
dative stress and peroxidation damage. Consistent with measurements
of hippocampal-dependent learning and memory ability and the his-
tological observations of hippocampus, LYC significantly attenuated
AlCl3-induced hippocampal lesions. Therefore, the mechanism under-
lying the protective effect of LYC against AlCl3-induced hippocampal
lesions may be the inhibition of oxidative stress.

Beyond exerting a direct toxic effect on biological macromolecules,
oxidative stress induces neuropathological alterations including neu-
ronal apoptosis and neuroinflammation, which are involved in the Al-
induced hippocampal lesions [27,31]. Al has been reported to induce
hippocampal nerve apoptosis via p53-dependent apoptotic pathway
[10,31–33]. The p53, an important activator of the intrinsic apoptotic
pathway, can be activated by DNA damage [34]. The activation of p53
has been shown to decrease anti-apoptotic member Bcl-2 and increase
pro-apoptotic member Bax gene expression [35,36]. The imbalance
between Bax and Bcl-2 induces mitochondrial membrane permeabili-
sation, and then causes the release of Cyt c from the mitochondria to
activate the caspase cascade [37]. The activation of caspase-3 is the
final executioner enzyme of apoptosis [38,39]. In present study, we
found that administration of LYC significantly increased Bcl-2 level and
decreased p53, Bax, cytoplasmic Cyt c and cleaved caspase-3 level in
relative to the AlCl3-treatment rats. These results suggested that LYC
attenuated AlCl3-induced hippocampal lesions, which is related to the
suppression of ROS-induced p53-dependent apoptosis in rat. In addi-
tion, our present study showed that AlCl3 increased p53 expression in

the hippocampus as compared to control rats. The result is same as
previous studies, which proved Al induce neuronal apoptosis via in-
creasing p53 expression in the Neuro-2a cells and rodent hippocampus
[31–33]. However, other research observed the opposite result. Mustafa
Rizvi et al. study showed Al suppressed p53 expression and induced
apoptosis via p53-independent apoptotic pathway in SH-SY5Y human
neuroblastoma cells [17]. One possible cause is the species differences.
Another possibility is the differences of experimental factor between the
hippocampus in vivo and cell lines in vitro. Moreover, the neuroin-
flammation also is a mechanism of Al-induced hippocampal lesions
[2,27]. NF-κB plays a critical role in the activation of neuroin-
flammatory pathway which causes transcriptions of pro-inflammatory
mediators such IL-1β, IL-6 and TNF-α [40]. Our previous study in-
dicated that NF-κB-mediated neuroinflammation occurred in AlCl3-in-
duced hippocampal lesions of rat [27]. However, LYC protects the
hippocampus against neuroinflammation as evidenced by the fact that
LYC inhibited the translocation of NF-κB p65 into the nucleus and the
expression of proinflammatory cytokines in the present study. It is also
noteworthy that neuroinflammation may be a consequence of chronic
oxidative stress due to ROS-mediated NF-κB activation [15]. Taken
together, all these results indicated that LYC attenuated AlCl3-induced
apoptosis and neuroinflammation in the hippocampus, and a possible
explanation is that LYC protects the hippocampus against apoptosis and
neuroinflammation via scavenging ROS.

To further explore the mechanisms underlying the protective effects
of LYC on AlCl3-induced hippocampal lesions, our study focused on
Nrf2, as it shows antioxidant property by enhancing transcription of
phase II detoxifying enzymes and antioxidant enzymes [16,40]. Sur-
prisingly, we found AlCl3 group exhibited a higher nucleus transloca-
tion of Nrf2 as well as mRNA levels of GCLC and SOD1 when compared
to the control group, suggesting AlCl3 could elevate Nrf2 activity to

Fig. 6. (A) The NF-κB p65 and Nrf2 protein expressions were assessed by Western blot. (B) The relative protein expressions of NF-κB p65 and Nrf2. (C) The relative
gene expressions of NF-κB p65 downstream pro-inflammatory cytokines and Nrf2 downstream target genes.
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enhance antioxidant defense system. It is well known that the enhanced
production of free radicals can incite the translocation and the accrual
of Nrf2 in the nucleus, and then increase the transcription of anti-
oxidant proteins to enhance antioxidant defense system [41,42]. Thus,
the above results maybe owing to the effect of ROS provoked by AlCl3
on Nrf2. However, it is contrary to our initial results that AlCl3 reduce
SOD activity and GSH level. A possible explanation is the generation of
free radicals provoked by AlCl3 induces SOD and GSH depletion. In
addition, many studies showed that exposure to pro-oxidants or pa-
thological condition either increased or decreased the expression/acti-
vation of Nrf2 depending on the stage of disease and method of pro-
oxidants administration [43,44]. Mustafa Rizvi et al. found 100 μM of
Al(mal)3 treatment increased Nrf2 level, and the concentrations within
the range of 400 μM to 600 μM of Al(mal)3 decreased Nrf2 level in SH-
SY5Y neuroblastoma cells, indicating the effect of Al on the Nrf2 signal
also depended on the concentration of Al [17]. Thus, the role of Nrf2 in
AlCl3-induced cognition impairment needs to be further clarified. Even
so, our present study showed AlCl3 + LYC group exhibited a higher
nucleus translocation of Nrf2 as well as mRNA levels of HO-1, NQO1,
GCLC and SOD1 when compared to AlCl3 group. These results indicated
that LYC increased Nrf2 nuclear translocation and its downstream genes
to enhance antioxidant defense systems, thus efficiently neutralizing
ROS during AlCl3-induced neurotoxicity. Furthermore, some studies
showed that p53 was negatively regulated by Nrf2, and HO-1 could
upregulate expression of Bcl-2 and inhibited nuclear translocation of
NF-κB [45–47]. Thus, activation of Nrf2 maybe the antioxidant me-
chanism of LYC, and partly contribute to explaining the inactivation of
NF-κB p65 and p53 induced by LYC in the hippocampus of AlCl3-ex-
posed rat.

5. Conclusion

In summary, our findings reveal that LYC attenuates Al-induced

hippocampal lesions by inhibiting oxidative stress-mediated in-
flammation and apoptosis in the rat (Fig. 7). Therefore, the use of LYC
as a phytochemical supplement should be encouraged to prevent Al-
induce hippocampal lesions.
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