
Contents lists available at ScienceDirect

Food and Chemical Toxicology

journal homepage: www.elsevier.com/locate/foodchemtox

Neuroprotective effect of berberine against environmental heavy metals-
induced neurotoxicity and Alzheimer's-like disease in rats

Hend M. Hussiena,∗, Aml Abd-Elmegiedb, Doaa A. Ghareebb,c,d, Hani S. Hafeze,
Hany E.A. Ahmedf,g, Nehad Abd El-moneamb

a Pharmacology and Toxicology Department, Faculty of Pharmacy and drug manufacturing, Pharos University, Alexandria, Egypt
b Biochemistry Department, Faculty of Science, Alexandria University Alexandria, Egypt
c Biology Department, Faculty of Science, Beirut Arab University, Lebanon
d Pharmaceutical and Fermentation Industries Development Centre, City for Scientific Research and Technology Applications, Alexandria, Egypt
e Zoology Department, Faculty of Science, Suez University, Egypt
f Pharmacognosy and Pharmaceutical Chemistry Department, College of Pharmacy, Taibah University, Al-Madinah Al-Munawarah, Saudi Arabia
g Pharmaceutical Organic Chemistry Department, Faculty of Pharmacy, Al-Azhar University, Cairo, Egypt

A R T I C L E I N F O

Keywords:
Alzheimer's disease
Heavy metals
Berberine
Amyloid-β40/42
Tau protein
Proinflammatory cytokines and In silico
analysis

A B S T R A C T

Heavy metals are reported as neurodegenerative disorders progenitor. They play a role in the precipitation of
abnormal β-amyloid protein and hyper-phosphorylated tau, the main hallmarks of Alzheimer's disease (AD). The
present study aimed to validate the heavy metals-induced Alzheimer's-like disease in rats as an experimental
model of AD and explore the therapeutic effect of berberine via tracking its effect on the oxidative stress-
inflammatory pathway. Alzheimer's-like disease was induced in rats orally by a mixture of aluminium, cadmium
and fluoride for three months, followed by berberine treatment for another one month. Berberine significantly
improved the cognitive behaviors in Morris water maze test and offered a protective effect against heavy metals-
induced memory impairment. Docking results showed that berberine inhibited AChE, COX-2 and TACE.
Matching with in silico study, berberine downregulated the AChE expression and inhibited its activity in the
brain tissues. Also, it normalized the production of TNF- α, IL-12, IL-6 and IL-1β. Moreover, it evoked the
production of antioxidant Aβ40 and inhibited the formation of Aβ42, responsible for the aggregations of
amyloid-β plaques. Histopathological examination confirmed the neuroprotective effect of berberine. The pre-
sent data advocate the possible beneficial effect of berberine as therapeutic modality for Alzheimer's disease via
its antiinflammatory/antioxidant mechanism.

1. Introduction

Environmental heavy metals are well-known agents that affect brain
development. Several studies have shown a link between heavy metals
and neurodegenerative disorders such as Alzheimer's disease and
Parkinson's disease (Brown et al., 2005; Nallagouni and Reddy, 2017).
Aluminium is among the heavy metals that participate in the devel-
opment of neurodegenerative diseases. It upregulates the expression of
pathogenic genes that are implicated in AD such as APP, IL-1β, IL-6,

TNF-α, AChE and MAO (Lukiw et al., 2005; Cao et al., 2017). Moreover,
cadmium and fluoride enhance neurotoxicity by several mechanisms
including free radical generation and lipid peroxidation in the hippo-
campus (Blaylock, 2004; Wang and Du, 2013).

Alzheimer's disease is a progressive neurodegenerative disorder
characterized by extracellular Aβ plaques and intracellular neurofi-
brillary tangles (NFTs) with high synaptic defects (Correia et al., 2012).
About 36 million people worldwide in 2010 were affected by AD with
projections to elevate to 66 million by 2030 and 115 million by 2050
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(Honjo et al., 2012).
Oxidative stress and inflammatory mechanisms are the main factors

involved in AD progression, suggesting that targeting these mechanisms
may be the cornerstone in its treatment. Oxidative stress is an early
feature of AD pathogenesis that contributes to Aβ generation and NFTs
formation (Cai et al., 2011; Kalra et al., 2016). The inflammatory re-
actions involving cytokines such as IL-1, IL-6, NF-ĸβ, COX-2 and TNF-α,
contribute dramatically to AD progression (Bronzuoli et al., 2016).
Moreover, neuroinflammatory cytokines have been detected at high
levels in post-mortem brains of AD patients. This concept was supported
by several reports showing that aspirin and NSAID treatment could
reduce the incidence of AD (Su et al., 2016; Hung et al., 2016).

The mainstay of drug therapies for AD is AChE inhibitors such as
rivastigmine, donepezil, and galantamine that increase the availability
of acetylcholine at cholinergic synapses (Hong-Qi et al., 2012). How-
ever, the non-selectivity of these drugs and limited effectiveness due to
their short half-lives, poor bioavailability and side effects, constitute
severe challenges to their therapeutic success. Varieties of natural herbs
have been reported to show AChE inhibitory effects, which may be
relevant to the treatment of AD (Ghareeb et al., 2010).

Berberine (BBR) is a natural isoquinoline alkaloid widely used in
Chinese and Indian herbal medicine. Berberine has gained much at-
tention in the recent years owing to its multiple therapeutic effects
including antidiabetic, anti-hyperlipidemia, antidepressant, anti-in-
flammatory, antibacterial, antiprotozoal and anticancer (Zhang et al.,
2016). Accumulating evidence indicates that berberine possesses a
potent neuroprotective effects against many neurological disorders such
as anxiety, mental depression, brain stroke and Alzheimer's disease
(Kulkarni and Dhir, 2010; Simões Pires et al., 2014). It rapidly pene-
trates the blood-brain barrier (BBB) after administration with peak at
2–4 h and slow elimination from the hippocampus (12 h), indicating
that BBR could have a direct effect on neuron activity (Kulkarni and
Dhir, 2010).

Berberine acts as an inhibitor to the activity of AChE, BChE and
MAO similar to the effect of reference drugs of AD therapy. (Ji and
Shen, 2012). In addition, BBR may be beneficial in AD-treatment via
reducing the extracellular Aβ plaques and the intracellular NFTs. It
inhibits the β-secretase-induced Aβ formation and GSK-3β-involved in
APP and tau phosphorylation, ameliorating β-amyloid pathology and
cognitive dysfunctions (Kumar et al., 2015; Cai et al., 2016). Anti-
oxidant and anti-inflammatory properties of BBR play a major role in
different neurodegenerative disorders. Berberine exerts its antioxidant
effects through metal chelation, ROS/RNS scavenging as well as en-
hancement of the antioxidant enzymes (Habtemariam, 2016). More-
over, it retards neuroinflammation via inhibiting the activated astro-
cytes and microglia, down-regulating the inflammatory cytokines (He
et al., 2017).

In our real life we are exposed to more than one hazard environ-
mental heavy metal and/or trace element. Therefore, a model com-
prising more than one element for induction of Alzheimer's-like disease
was designed in this study to simulate an environmental multifactorial
exposure pattern. Based on the implication of the inflammatory/oxi-
dative stress in the pathogenesis of AD, and the proposed activity of
BBR as anti-inflammatory/antioxidant agent, the present study aimed
to investigate the therapeutic potential of BBR on an Alzheimer's-like
disease rat model.

2. Material and methods

2.1. Reagents and chemicals

Nicotinamide adenine dinucleotide (NAD+), Thiobarbituric acid
(TBA), cumene, H2O2, reduced glutathione (GSH), 5,5′-dithiobis 2-ni-
trobrnzoic acid (DTNB), trichloroacetic acid, foline reagent, acet-
ylthiocholine iodide, aluminium chloride, sodium fluoride, cadmium
chloride and berberine chloride were purchased from Sigma Chemical

Company (St. Louis, Mo, USA). All other chemicals and reagents used in
the study were of analytical grade and highest purity. Treatment doses
in this study were selected according to previous studies; aluminium
(Singh and Goel, 2015), fluoride (Sarkar et al., 2014) and cadmium
(Gonçalves et al., 2012). Berberine dose was given orally according to
Kheir et al. (2010).

2.2. Molecular modelling analysis of berberine activity

Structural coordinates for AChE (bis (7) tacrine-AChE complex) as
well as the anti-inflammatory cytokines; COXII (tricycle Sc-558-COXII
complex) and TNF alpha Converting enzyme (N-{(2R)-2-[2-(hydro-
xyamino)-2-oxoethyl]-4- methylpentanoyl}-3-methyl-L-valyl-N-(2-ami-
noethyl)-L-alaninamide–TACE complex) were downloaded from the
Protein Data Bank (PDB codes: 2CMF, 1CX2 and 1bkc, respectively).
The original ligand and solvent residues were removed from each PDB
file. 3D structure of berberine was generated and optimized by
Molecular Operating Environment (MOE) package. The Dock program
in the software was used for docking simulation that allows full flex-
ibility of ligands. The 3D structure of berberine was optimized using
Powell method with force field (distance-dependent dielectric) to reach
a final energy convergence gradient value of 0.001 kcal/mol. The
possible binding of the ligand to each macromolecule was analyzed
using MOE docking program to obtain minimum energy structure (ΔG)
and thus predicting the most stable binding site. The used parameters
for the Docking were, Total Runs = 50, Cycle/Runs = 15, Iteration
Limit = 10000, Potential Energy Grid: ON, Annealing Algorithm:
Simulated Annealing (The MOE, 2008).

2.3. Animals and experimental design

Forty female adult Sprague-Dawley rats weighing 170–200 g were
procured from the animal house of Faculty of Medicine, Alexandria
University, Alexandria, Egypt. Experiments were performed according
to the Guideline for the Care and Use of Laboratory Animals of the
National Institutes of Health (NIH). The rats were housed 5 per cage
and maintained at 23-25 °C with a 12-h light/dark cycle. The basal diet
and tap water provided ad labitium for 2 weeks (acclimation period). A
model of Alzheimer's-like disease was designed by exposing the rats to a
mixture of aluminium, cadmium in addition to fluoride. This model
simulates the environmental multi-exposure pattern for Alzheimer's
disease. Animals were divided into two main groups (each group 20
rats). The first group was divided into two subgroups: subgroup 1
served as control and subgroup 2 was orally treated with berberine
(50 mg/kg/day) for thirty days (the last thirty days of the experiment).
The second group (20 rats) was treated orally with a mixture of alu-
minium, cadmium and fluoride (50 mg/kg, 5 mg/kg and 20 mg/kg,
respectively) for ninety consecutive days. Blood samples were collected
monthly from the retro-orbital plexus to follow up the induction of the
neurodegenerative disorders through the assay of serum AChE. At the
end of the ninety days (AD induction), the animals were divided into
two other subgroups: subgroup 3 received saline for another thirty days
while subgroup 4 received BBR (50 mg/kg).

2.4. Evaluation of cognitive function by Morris water maze test

Morris water maze (MWM) test was carried to estimate the cogni-
tion performance. The rats were allowed to swim to a platform in a
circular pool (150 cm diameter × 60 cm height) filled with water
(24 ± 2 °C). The pool was divided into 4 equal quadrants: north,
south, east and west. A colored platform (10 cm in diameter) was
flooded 1 cm below the water surface, in the center of one of the four
quadrants throughout the task. The water was made opaque by adding
starch powder to hide the platform. Visual cues were fixed outside the
pool to help the rats for finding the hidden platform. The animal motion
throughout the maze was recorded by a digital camera (Saxena et al.,
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2008).

2.4.1. Hidden platform trial for acquisition test
The MWM test was initiated on the 115th day for each group. The

rats were given a maximum time of 90 s to find the hidden platform.
Latency time to reach the colored platform was assessed in each trial.
The rats were tested 3 trials/day with 30 min inter-trial interval for 5
consecutive days and the starting point varied from trial to trial.
Between one trial and other, water was stirred to eliminate olfactory
effects of the previous swim style. Trials were successful if the rat could
find the hidden platform and stay on it for at least 4 s. If the rats failed
to find the hidden platform during 90 s, the animal was placed on the
platform for 10–15 s. Latency time of the last trial was recorded and the
decrease in latency time compared to the 1st trial was considered as
successful learning (Saxena et al., 2008; Patil et al., 2015).

2.4.2. Probe trial for memory-retention task
On day 120, the probe test was performed to estimate the strength

and accuracy of memory. After removing the platform, each rat was
placed into the water and allowed to swim freely for 60 s. The number
of crossings over a point of the removed platform was counted (Jin
et al., 2015).

2.5. Sample collection and tissue preparation

After MWM task, the rats were sacrificed and the brain samples
were rapidly removed and cut into two hemispheres (left and right) on
an ice-cooled board. The hippocampal region was dissected from the
hemispheres and stored at −80 °C for PCR and biochemical analysis.
Blood samples were collected immediately from the heart. Then the
serum samples were separated by centrifugation at 3000 rpm for
15 min (at 4 °C) and stored at −80 °C for the biochemical analysis. The
brain tissues were homogenized in 9 vol of cold phosphate buffer
(0.1 M; pH 7.4) using Potter-Elvehjem type glass-Teflon homogenizer.
To separate the nuclear debris, the tissue homogenates were cen-
trifuged at 3000 rpm for 20 min at 4 °C. The brain extract was used for
the assay of AChE, MAO, TBARS, NO, GSH, GPX, GST, SOD and also for
ELISA assays (TNF-α, IL-6, IL-1β, IL- 12, COX-2, Aβ40 and Aβ42).

2.6. Oxidative stress markers

Lipid peroxidation was assayed in the form of thiobarbituric acid-
reactive substances (TBARS) according to the method described by
Esterbauer and Cheeseman (1990). Briefly, 500 μl of serum or tissue
supernatant was added to one ml TCA (20%) and mixed well. The
mixture was centrifuged at 3000 rpm for 10 min. One ml of the su-
pernatant was added to 0.5 ml of 0.7% TBA and boiled for 10 min. After
cooling, the absorbance was read at 532 nm against blank.

Nitric oxide (NO) was determined using Griess reaction (Sosroseno
et al., 2008; Oktem et al., 2012) in which 100 μl of sample was added to
100 μl acidic Griess reagent (1% sulfanilamide and 0.1% naphthlethy-
lenediamine dihydrochloride in 2.5% phosphoric acid). The absorbance
was read at 540 nm against blank.

Glutathione peroxidase (GPX; EC 1.11.1.9) activity was assayed
using the method of Paglia and Valentine (1967). The absorbance was
measured at 412 nm. Reduced glutathione (GSH) was determined by
the method of Jollow et al. (1974) and the developed color was mea-
sured at 412 nm. In the assay of superoxide dismutase (SOD; EC
1.15.1.1), 20 μl of sample (test) or buffer (reference) and 10 μl pyr-
ogallol (20 mM in 10 mM HCl) were added to 1 ml buffer solution
(Marklund and Marklund, 1974). The absorbance of test (At) or re-
ference (Ar) was measured at 420 nm against air after 30 and 90 s. The
percentage inhibition of pyrogallol autoxidation was calculated ac-
cording to the following equation: The percentage inhibition = [100 –
(At min−1ml−1 sample )/(Ar min−1ml−1 reference)] x 100. Glu-
tathione S-transferase (GST; EC 2.5.1.18) activity was measured

according to Habig et al. (1974). The absorbance (At) was measured
against air at 310 nm using the following equation:

GST activity (μmol min−1 mg−1 protein) = At / (1.9 × time x mg
protein).

2.7. Neurotransmitter markers

Acetylcholinesterase (AChE; EC 3.1.1.7) was assayed according to
Ellman et al. (1961). The increase in the absorbance was recorded at
412 nm for 3 min at 37 °C with 60 sintervals. Monoamine oxidase
(MAO; EC 1.4.3.4) activity was estimated according to the method of
Sandler et al. (1981). The absorbance was measured at 250 nm against
air after 30 s and 90 s and the activity of MAO was calculated.

2.8. Proinflammatory markers by ELISA

The technique of TNF-α, IL-6 and IL-1β was assayed by the method
described in the commercial ELISA kit instructions purchased from Ray
Biotech, Canada. While IL-12 was assayed according to the method
described in commercial kit (Invitrogen, Camarillo, Calif. COX-2 level
was measured according to the kit instructions purchased from Cusabio
Biotech Co, China. The absorbance was measured at 450 nm against
blank using an ELISA reader (RayBiotech, Canda).

2.9. Sandwich ELISA for quantification of Aβ40 and Aβ42

The levels of Aβ40 and Aβ42 were quantitated in the hippocampus
using ELISA kit according to the manufacturer's protocol (Cusabio
Biotech Co, China). The absorbance was measured immediately at
450 nm against blank using an ELISA reader.

2.10. Reverse transcriptase-polymerase chain reaction (RT-PCR)

For semi-quantitative determination of the gene expression, total
RNA was extracted from the frozen brain tissues using TRIzol reagent
(Invitrogen, Cergy Pontoise, France). The amount and quality of RNA
were evaluated using a BioRad spectrophotometer and an Agilent 2100
Bioanalyzer. Two micrograms of RNA were reverse transcribed to cDNA
(Ambion, Austin, TX). Gene-specific primer sequences of the analyzed
genes for AChE, Tau protein, APP and TNF-α were mentioned. The
primer sequences were used; AChE (sense: 5′- TTCTCCCACACCTGTCC
TCATC -3′; antisense: 5′- TTCATAGATACCAACACGGTTCCC-3′), Tau
protein (sense: 5′- CGCCAGGAGTTTGACACAATG-3′; antisense: 5′-
CCTTCTTGGTCT-TGGAGCATAGTG-3′), APP (sense: 5′- GCAGAATGG
AAAATGGGAGTCAG-3′; antisense: 5′- AATCACGATGTGGGTGTGC
GTC-3′), TNF-α (sense: 5′-CAGACCCTCACACTCAGATCATCTT-3′; anti-
sense: 5′-CAGAGCAATGACTCCAAAGTAGACCT-3′). To standardize the
quantity of mRNA in each sample, RT-PCR of GAPDH was carried out
using the following primer sequence; sense 5′-GGAGATTGTTGCCATC
AACG-3′ and antisense 5′-CACAATGCCAAAGTTGTCATGG-3′ in parallel
with the samples. The amplification performed on a thermal cycler
(Applied Biosystems, Foster City, CA) with different conditions for each
gene. The resulting products visualized on agarose gel. The polymerase
chain reaction (PCR) products were quantified per 18S rRNA. The in-
tensity of the bands was quantitated by densitometer (Imaging
Research, St. Catharines, Ontario, Canada). The resulting data were
normalized by using the corresponding GAPDH.

2.11. Histopathological examination

Hippocampus specimens were fixed in 10% formalin and treated
with conventional grade of alcohol and xylol. The specimens were
embedded in paraffin and sectioned at 4–6 thickness. Finally, the sec-
tions were stained with Hematoxylin and Eosin (H&E) stain for the
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histopathological examination (Drury and Wallington, 1980).

2.12. Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) using
Primer of Biostatistics (Version 5) software program. The significance of
means ± SE was detected in groups by the multiple comparisons
Student-Newman-keuls test at p < 0.05.

3. Results

3.1. Molecular modelling analysis of berberine activity

Most AChE inhibitors are made up of two pharmacophores linked by
an appropriate chain. They can simultaneously bind to both the per-
ipheral and catalytic sites (PAS and CAS) of AChE, which are separated
by about 14 Å located at the mouth and the bottom of the gorge of
AChE, respectively (Fig. 1). The ligand presented in the structure shows
different type of hydrophobic interactions that is responsible for its
activity. The docking study revealed that the pyridinium moiety of

Fig. 1. Binding site shape of AChE bound to a reference ligand with clear two zones mouth and bottom (A). Docking models of the compound-enzyme AChE complex (B). Left image,
superimposed view looking down the gorge of AChE binding with berberine (blue color) and the original ligand of the X-ray structure bis(5)-tacrine (red color), and Right image, 3D
interaction view of only berberine showing binding mode and corresponding amino acids. (C) 2D representation of compound berberine (right) and reference ligand (left) docked into
the binding site of AChE highlighting the protein residues that form the main interactions with the inhibitor. Hydrogen-bonding interactions between ligand and residues are shown with
the green line. (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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berberine adopted an appropriate orientation that allows to form a p–p
stacking (hydrophobic aromatic) with the benzene ring of Tyr334 in
PAS pocket. In addition, a hydrogen bond between the 9-oxygen atom
of methoxy group in the berberine and the backbone OH group of Tyr70
was existed, which would strengthen the binding affinity while the rest
of berberine formed hydrophobic interaction with Tyr121 and Phe330.
Therefore, it is quite clear that the most acceptable reason for its an-
ticholinesterase effect arise mainly from different types of hydrophobic
interactions.

In contrast to the COX-2 structure, there is a large binding site with

flipped T-shape form and can tolerate more branched ligands (Fig. 2).
The analysis of ligand bound in COX-2 protein, SC-558 showed hy-
drogen bond interactions with Arg513, His192, and Tyr355 with hy-
drophobic type through Arg320 and Phe538. The position of Arg513
was at the lower side of the pocket, which means that the pocket of
COX-2 is large in size. The interaction of SC-558 with Arg513 might be
responsible for the berberine selective inhibition to COX-2 activity. By
docking of berberine molecule to the same active site, it also formed
hydrogen bonding interactions through the residues Arg513, His90, and
Tyr385. For this rationale, berberine anti-inflammatory activity implied

Fig. 2. T-shaped binding site graphical presentation of Cyclooxygenase-2 (A). Docking models of the compound-enzyme COX-2 complex (B). Left image, superimposed view showing the
active site with berberine (blue colored) and the original ligand of the X-ray structure SC-558 (red colored), and Right image, 3D interaction view of only berberine showing binding
mode and corresponding amino acids. (C) 2D representation of compound berberine (Right) and reference ligand (Left) docked into the binding site of COX-2 enzyme highlighting the
protein residues that form the main interactions with the inhibitor. Hydrogen-bonding interactions between ligand and residues are shown with the green line. (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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with hydrogen bonding interactions.
The docking data of berberine on the catalytic domains of the

crystal structure of human TACE (1bkc.pdb) suggests that one of the
methoxy moieties of isoquinazoline ring binds through a stable hy-
drogen bond with Tyr390 residue in the active site of TACE enzyme. In
addition a very close binding to the reference ligands was established
through a hydrogen bonding interaction of oxygen of 1, 3-benzodioxole
with His405, providing an extra stabilization (Fig. 3).

3.2. Induction of neurodegenerative disorders

A mixture of heavy metals was administrated over 3 months for
neurotoxicity induction. As shown in Table 1, acetylcholinesterase ac-
tivity was significantly (P < 0.05) increased in the neurotoxicity-in-
duced group as compared to the control group.

3.3. Cognitive function

Spatial memory effectiveness was evaluated over 5 consecutive days
using a hidden platform and a probe trial on the sixth day (Fig. 4).
Latency times in the 2nd, 3rd, 4th and 5th days were significantly
(P < 0.05) lower than that of 1st day in the control, BBR and com-
bination groups. Heavy metals administration showed a significant
(P < 0.05) learning and memory deficits in MWM task compared to
the control. Treatment with BBR (50 mg/kg) showed a significant
protection against HMs-induced learning dysfunction. No significant
differences were detected between the control and BBR alone groups
(Fig. 4 A).

In the memory retention test with MWM probe trial (Fig. 4 B), an-
imals in the control group showed a significant (P < 0.05) increase in
the number of platform crossings more than the Alzheimer's-like disease
animal model. Treatment with BBR significantly (P < 0.05) increased
the number of platform crossings and protected against HMs-induced
memory impairment.

3.4. Oxidative stress markers

The administration of the heavy metals changed the serum and the
brain prooxidants, inducing oxidative stress. It significantly (P < 0.05)
elevated the prooxidant parameters (TBARS and NO) and decreased the
activity of the antioxidant parameters (GSH, SOD, GST and GPX) as
shown in Table 2 and Fig. 5. Post-treatment with berberine caused
significant (P < 0.05) decreases in the levels of TBARS and NO while,
significantly elevated the antioxidant parameters.

3.5. Neurotransmitter markers

As shown in Table 3, HMs mixture intake was accompanied with
alteration in the activity of the neurotransmitter metabolizing enzyme
activity. AChE and MAO activities were significantly (P < 0.05) in-
creased in both serum and brain tissues of HMs treated rats (AD model).
On the other hand, their activities were significantly (P < 0.05) in-
hibited after the treatment with berberine.

3.6. Proinflammatory and amyloidogenic markers

Long exposure to HMs significantly (P < 0.05) increased the pro-
duction of serum proinflammatory molecules such as TNF-α, IL1-β, and
IL-12 (Table 4). The same situation was observed in the brain tissues
which showed a significant (P < 0.05) elevation in the levels of TNF-α,
IL1-β, IL-6, IL-12 and COX-2 accompanied with augmentation of Aβ42
and suppression of Aβ40 (Fig. 6). Post-berberine administration acted
as anti-inflammatory agent. It normalized the cytokines level in the
serum and brain tissues that are associated with the amyloid beta
protein. Berberine treatment not only significantly decreased Aβ42 but
also induced the anti-amyloidgenic protein Aβ40 at p < 0.05, Table 4
and Fig. 6.

3.7. Reverse transcriptase PCR analysis

The molecular expression of AChE and TNF-α were progressively
increased after oral administration of the heavy metals (Fig. 7) and this

Fig. 3. Docking model for reference ligand (A) and berberine (B) 2D interactions to the binding pocket of Tumor Necrosis Factor-Alpha Converting Enzyme.

Table 1
Change in the activity of blood acetylcholinesterase (AChE) in male rats administrated by
a mixture of heavy metals along 3 months for induction of neurodegenerative disorder.
AChE values were expressed in U/ml.

Time Experimental groups

Control Heavy metals

1 st month 4.68 ± 0.43a 6.51 ± 0.57b

2 nd month 5.12 ± 0.46a 7.41 ± 0.60b

3rd month 4.91 ± 0.34a 8.3 ± 0.68b

Values are expressed as means ± SE; n = 10 for each group.
Within the row, means with different letters (superscripts) (a, b) were significantly dif-
ferent at p < 0.05. Mean with letter (a) was significantly the lowest value while mean
with the letter (b) was significantly the highest value. If two groups or more have the
same letters that means there is no significant difference detected at p < 0.05.
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is matched with their biochemical investigations. The AD markers; APP
and tau mRNA were over-expressed indicating the accumulation of
their protein levels in the brain tissue. Berberine treatment down-

regulated the gene expression of AChE, TNF-α, APP and Tau mRNA as
compared to the gene expression of the control group (Fig. 7 A, B).

3.8. Histopathological examination of brain tissues

In the microscopic examination, no significant differences were
found between the control and berberine alone groups. Both of which
showed a normal neuronal tissue (Fig. 8A, B). On the other hand, the
heavy metals-treated group showed degenerating pyramidal neurons
with pyknotic nuclei, neuron swelling, vacuolation and apoptotic cells
as compared to the control groupý (Fig. 8 C). Post-treatment with
berberine showed improvement effect against HMs-induced neurode-
generation (Fig. 8D).

4. Discussion

Long exposure to the environmental heavy metals induces neuro-
degenerative diseases including Alzheimer's disease (Tan et al., 2014).
Amyloid-β deposits, tau hyperphosphorylation, neurotransmitters and
inflammatory cytokines play important role in AD pathophysiology.
Also, oxidative stress–induced lipid peroxidation and mitochondrial
DNA damage are strongly associated with the neuronal disturbance
observed in Alzheimer's disease (Xie et al., 2015a; Wojtunik-Kulesza
et al., 2016). The present study aimed to evaluate the memory re-
storative activity of berberine against dementia and memory impair-
ment induced by co-administration of aluminum, cadmium and
fluoride.

Berberine is one of the medical herbal compounds that have mul-
tiple biochemical and pharmacological activities including antioxidant,
anti-inflammatory, antimicrobial and anticholinergic activity. It in-
hibits several key enzymes involved in the pathogenesis of AD including
monoamine oxidase, acetylcholinesterase and butyrylcholinesterase
(Kumar et al., 2015; Zhang et al., 2016).

In the present study, berberine was administrated orally, in spite of
its low bioavailability. Chen et al. (2011) demonstrated that area under
the curve (AUC) of the total absorbed berberine was 68.7 for 1 mg/kg
intravenous injection and 46.5 for 100 mg/kg oral administration. This
indicates that oral bioavailability is still considerable to the intravenous
route with high oral dose. In addition, the intestinal bacteria could
increase the BBR bioavailability via reducing it to dihydroberberine,
which has an intestinal absorption rate five-fold higher than that of
berberine. Dihydroberberine is an unstable form and reverts to BBR
after entering intestinal wall tissues (Liu et al., 2016a).

In the current study, administration of HMs exhibited a marked
deterioration of cognitive skills in Morris Water Maize test, which was
associated with oxidative stress. Thippeswamy et al. (2013) reported
that aluminum administration induced learning and memory deficits. In
addition, co-administration of aluminum and fluoride has been im-
plicated in several neurodegenerative disorders including neuronal loss,
cognitive impairment and AD (Nallagouni and Reddy, 2017). Berberine

Fig. 4. Effect of berberine treatment (BBR) on the progress spatial memory performance
in Morris water maze test. (A) The acquisition trial (time required to reach the platform in
seconds) along 5 days and (B) the probe trial (numbers of passes over the hidden plat-
form) in male rats administrated heavy metals (HMs) mixture.
Values are expressed as means ± SE for ten rats in each group with different letters (a, b,
c, d) of significance at P < 0.05. Mean with letter (a) is the lowest value of significance
while mean with (d) is the highest value of significance. Means with the same letters are
not significantly different at p< 0.05.

Table 2
Effect of berberine (BBR) treatment on serum prooxidant/antioxidant status including thiobarbituric acid reactive substances (TBARS), reduced glutathione (GSH), Superoxide dismutase
(SOD), glutathione S-transferase (GST), glutathione peroxidase (GPx), nitric oxide (NO) in male rats administrated with heavy metals (HMs).

Parameter Experimental groups

Control BBR Heavy metals BBR + Heavy metals

TBARS (nmol/ml) 0.54 ± 0.05b 0.56 ± 0.07b 0.74 ± 0.05c 0.43 ± 0.04a

GSH (μmol/ml) 0.173 ± 0.009c 0.166 ± 0.016c 0.064 ± 0.006a 0.134 ± 0.026b

SOD (U/mg) 2.12 ± 0.18b 2.33 ± 0.14c 1.44 ± 0.12a 1.92 ± 0.12b

GST (nmol/min) 2.70 ± 0.14b 3.34 ± 0.21c 1.15 ± 0.14a 2.58 ± 0.8b

GPX (IU) 2.76 ± 0.03c 2.93 ± 0.1d 0.93 ± 0.06a 1.89 ± 0.12b

NO (μM/L) 72.5 ± 1.9a 77.8 ± 4.1a 160.9 ± 4.7c 99.5 ± 3.5b

Values are expressed as means ± SE, n = 10 for each group.
Within the row, means with different letters (superscripts) (a, b, c or d) were significantly different at p < 0.05. Mean with letter (a) was significantly the lowest value while mean with
the letter (d) was significantly the highest value. If two groups or more have the same letters that means there is no significant difference detected at p < 0.05.
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treatment showed significant protection against cognitive deterioration
induced by HMs. It ameliorated the acquisition and retention latencies,
indicating learning and memory skills improvement. These results are
in agreement with Patil et al. (2015) who reported that berberine ad-
ministration decreases latency time and ameliorated memory dysfunc-
tion through improving the oxidative stress and acetylcholine level.

Lipid peroxidation is the most common form of oxidative damage in
the neurodegenerative lesions. Based on our results, HMs exerted oxi-
dative stress which significantly manifested via the elevation of TBARS
and NO levels, parallel to a reduction in GSH level, SOD, GPX and GST
activity in both brain extract and serum. Chronic administration of
aluminum and cadmium are considered as an inducer of neurotoxicity
via brain ROS induction. Aluminum accumulation triggers the iron-in-
duced oxidative stress in CNS, stimulating neuroinflammatory cyto-
kines, NFTs and amyloidogenic fragments (Chen et al., 2008; Pogue and
Lukiw, 2016). In addition, fluoride induces neurotoxicity via alterations
in the metabolism of protein, nucleic acid and proteolytic enzymes that
lead to induction of oxidative stress and DNA damage in the brain
(Adedara et al., 2017).

Superoxide anion and nitric oxide spontaneously react to produce
peroxynitrite in activated microglia elevating the levels of free radicals.
Also, astrocyte DNA damage induced by oxidative stress may be an
early event in AD pathogenesis (Simpson et al., 2010; Wang et al.,
2016).

Growing evidence supports the potent antioxidant effect of ber-
berine against the cellular oxidative stress and/or nitrosative stress that
is involved in AD (Kumar et al., 2015). Berbrine enhanced the anti-
oxidants activity and eliminated the harmful radical species induced by
the heavy metals in Alzheimer's-like disease model animal. It increased
the activity of GPX, GST and SOD and GSH level, while decreased the
levels of TBARS and NO. Berberine scavenges ROS/RNS and suppresses
oxidative stress through increasing the activity of the antioxidant en-
zymes and blocking the malondialdehyde formation. (Yu et al., 2013;
Ahmed et al., 2015).

Neuroinflammation plays a critical role in AD pathogenesis. In

Alzheimer's-like disease rat model, HMs induced neurodegenerative
disorders, was which markedly proved through the elevation of the
inflammatory cytokines in both serum (TNF-α, IL-1β, and IL-12) and
brain tissues (TNF-α, IL-6, IL-1β, IL-12 and COX-2). Also, TNF-α gene
expression was significantly increased inducing neuroinflammation.
TNF-α regulates many cellular processes, including inflammation and
cell death through activation of tumor necrosis factor receptor (TNFR),
showing correlation with amyloid-induced neurotoxicity and early pa-
thogenesis of AD. Furthermore, TNF-α is elevated in parallel with the
progression of amyloid plaques and reduction of neuroprotective so-
luble amyloid (Fang et al., 2010; Buchhave et al., 2010).

In brain tissue of different mouse models of AD, activated astrocytes
and microglial cells are responsible for the production of neuroin-
flammatory molecules including interleukins (IL-1β, IL-6, IL-8, IL-12,
IL-23), complement molecules (C3and C4), TNF-α, NO and growth
factors. All of which can trigger the neurotoxicity and cognitive deficits
(Spangenberg and Green, 2016; Dá Mesquita et al., 2016; Cavanagh
et al., 2016). Berberine showed a strong anti-inflammatory activity; it
reduced the brain levels of TNF-α, IL-6, IL-12, IL-1β, COX-2 and the
gene expression of TNF-α. These findings seem to be in concordance
with the results of Feng et al. (2012), who demonstrated that berberine
exerts anti-inflammatory effects by diminishing the expression of pro-
inflammatory molecules including COX-2, IL-1, TACE and TNF-α.
Moreover, it could repair the postoperative cognitive dysfunction and
attenuate the release of neuroinflammatory mediators by inhibiting
microglial activation (Zhang et al., 2016). Furthermore, Li et al. (2014)
reported that BBR inhibited the neuroinflammatory cytokines though
the reduction of PI3K, Nrf2, nuclear factor-κB and MAPK signaling
pathways.

Amyloid precursor protein (APP) over expression is associated with
oxidative damage, mitochondrial dysfunction and brain impairment in
transgenic mice with AD (Kalra et al., 2016). Accordingly, our results
showed significant increases in the APP gene expression and the level of
Aβ42 in the HMs-treated group. While a significant decrease in the level
of Aβ40 in parallel with oxidative stress induction, antioxidants

Fig. 5. Effect of berberine treatment (BBR) on brain thio-
barbituric acid reactive substances (TBARS), reduced glu-
tathione (GSH), Superoxide dismutase (SOD), glutathione
S-transferase (GST), glutathione peroxidase (GPX), nitric
oxide (NO) in male rats administrated heavy metals (HMs)
mixture.
Values are expressed as means ± SE for ten rats in each
group with different letters (a, b, c, d) of significance at
P < 0.05. Mean with letter (a) is the lowest value of sig-
nificance while mean with (d) is the highest value of sig-
nificance. Means with the same letters are not significantly
different at p< 0.05.

Table 3
Effect of berberine (BBR) on serum (S) and brain (B) acetylcholinesterase (AChE) and monoamine oxidase (MAO) in male rats administrated with heavy metal (HMs).

Parameter Experimental groups

Control BBR Heavy metals BBR + Heavy metals

S AChE (U/ml) 5.1 ± 0.52a 5.4 ± 0.35a 8.2 ± 0.24c 6.0 ± 0.32b

B AChE (U/mg) 12.94 ± 1.24 a 12.65 ± 1.28 a 17.95 ± 0.74 c 11.11 ± 1.58 a

S MAO (U/L) 6.57 ± 1.02a 5.55 ± 1.09a 14.41 ± 2.24c 9.03 ± 1.39b

B MAO (U/g) 2.79 ± 0.26a 2.79 ± 0.29a 7.94 ± 0.91b 2.55 ± 0.28a

Values are expressed as means ± SE; n = 10 for each group.
Within the row, means with different letters (superscripts) (a, b, c or d) were significantly different at p < 0.05. Mean with letter (a) was significantly the lowest value while mean with
the letter (d) was significantly the highest value. If two groups or more have the same letters that means there is no significant difference detected at p < 0.05.

H.M. Hussien et al. Food and Chemical Toxicology 111 (2018) 432–444

439



inhibition and inflammatory cytokines activation were shown in the
same group. Our findings confirmed that Aβ accumulation, oxidative
stress and neuroinflammation are associated with the cognitive im-
pairment. Kalra et al. (2016) reported that Aβ deposition can induce
brain inflammatory pathway by activating astrocytes and microglia via
ROS generation.

Amyloid β plaque, the major hallmark of Alzheimer's disease, is a
result of proteolysis of transmembrane APP, which is normally pro-
teolyzed by α-secretase then γ-secretase, generating non-amyloidogenic
fragments. While, mutant APP is cleaved by β-secretase and γ-secretase,
deposing insoluble amyloidogenic fragments. Thus, any mutations in
APP or secretase enzymes can result in Aβ accumulation (Procaccini
et al., 2016; Wojtunik-Kulesza et al., 2016).

Reduction of Aβ40, unequivocally, is associated with amyloid de-
position and neurotoxicity. As reported by Kim et al. (2007), increasing
Aβ40 levels in the brain of Tg2576 mice provide a protective effect
against amyloid pathology. Several studies showed an interaction be-
tween Aβ40 and Aβ42 affects the tendency of Aβ42 to aggregate and
accumulate. In addition, Aβ40 can alter the solubility, stability and
morphology of Aβ42; hence, Aβ40/Aβ42 ratio is involved in the pa-
thogenesis of AD. The complex of Aβ40-Aβ42 is less toxic than Aβ42
alone and can prevent the amyloid deposition and synapse toxicity (Kim
et al., 2007; Bate and Williams, 2010; Han et al., 2016). Therefore,
Aβ40 enhancing or Aβ42 clearance has been suggested to be effective in
AD therapy. In the current study, berberine administration significantly
reduced Aβ42 generation and APP gene expression. Berberine may
markedly retard Aβ42 production via β-secretase inhibition. On the
other hand, BBR quantitatively activated the anti-amyloidogenic Aβ40
in parallel with the increment of the antioxidant parameters. Ng et al.
(2015) reported that BBR can inhibit the Aβ accumulation in neuronal
cells, reduce the memory deficits and prevent the hippocampal damage
by improving β-secretase activity. In addition, Huang et al. (2017)
found that BBR improves cognitive impairment by inhibiting BACE1 (β-

secretase) and Aβ progression.
Alzheimer's disease is characterized by tau mutations, which are Aβ

dependent. Accumulation of Aβ may arise before tau neuropathy and
may be one of cascades of molecular proceedings leading to tau protein
hyper-phosphorylation (Hung et al., 2016). Our data displayed an
overexpression of tau protein in the brain tissue of Alzheimer's-like
disease rat model. De Felice et al. (2008) showed that tau hyper-
phosphorylation is induced by Aβ oligomers and injection of an anti-
oligomer antibody is appropriate to clear both Aβ and tau pathology in
a transgenic mouse.

Oxidative stress may possess a role in the phosphorylation and
polymerization of tau initiating neurotoxicity and AD progression. The
present study showed a parallel relation between tau gene expression
and TBARS level, referring to a tight association between the oxidative
stress and the tau hyper-phosphorylation. Murakami et al. (2011)
showed that SOD reduction induces tau phosphorylation, suggesting
that free radicals may have a critical role in the hyper-phosphorylation
of tau. Antioxidants supplementation can retard Aβ production, tau
phosphorylation and protect against the progression of the neuronal
toxicity in AD (Honjo et al., 2012; Zhao and Zhao, 2013).

In the present study, berberine showed a neuroprotective effect
through the downregulation of tau protein expression, which might be
related to its ability to attenuate the antioxidants status. Cai et al.
(2016) demonstrated that BBR markedly inhibits tau hyperpho-
sphorylation improving the cognitive deficits in the hippocampus of
APP/PS1 mice via hindering the NF-κB signaling pathway activation,
retarding the oxidative stress and reducing the inflammatory bio-
markers. Several studies showed that BBR decreases tau hyperpho-
sphorylation via the inhibition of major kinases signaling pathway
implicated in tau phosphorylation (PI3K/Akt/MAPK) and the neuro-
apoptotic markers caspase-3 (Simões Pires et al., 2014; He et al., 2017).

Acetylcholinesterase is involved in AD pathogenesis either by in-
creasing cholinergic deficit or accelerating amyloidogenesis and NFTs

Table 4
Effect of berberine (BBR) treatment on serum inflammatory cytokines including tumor necrosis factor-α (TNF-α), interluikin-6 (IL-6), interluikin-1β (IL-1β), interluikin-12 (IL-12) in male
rats administrated heavy metals (HMS).

Parameter Experimental groups

Control BBR Heavy metals BBR + Heavy metals

TNF-α (pg/dl) 69.8 ± 7.31b 72.6 ± 6.9b 385.14 ± 10.6c 55.88 ± 8.4a

IL-1β (pg/dl) 246.7 ± 31b 196.7 ± 24a 663.3 ± 23.1c 283.3 ± 46b

IL-6 (ng/dl) 72.0 ± 1.2c 83.50 ± 0.97d 58.50 ± 3.33a 68.0 ± 1.9b

IL-12 (ng/ml) 90 ± 1.3a 94.5 ± 4.5a 235.4 ± 18.9b 92.1 ± 3.5a

Values are expressed as means ± SE; n = 10 for each group.
Within the row, means with different letters (superscripts) (a, b, c or d) were significantly different at p < 0.05. Mean with letter (a) was significantly the lowest value while mean with
the letter (d) was significantly the highest value. If two groups or more have the same letters that means there is no significant difference detected at p < 0.05.

Fig. 6. Effect of berberine treatment (BBR) on brain tumor
necrosis factor-α (TNF-α), interluikin-6 (IL-6), interluikin-
1β (IL-1β), interluikin-12 (IL-12), cycyclooxygenase-2
(COX-2), amyloid β 40 (Aβ 40), amyloid β-42 (β 42) in
male rats administrated heavy metals (HMs) mixture.
Values are expressed as means ± SE for ten rats in each
group with different letters (a, b, c, d) of significance at
P < 0.05. Mean with letter (a) is the lowest value of sig-
nificance while mean with (d) is the highest value of sig-
nificance. Means with the same letters are not significantly
different at p< 0.05.
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(Reid and Darvesh, 2015; Nalivaeva and Turner, 2016). AChE is mainly
found in cholinergic brain synapses to hydrolyze the neurotransmitter
acetylcholine to choline and terminate signal transmission. Thus, the
cognition impairment or dementia is linked to a deficiency in the brain
neurotransmitter acetylcholine (Kumar et al., 2011). Moreover, AChE
plays a role in accelerating Aβ polymerization inducing neurotoxicity in
AD brain (Duan et al., 2015). In the present study, serum and brain
AChE activity was elevated quantitatively inducing neurodegenerative
disorders in the animal model of Alzheimer's-like disease. Furthermore,
AChE gene expression was increased parallely with the gene over-
expression of APP and tau protein. These results are in agreement with
García-Ayllón et al. (2011), who found that AChE over-expression oc-
curs in correlation with the two hallmarks of AD pathology, the amyloid
plaques and the neurofibrillary tangles. Therefore, the pharmacological
studies focused on AChEI to improve the cholinergic function and the
neurotransmission. Moreover, AChEI could protect the cells against
oxidative stress and β-amyloid-induced injury (Duan et al., 2015).

Berberine acts as an excellent AChE inhibitor restoring memory
disorders and dementia in mice (Cai et al., 2016). Our results revealed
that BBR administration significantly decreased both serum and brain
AChE activity as well as the gene expression of brain AChE. This is in
agreement with Abd El-Wahab et al. (2013), who suggested that BBR
has a competitive inhibitory effect against AChE enzyme leading to
conformational change and high entropy value.

Monoamine oxidase (MAO) enzymes are essential in the monoamine

neurotransmitters metabolism and involved in the pathogenesis of AD
(Xie et al., 2015a). In the present study, MAO activity was significantly
increased in HMs-administrated rats in association with abnormal up-
regulation of AChE and inhibition of antioxidants. Monoamine oxidase
activity and/or mRNA have been reported to show elevation in several
brain areas with Aβ plaques, activating the dopamine metabolism and
ROS generation, which could lead to neuronal damage (Xie et al.,
2015a, 2015b). Bautista-aguilera et al. (2014) stated that the inhibition
of MAO may be valuable in the therapy of AD patients. Also, Liu et al.
(2016b) reported that MAO inhibitors can suppress ROS generation and
protect against neuronal damage by increasing amine neurotransmis-
sion. In our study, berberine was found to be a MAO inhibitor, in ac-
cordance with the results of Ji and Shen (2011) and Kumar et al.
(2015), who demonstrated that BBR has an inhibitory effect towards
both MAO-A and MAO-B.

Consistently, with the biochemical and molecular results, the his-
tological screening confirmed the protective effect of berberine against
the heavy metals-induced neurodegeneration, which revealed normal
histological architecture of the pyramidal cell and the polymorphic
layer. Thus, our findings suggested that BBR can be further developed
as a novel therapeutic agent for AD treatment.

5. Conclusion

The present study concluded that there is a strong association

Fig. 7. Effect of berberine treatment (BBR) on brain (A)
gene expression of acetylcholinesterase (AChE), Tau pro-
tein, amyloid precursor protein (APP), tumor necrosis
factor alpha (TNF-α), and Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). (B) The ratio to GAPDH for AChE,
Tau, APP and TNF-α mRNA in male rats administrated with
heavy metals (HMs) mixture.
Values are expressed as means ± SE for ten rats in each
group with different letters (a, b, c, d) of significance at
P < 0.05. Mean with letter (a) is the lowest value of sig-
nificance while mean with (d) is the highest value of sig-
nificance. Means with the same letters are not significantly
different at p< 0.05.

H.M. Hussien et al. Food and Chemical Toxicology 111 (2018) 432–444

441



between the neurologic diseases and long-term multi-exposure to en-
vironmental heavy metals. Heavy metals induced their neurotoxic ef-
fects through the accumulation of free radicals and pro-inflammatory
cytokines. Moreover, they are implicated in the pathogenesis of AD
through the induction of Aβ and tau hyper-phosphorylation leading to
neuron death. Besides that, heavy metals can be considered as a potent
activator to AChE and MAO which in turn induce the formation of
Aβ42. Berberine may have a protective effect against heavy metals-
induced Alzheimer's disease. It successfully ameliorated the oxidative
stress and neuroinflammation through its viability as anti-oxidants,
anti-inflammatory, anti-amyloidgenesis and acetycholinesterase in-
hibitor. Therefore, berberine administration could be useful in pre-
venting and reversing the pathogenesis of Alzheimer's disease and other
neurodegenerative disorders.
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