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Abstract

Background and purpose: Aflatoxins are highly toxic compounds that can cause acute and chronic toxicity
in humans and animals. This study aimed to evaluate the expression of BDNF and GFAP, histopathological
changes, and oxidative stress factors in brain tissue exposed to aflatoxin G1 (AFG1) in male rats.
Experimental approach: Twenty-eight male Wistar rats were used. Animals were randomly divided into 4
groups of 7 each. The control group received 0.2 mL of corn oil and the treatment groups were exposed to
AFGL1 (2 mg/kg) intra-peritoneally for 15, 28, and 45 days. The tissue was used for histopathological studies,
and the level of TAC, SOD, and MDA, and the expression of BDNF and GFAP genes were evaluated.
Findings/Results: Real-time PCR results showed that AFG1 increased GFAP expression and decreased
BDNF expression in AFG1-treated groups compared to the control group. The tissue level of TAC and SOD
over time in the groups receiving AFG1 significantly decreased and the tissue level of MDA increased
compared to the control group. Histopathological results showed that AFG1 can cause cell necrosis, a reduction
of the normal cells number in the hippocampal region of CA1, cerebral edema, shrinkage of nerve cells,
formation of space around neuroglia, and diffusion of gliosis in the cerebral cortex after 45 days.

Conclusion and implication: AFG1, by causing pathological complications in cortical tissue, was able to
affect the exacerbation of nerve tissue damage and thus pave the way for future neurological diseases.
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INTRODUCTION prevents cell cycle continuation and subsequent

DNA damage (5). Neurodegenerative diseases

Aflatoxins (AFs) are mycotoxins generally are a group of acute or chronic diseases,
produced by the fungus Aspergillus flavus depending on the reason or condition, that cause
which is a common contaminant of food items the destruction of neurons and glial cells in
such as corn, spices, rice, nuts, and flour that different parts of the brain and spinal cord.
can cause acute and chronic toxicity in humans Reports of the effects of AFs on the nervous
and animals. So far, different types of AFs have system have been shown to cause several

been identified, including AFB1, AFB2, AFGL, pathological disorders, including hypothalamic
and AFG2 (1-3). AFGL1 is one of the most neuropeptide  dysfunction,  dopaminergic

common sources of contamination in cereals pathway dysfunction, anterior cortical
and foodstuffs in northern China, which has the thickness’ and hippocampa| pyramida| cell
highest incidence of lung and esophageal complication such as necrosis (6-9).

cancer (4). It can be metabolically activated by _ _

CYP2A13 and dramatically reduces biological Access this article online

cell function, increases cell apoptosis, and
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This highly lipophilic mycotoxin could easily
enter the cells and thus be metabolized to a
potent oxidant molecule (AFB1-8,9-epoxide)
and trigger oxidative stress (10). Therefore,
after exposure to AFB1, simply with, e.g.
consuming a contaminated meal, it easily enters
the bloodstream and could penetrate through
the blood-brain barrier into the brain and cause
damage to the resident cells (9,11).
Neurotrophins are important proteins that affect
the growth, proliferation, survival,
differentiation, and death of cells and are
essential for maintaining a healthy nervous
system.  Among  these,  brain-derived
neurotrophic factors (BDNFs) are of great
interest because of their important role in
synaptic plasticity, memory, and neurogenesis
(12-14). Studies have shown that decreased
BDNF gene expression causes problems with
synapse function, resulting in decreased
memory and Alzheimer's disease (15). Glial
fibrillary acidic protein (GFAP) is a major
cytoskeletal protein of glial filaments found in
astrocytes (16).

Studies have shown that various toxins
affect astrocyte function and GFAP expression
(17,18). In a previous study, we showed that
chronic exposure to AFG1l can impair
spermatogenesis in testicular tissue by
disrupting the apoptosis process (19). Due to
the lack of research on AFG1 poisoning
in brain tissue and its association with
neurodegenerative diseases, this study aimed to
evaluate the expression of BDNF and GFAP,
histopathological changes in brain tissue, and
oxidative stress factors of AFG1 exposure in
male rats.

MATERIALS AND METHODS

Animals

In this in vivo study, 28 male Wistar rats
(mean weight 230 g) were used. Rats were
randomly grouped into 4 groups, 7 each. The
control group received 0.2 mL of corn oil and
the treatment groups were exposed to AFG1
(2 mg/kg) by intraperitoneal injection for 15,
28, and 45 days (20,21). Subsequently, the rats
were sacrificed using ketamine-xylazine under
deep anesthesia and brain tissue was removed
under sterile conditions. All animal procedures
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performed in this study were in accordance with
the ethical guidelines of Kermanshah
University of Medical Sciences (Ethic No.
IR.KUMS.MED.REC.1401.023).

Chemicals

AFG1 was purchased from Sigma Co
(USA; Cas No. 1162-39-5). Primary antibodies
were  rabbit  anti-mouse  for  GFAP
(Biocare, USA, Cas NO: SKU065) and BDNF
(Creative Biolabs, USA, Cas NO: CBMAB-
AP613LY). Secondary antibody and 3,
3’-diaminobenzidine tetrahydrochloride (DAB)
chromogen kit were purchased from Life Teb
Gen Co. (Tehran, Iran). The total RNA was
extracted using a Trizol kit (Sigma-Aldrich;
MRC, USA).

Histopathological analysis

Tissue samples were fixed in formalin for 48
h. Formalin-fixed brain tissues were exposed to
various ascending alcohols (70%, 80%, 90%,
and two substitutions in absolute alcohols) and
subsequently infiltrated and embedded with
paraffin wax. All blocks of fixed tissues were
stored at room temperature in a dark place until
use. Histopathological sections (5 pm thick)
were obtained using a rotating microtome
(MICROM model, Germany, Serial: 21074)
and collected on polylysine-coated slides.
The slides were oven-dried and deparaffinized
with  xylene and hydrated through a
graded series of ethanol (100%, 95%, and
80% ethanol) and distilled water. One
section of each tissue was routinely stained
with hematoxylin and eosin (H&E) and
cresyl violet (22) for basic morphological
evaluation.

Malondialdehyde assessment
Malondialdehyde (MDA) levels were
assessed as an indicator of oxidative stress.
Using a homogeneous buffer containing
5.55% KCI solution, the samples were
standardized and then centrifuged at 1500 rpm
for 10 min. Homogenized samples were added
to the reaction mixture containing sodium
dodecyl sulfate, acetic acid (pH 4.5), and
thiobarbituric acid. The mixture was boiled for
30 min at 85 °C and the adsorption rate was
measured using a spectrophotometer at 450 nm.



Table 1. Nucleotide sequences of primers.
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Primer Sense 5'-3' Anti-Sense 5'-3'

GFAP AGTAACATGCAAGAGACAGAGG CTCCAGATCGCAGGTCAAG
BDNF CTGGGTTAACTTTGGGAAATGC CCTTCATGCAACCGAAGTATG
GAPDH GTGAACCACGAGAAATATGACAAC AGTGATGGCATGGACTGTG

Superoxide dismutase assessment

According to the protocol of the superoxide
dismutase (SOD) assay kit (Bioengineering,
Nanjing Jiancheng, China), the brains were
homogenized using lysis buffer (1 mM
Na;EDTA, 150 mM NaCl, 10 mM PMSF, 10 mM
tris, 1 mg aprotinin). Measurement of the SOD
activity of the supernatant was possible by
determining the reduction of nitro blue
tetrazolium (NBT) following the production of
O2- from the xanthine-xanthinoxyase system.
A unit of SOD was defined as the amount of
protein that inhibits NBT reduction by 50%.
Results were expressed as protein U/mg.

Total antioxidant capacity assessment

To evaluate the level of total antioxidants
Randox kit and COBAS-MIRA plus device
(manufactured by Roche, Swiss) were used
according to the instructions. Results were
expressed as protein U/mg.

Immunohistochemically evaluation of GFAP
and BDNF proteins

Tissue sections were heated at 60 °C for
25 min and deparaffinized in xylene and
rehydrated in graded alcohol. The tissues were
pretreated with 10 mM citrate buffer for 10 min
for antigenic retrieval. Staining was performed
following the manufacturer’s instructions
(Biocare and ScyTek, USA). The slides were
washed with phosphate-buffered saline (PBS)
and blocked with peroxidase blocking solution
(0.03% hydrogen peroxide containing sodium
acid) for 5 min. Sections were incubated for 2 h
at 4 °C in a humidified chamber with one of the
GFAP (GFAP-a; Biocare, USA, Cas No.
SKUO065) and BDNF (Creative Biolabs, USA,
Cas. No. CBMAB-AP613LY) primary
antibodies. The sections were incubated with a
sufficient amount of streptavidin conjugated to
horseradish peroxidase in PBS containing an
antimicrobial agent for 15 min. To visualize the
reaction, slides were incubated for 10 min
DAB. The slides were counterstained with
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Mayer’s hematoxylin then dehydrated and
mounted. The BDNF and GFAP-positive cells
were counted in 1 mm? of the brain cortex.
Moreover, the cellular distribution was
evaluated by software.

Real-time polymerase chain reaction

To evaluate the expression of BDNF and
GFAP (GFAP-a) genes by real-time
polymerase chain reaction (RT-PCR), we used
BDNF and GFAP primers as well as GAPDH
primer as control (Table 1). The total RNA was
extracted using TRIzolITM and chloroform
method and the quantity and quality of the
purified RNAs were verified by Nano-drop
spectrophotometer and electrophoresis
(ThermoFisher Scientific, USA) using 1%
agarose gel, respectively. Complementary
DNA (cDNA) synthesis was carried out by
taking 1 pg RNA using a cDNA synthesis kit
(Vivantis  Technologies, Selangor DE,
Malaysia) according to the manufacturer’s
protocol and RT-PCR was done as described
earlier.

Statistical analysis

Data are presented as mean + SD of three
independent experiments. The treatment groups
were compared to the untreated control group
using one-way ANOVA followed by Tukey’s
posthoc test. P-values < 0.05 were considered
statistically significant.

RESULTS

Histopathological study

In histopathological examination, different
degrees of lesions and injuries were observed in
the experimental groups (15, 28, and 45 days)
compared to the control group.
Histopathological results showed that AFG1
dilated perivascular space (cerebral edema) and
shrieked neurons and space around neuroglia in
cortical tissue in the 15-day group. Diffuse
gliosis and necrotic necrosis were also observed
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in the 28-day group and edema in the
perivascular and cerebral parenchyma with
hyperemia was observed in the 45-day group
affected by AFGL1 (Fig. 1). Cell necrosis in the
hippocampal region of CAl was observed in
AFG1-receiving groups on days 15, 28, and 45.
The cell is wrinkled (with a pycnotic nucleus)
and without a definite range compared with the

AFG1-receiving groups (15, 28, and 45 days)
showed a significant decrease compared to the
control group (Fig. 2).

Total antioxidant capacity level

Our results showed that the tissue level of
total antioxidant capacity (TAC) over time in
the groups receiving AFG1 (15, 28, and 45

control group neurons. As can be seen in the
pictures, the number of normal cells in the

days) had a significant decrease compared to
the control group (Fig. 3A).

A
V.

Fig. 1. Brain, (A) normal cerebral cortex tissue in one head of the control group; (B) the black arrows show dilatation of
the perivascular space (cerebral edema) and the intracellular region of an example of nerve cell contraction and the
formation of space around the neuroglia in the aflatoxin G1 group on day 15; (C) diffuse gliosis and single neuron necrosis
(black arrow) in a field clone challenged with aflatoxin G1 on day 28 after inoculation; (D) edema in the perivascular
space and brain parenchyma (black arrow) with hyperemia (white star) in the aflatoxin G1 group on day 45. (10X, 40X
H&E staining).

Fig. 2. (A) Control group; (B) 15 days after receiving aflatoxin G1; (C) 28 days after receiving aflatoxin G1, and
(D) 45 days after receiving aflatoxin G1. Arrows indicate damaged cells in the hippocampal region of CA1 in groups
receiving chronically aflatoxin that the shape of the cell is altered (the nucleus of pyknosis) and without a definite range
compared to neurons in a control group. As can be seen, the number of normal cells in the 15, 28, and 45 groups receiving
aflatoxin G1 showed a significant decrease compared to the control group.

g0, B 504 ¢
- s ®
5 s s W
= = E
2 2 g
e 2 Z 20
2 2 g
& = e 10

2

0!
Control 15 28 45

Time (day) Time (day) Time (day)

Fig. 3. Percentage of (A) TAC, (B) SOD, and (C) MDA changes in different groups receiving aflatoxin G1 at 2 mg/kg
for 15, 28, and 45 days. Data are presented as mean + SD. **P < 0.01 and ***P < 0.001 indicate significant differences

compared to the control group. TAC, Total antioxidant capacity; SOD, superoxide dismutase; MDA,
malondialdehyde.
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SOD and MDA level

The tissue level of SOD over time
in the groups receiving AFG1l (15, 28,
45 days) had a significant decrease compared to
the control group (Fig. 3B). Also, the
tissue level of MDA over time in the groups
receiving AFG1 (15, 28, 45 days) had a
significant increase compared to the control
group (Fig. 3C).

The effect of aflatoxin G1 on brain tissue in male rats

GFAP and BDNF expression

GFAP expression in the cortical cell line of
brain tissue in the groups that received AFG1
(15, 28, 45 days) was increased significantly
compared to the control group (Fig. 4A).
Immunohistochemical studies of GFAP protein
also showed that the increased rate of synthesis
of this protein over time in the cortex of AFG1-
receiving groups (15, 28, 45 days) compared to

the control group (Fig. 5).
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Fig. 4. Quantitative evaluation of (A) GFAP and (B) BDNF gene expression based on GAPDH. Different groups
received aflatoxin G1 at 2 mg/kg for 15, 28, and 45 days. Data are presented as mean = SD. *P < 0.05 and
***pP < (0.001 indicate significant differences compared to the control group. GFAP, Glial fibrillary acidic
protein; BDNF, brain-derived neurotrophic factors.
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Fig. 5. (A) Immunohistochemical staining of the cerebral cortex of the rats receiving aflatoxin G1 at 2 mg/kg for 15, 28,
and 45 days in order to evaluation of GFAP protein expression. control group; (B) the graph is representing the relative
expression of GFAP protein. In the control group, GFAP protein synthesis is seen in the cortical cell line (to a lesser
extent), while in the experimental groups of 15, 28, and 45 days, the synthesis of this protein increased over time. In the
group receiving aflatoxin G1 for 45 days, protein synthesis increased significantly. **P < 0.01 and ***P < 0.001 indicate
significant differences compared to the control group. GFAP, Glial fibrillary acidic protein.
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Relative expression of BDNF

Control

Time (day)

Fig. 6. (A) Immunohistochemical staining of the cerebral cortex of the rats receiving aflatoxin G1 at 2 mg/kg for 15, 28,
and 45 days in order to evaluation of BDNF protein expression. control group; (B) the graph is representing the relative
expression of BDNF protein. In the control group, the synthesis of BDNF protein is seen in the cortical cell line (to a
large extent), while over time, the synthesis of this protein has decreased. In the 45-day group receiving aflatoxin G1, the
rate of protein synthesis decreased significantly compared to the control group. *P < 0.05 and ***P < 0.001 indicate
significant differences compared to the control group. BDNF, Brain-derived neurotrophic factors.

BDNF expression decreased significantly in the
15-, 28-, and 45-day groups receiving AFG-1
compared to the control group (Fig. 4B). The
lowest expression of this gene was observed on
day 45 after receiving AFG-1. An
immunohistochemical study of BDNF protein
showed that over time, the synthesis of this
protein in the groups receiving AFG1 decreased
significantly compared to the control group.
The lowest synthesis of this protein was
observed on day 45 following AFG1
administration (Fig. 6).

DISCUSSION

Our results showed that the tissue level of
TAC and SOD in the groups receiving AFG1
had a statistically significant decrease over time
compared to the control group and the tissue
level of MDA in the groups receiving AFG1
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had a statistically significant increase over time
compared to the control group. Oxidative stress
and decreased antioxidant activity predispose
individuals to neurodegenerative diseases such
as Alzheimer's, Parkinson's, Huntington's
disease, multiple sclerosis, and other
complications in aging (23).

Decreased number of EMG66-containing
neurons in the arch nucleus, hypothalamic
dysfunction of involved neuropeptides, weight
gain, several histopathological changes of cell
degeneration, dilation of blood vessels, and
significant reduction of the thickness of the
frontal cortex and the pyramidal cell layer of the
hippocampal CAl due to AFB1 have been
reported (9,24). Long-term exposure to AFB1
leads to several pathophysiological
complications, including necrosis, vasodilation,
astrogliosis, and subsequent impairment of
nerve damage (8). AF reacts with cellular



compounds such as nucleic acids, proteins, and
important enzymes in the cell cycle pathway,
leading to cell apoptosis, impaired neuronal
function, and reduced neurodegenerative
nervous system function (25,26).

Various studies have shown that toxic agents
cause oxidative stress Dby altering total
antioxidant levels, SOD, and MDA levels
(27,28). A study about the neuroprotective
effects of quercetin against AFB1-poisoned
mice showed toxin-induced oxidative stress
(29). Also, the activity level of MDA, SOD,
CAT, and plasma glutathione peroxidase in the
brain after AFB1 exposure in female rats
increased (30).

RT-PCR results of this study showed that the
expression of GFAP, especially in the cortex of
brain tissue was increased significantly in the
groups that received AFG1, compared to the
control group. Immunohistochemically results
also showed that AF increased the synthesis of
GFAP protein in the cerebral cortex over time
in the groups receiving AFG1 compared with
the control group.

Various studies have shown that the
administration of various toxins increases the
expression of GFAP, which leads to astrogliosis
(31-33). Also, in neurodegenerative diseases,
the expression of the GFAP increases.
Following brain and spinal cord injury and
stroke, GFAP and its degradation products are
rapidly released into biological fluids (34,35).
The results of a study also show that AFB1
causes in-vitro and in-vivo cytotoxic effects on
human astrocytes and zebrafish (36).

Real-time PCR results showed that BDNF
expression in the groups receiving AFG1 was
significantly reduced compared to the control
group. Immunohistochemically study of BDNF
protein also showed that the synthesis of this
protein was significantly reduced over time in
the groups receiving AFG1 compared to the
control group. Because BDNF plays an
important role in synaptic plasticity, memory,
and neurogenesis, reducing its expression
causes disorders in neurogenesis and nervous
system function.

The damage to brain tissue caused by AFG1
could be corroborated by the key role of the
GFAP gene in the activation of astroglia
(astrogliosis) following CNS injury and
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neuronal destruction. BDNF is a member of the
neurotrophin family, which has been shown to
promote neurogenesis and is regulated by
cholinergic and dopaminergic inputs in the
hippocampus (37). Decreased amount of BDNF
has been observed in the serum of people with
Alzheimer's disease as well as in oxidative
stress (38,39). The study also investigated the
role of AFB1 in suppressing cholinergic signals
on hilar GABAergic interneurons and
neurotrophic  factor-tropomyosin  receptor
kinase B signaling from brain-derived granular
cells (7).

AFB1 can cause an inflammatory response
in human microglial cells which is potentially
harmful or toxic to the human central nervous
system homeostasis and may increase the
susceptibility to neurodegenerative diseases
(40). The histopathological results of this study
showed that the AFG1 effect was time-
dependent on cortical tissue in rats. It can cause
cell necrosis and reduce the number of normal
cells in the hippocampal region of CA1, dilate
perivascular space (cerebral edema), shrink
nerve cells and form space around neuroglia,
diffuse gliosis, and single neuron necrosis in the
cerebral cortex after 45 days. Increased GFAP
expression by AFGL1 in turn indicated that the
brain tissue was damaged because this gene is
produced by astrocytes at the site of injury. In
addition, decreased BDNF expression as an
important neurogenic factor for the growth and
development of the central nervous system has
been able to influence the process of
exacerbation of damage and destruction of
nerve tissue. Decreased levels of SOD and TAC
in brain tissue and increased levels of MDA-
induced oxidative stress, among other factors,
provide the basis for neurodegenerative
diseases in the future.
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