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Abstract
Nonylphenol (NP), a well-known endocrine-disrupter chemical, has several harmful effects on the central nervous system 
including neuroendocrine disruption, cognitive impairment, and neurotoxicity. Thymoquinone (TQ) is a main bioactive 
compound in the black seeds of Nigella sativa that has antioxidant, anti-inflammatory, and neuroprotective properties. Here, 
we investigated the neuroprotective effect of TQ against NP-induced memory deficit and neurotoxicity in rats. To induce 
memory impairment, NP (25 mg/kg) was used as gavage in male Wistar rats for 21 days. TQ (2.5, 5, and 10 mg/kg) was 
intraperitoneally administered in NP-treated animals. The morris water maze test was performed to assess spatial learning and 
memory. The hippocampal tissues were isolated from the brain for histopathological evaluation. Biochemical, molecular, and 
cellular tests were performed to quantify oxidant (malondialdehyde; MDA)/antioxidant (superoxide dismutase (SOD), total 
antioxidant capacity (TAC), and reduced glutathione (GSH) parameters) as well as markers for astrocytic activation (glial 
fibrillary acidic protein; GFAP) and neuronal death (alpha-synuclein; α-syn). Results showed TQ (5 mg/kg) significantly 
improved NP-induced memory impairment. Histological data revealed a significant increase in the number of necrotic cells 
in hippocampus, and TQ treatment markedly decreased this effect. The GSH and TAC levels were significantly increased in 
TQ-treated groups compared to NP group. The molecular analysis indicated that NP increased GFAP and decreased α-syn 
expression and TQ treatment did the reverse. In vitro study in astrocytes isolated from mice brain showed that TQ signifi-
cantly increased cell viability in NP-induced cytotoxicity. This study strongly indicates that TQ has neuroprotective effects 
on NP-induced neurotoxicity through reducing oxidative damages and neuroinflammation.
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Introduction

Endocrine-disrupting chemicals (EDCs) are considered a 
main concern to public health and their potential function 
on general health has been extensively discussed for many 

years in science and the public [1]. Adverse effects of EDCs 
have been shown on memory, cognition, social behavior, 
and endocrine system [2]. Nonylphenol (NP) is a member 
of the alkylphenol class and classified as EDCs [3]. NP is 
found in various products including cosmetics, detergents, 
pesticides, emulsifiers, and paints[4]. NP is highly toxic to 
various organs, including liver, pancreas, thyroid, kidneys, 
eyes, as well as reproductive and respiratory systems [5–8]. 
There is evidence that also show deleterious effect of NP on 
the brain function, with impairment in cognitive function 
and neurogenesis, and deficits in learning and memory [9]. 
After ingestion, NP enters the bloodstream and easily passes 
through the blood–brain barrier (BBB) due to its lipophilic 
structure [10]. Several mechanisms could be involved in NP 
neurotoxicity including inflammation [11], oxidative stress 
[12], gliosis, and neural loss [13]. Previous study indicated 
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that oral administration of NP at dose of 25 mg/kg induced 
neurotoxicity and learning and memory impairment accom-
panied by oxidative stress, hippocampal tissue injury, and 
increased inflammatory and apoptotic-related gene expres-
sion [14]. In another study, NP dysregulated the balance 
of oxidant/antioxidant by reducing the levels of superoxide 
dismutase (SOD), catalase (CAT), and reduced glutathione 
(GSH) in the brain [15]. Moreover, exposure to NP was 
found to stimulate glial cells in the central nervous system 
and increase inflammatory factors in these cells [16].

Natural compounds with antioxidant and anti-inflam-
matory properties have attracted considerable attention as 
potential therapeutic targets for several neurological diseases 
[17]. Nigella sativa, also known as black cumin, nigella, 
or kalonji, is an ancient Indian medicine, Ayurveda that is 
widely used for various ailments treatment including asthma, 
headache, bronchitis, infection, hypertension, digestive prob-
lems, and eczema in Africa and the Middle East [18, 19]. 
Nigella sativa has also been used for centuries in ancient 
Indian medicine, Ayurveda, and is still used for various ail-
ments. Thymoquinone (TQ), as a main bioactive constitu-
ent of the black seed (Nigella sativa), has anti-inflammatory 
[20], antioxidant, anti-neurodegenerative, and anti-tumor 
properties [21]. Under normal conditions, TQ acts as a 
potent antioxidant and reduces the production of superoxide 
radicals and lipid peroxidation. It also increases the activity 
of the antioxidant enzymes, such as glutathione reductase 
(GR), GSH, CAT, and SOD [22]. Several studies have dem-
onstrated that TQ prevents neuronal apoptosis induced by 
ethanol cytotoxicity in primary neurons and protects PC12 
cells against cytotoxic oxidative injury [23]. Moreover, TQ 
improved learning and memory function in Alzheimer’s dis-
ease animal models via its anti-neurodegenerative properties 
[24]. A study reported that TQ at doses of 5 and 10 mg/
kg can suppress neuroinflammation in BV2 microglia and 
mixed glial cells [25]. In addition, TQ at doses of 2.5, 5, 
and 10 mg/kg has been shown to improve lipopolysaccha-
ride (LPS)-induced learning and memory deficit through 
decreasing inflammatory cytokine levels and oxidative 
damage [26]. TQ was also found to mitigate dopaminergic 
neurodegeneration by reducing oxidative stress in a rodent 
model of Parkinson’s disease [27].

Although recent studies suggest that antioxidant com-
pounds reduce NP toxicity, there is still no safe and defini-
tive solution to prevent and treat NP neurotoxicity. Thus, 
this study was designed to assess the neuroprotective effects 
of TQ on memory impairment and neurotoxicity induced 
by NP in vitro and in vivo. First, isolation and culture of 
astrocyte from the mouse brain were performed and then 
characterized with glial fibrillary acidic protein (GFAP), 
glutamate aspartate transporter (GLAST), and calcium-bind-
ing protein B (S100-β) antibodies by immunofluorescence 
technique. Moreover, the MTS test evaluated the effects of 

different doses of TQ and NP on astrocyte cell viability. 
Spatial learning and memory function was assessed by the 
morris water maze (MWM) task. Furthermore, histological 
staining (H&E and NISSL) was used to evaluate the hip-
pocampal injuries. The biochemical assessment measured 
oxidant parameters (malondialdehyde; MDA), antioxidant 
parameters (enzymatic antioxidants including SOD and total 
antioxidant capacity (TAC)), and non-enzymatic antioxidant 
parameters including GSH. Finally, GFAP and alpha-synu-
clein (α-syn) gene expression analysis was performed by 
qPCR.

Material and Methods

Chemicals

Thymoquinone (TQ), Nonylphenol (NP), Dulbecco’s Modi-
fied Eagle Medium (DMEM), Fetal bovine serum (FBS), 
Penicillin/Streptomycin, non-essential amino acid, l-gluta-
mate, Hank’s balanced salt solution (HBSS), Poly-l-orni-
thine (PLO), Diethyl ether, Trypsin, 4% paraformaldehyde, 
Triton X-100, PBS, MTS kit, were obtained from Sigma-
Aldrich Chemical (USA). Ketamine and Xylazine were pur-
chased from Alfasan (Woerden Co., Netherlands). Primary 
antibodies GFAP (Sigma-Aldrich, G3893, 1/200), GLAST 
(Abcam, Ab416, 1/200), S100β (Abcam, Ab52642, 1/200) 
were used in our study.

Cell Culture

Astrocyte Isolation from Wild‑Type NMRI Mice

The astrocyte cell was isolated from neonate mice vehicle 
(wild-type NMRI) aged 5–7 days. The astrocyte cell cul-
ture media (DMEM, high glucose + 1% Penicillin/Strepto-
mycin + 15% fetal bovine serum + 1% non-essential amino 
acid + 1% l-glutamate), as well as cold HBSS (Hank’s bal-
anced salt solution) with 1% Penicillin/Streptomycin for iso-
lation medium, were prepared before the procedure. Poly-
l-ornithine (PLO, 0.001%, Sigma-Aldrich, P4707) was used 
to coat T25 flasks for one day at 37 °C in the  CO2 incubator.

Then, mice were euthanized, and their brains were 
extracted and put on ice in a dish filled with HBSS/Penicil-
lin/ Streptomycin. The cerebellum and olfactory bulbs were 
removed and placed into another dish filled with HBSS to 
remove the meninges of the cortex. Now, in the third dish, 
the tissues were cut into small pieces by sharp blades. The 
fragments were then moved to a 50 ml Falcon tube con-
taining HBSS/0.5% trypsin, combined, and incubated for 
about 7–10 min in a water bath at 37 °C. The suspension was 
then passed through a 100 M cell strainer after incubation. 
The pieces of cortex tissue were centrifuged at 1500 × g for 

3601Molecular Neurobiology  (2022) 59:3600–3616

1 3



5 min. Then, the supernatant was eliminated, and the tissue 
was dissociated into a single cell suspension by adding 10 ml 
of astrocyte media and then intensive pipetting 20–30 times. 
The cell suspension was then seeded in a T25 culture flask 
and incubated in a  CO2 incubator at 37 °C. The primary cell 
culture medium was changed 4 days after plating and every 
2 days after that. After 7–8 days, MG was extracted by shak-
ing the cells at 240 rpm for 3 h. After shaking, the culture 
medium was changed, and the cells were incubated at 37 °C 
in the  CO2 incubator. On day 14, the cells were shaken at 
180 rpm overnight to separate oligodendrocytes and were 
then dissociated using 0.5% trypsin. FBS was used to inac-
tivate the trypsin, and the cells were centrifuged at 1500 g 
for 5 min before being seeded on T25 culture flasks [28].

Characterization of Astrocytes

Cell cultures were fixed for 15–20 min with 4% paraform-
aldehyde (Sigma-Aldrich, P6148) and permeabilized, or 
with 0.5% Triton X-100 (Sigma-Aldrich, T8532) in PBS for 
30 min at room temperature (RT). The cells were incubated 
with primary antibodies in blocking solution overnight at 
4 °C, and then secondary antibodies (1:1000; Invitrogen) 
were applied for 1 h in RT. Then to visualize the nuclei, cells 
were stained for 5 min with 49, 69-diamidino-2-phenylin-
dole (DAPI, Sigma-Aldrich, D-8617) and observed under 
Olympus IX71 microscope (Table 1).

Assessment of the Astrocyte Viability by MTS

MTS assay (Promega, G5421) was used to study the effects 
of different doses of NP, TQ and combination of NP and 
TQ on cell viability as previously described [29]. Astro-
cytes were cultured in a 96-well culture plate at a density of 
1 ×  104 cells per well. After being cultured for 24 h, the cells 
were treated for another 24 h with different concentrations 
of NP (0.25, 0.5, 1, 10, 20, 40, 80, 100 µM), TQ (2.5, 5, 
7.5, 10, 12.5, 15, 17.5, 20 µM) and combination of NP (40, 
80 μM) and TQ (2.5, 5, 7.5, 10 µM). At the end of treatment, 
20 μl MTS solution was added to each well, and the plates 
were incubated at 37 °C for 3 h. On the microplate reader, 

the absorbance values of each well were then determined 
at 490 nm.

In Vivo Experiments

Animals

Male Adult Wistar rats (150–200 g) were obtained from 
central animal house, Babol University of medical science, 
Babol, Iran. All animals were cared under standard condi-
tions (temperature (22 ± 2 °C), humidity (60%), and a 12 h 
light/dark cycle), and food and water were freely accessed. 
All experimental protocols were according to the interna-
tional guidelines for care and use of laboratory animals and 
approved by the ethical committee of Babol university com-
mittee (IR.MUBABOL.REC.1398.026).

Experimental Design

Rats were randomly divided into six groups and the treat-
ment duration for NP and TQ was 21 days: (1) vehicle 
(vehicle + soy oil): soy oil as an NP and TQ vehicle was 
administrated orally from the first day of study till day 21. 
(2) NP: rats received 25 mg/kg NP by gavage, (3) NP + TQ 
(2.5 mg/kg): rats were intraperitoneally (i.p) injected with 
2.5 mg/kg TQ after gavage of NP (25 mg/kg), (4) NP + TQ 
(5 mg/kg): rats were i.p injected with 5 mg/kg of TQ after 
gavage of NP (25 mg/kg), (5) NP + TQ (10 mg/kg): rats were 
i.p injected with 10 mg/kg TQ after gavage of NP (25 mg/
kg), (6) TQ (10 mg/kg): rats were the only i.p injected with 
10 mg/kg TQ. The doses of NP (25 mg/kg) [14], and TQ 
(2.5, 5, 10 mg/kg) [30] were selected based on previous stud-
ies. NP and TQ were freshly prepared by dissolving NP and 
TQ in soy oil in volume 0.5 ml. At the end of the 21 days, the 
MWM behavioral test evaluated learning and memory func-
tion. At the end of the study, the rats were fully anesthetized 
with ketamine/xylazine, and half of the rat population in 
each group was perfused for histopathological study. Brain 
tissue of the other half was stored in the freezer − 80 °C for 
biochemical and molecular study.

Morris Water Maze

The morris water maze (MWM) is commonly used as an accu-
rate behavioral test to assess rodent spatial learning functions 
[31]. The MWM test was performed to determine the effect 
of TQ treatment on spatial learning and memory impairment 
at the end of the 21 days. All experimental trials were done at 
the same time of the afternoon. Shortly, animals were kept in 
the MWM test environment for 24 h before the experiments 
for adaptation and then were trained four trials (times) a day 
for four consecutive days. There were at least 5-min intervals 
between two successive trials. The animal was allowed to find 

Table 1  List of primary and secondary antibodies

Antibody Company Cat # Concentration Host

GFAP Sigma-Aldrich G3893 1/200 Mice
GLAST Abcam AB416 1/200 Rabbit
S100β Abcam AB52642 1/200 Rabbit
Anti-rabbit Invitrogen A10040 1/1000 Donkey
Anti-rabbit Invitrogen A11008 1/1000 Goat
Anti-mouse Sigma-Aldrich AP500F 1/1000 Goat
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a hidden platform (Q4) in 60 s. The swimming escape latency 
(time spent to find the hidden platform) parameter was ana-
lyzed to evaluate the spatial learning. Swimming velocity was 
used to evaluate the motor activity of the animals in the behav-
ioral experiment. To evaluate the spatial memory on probe trial 
(day 5), each rat was let to swim for 60 s in the maze without 
the platform. We used the duration in the target zone (Q4) to 
assess spatial memory function in all experimental groups. To 
record and analysis the MWM data, the Noldus Ethovision XT 
(11) software (Netherlands) was used.

Sample Preparation

To prepare serum, the first 1 ml of blood was collected from 
each animal without anticoagulants. Then, it was allowed to 
stay at 25° C for 10 min. Blood samples were centrifuged at 
3000 × g for 10 min, and the serum was separated.

To prepare supernatant from brain tissue, 2.7  ml of 
150 mM KC1 was added into 300 mg of wet tissue in a 
2 ml centrifuge tube. It was then homogenized on ice using 
a Teflon-Potter–Elvehjem glass or homogenizer and centri-
fuged at 1600 g of for 10 min at 4 °C. The supernatant was 
separated and was used in biochemical assays.

Biochemical Assay

To measure biochemical parameters, serum and brain super-
natant were used. The levels of MDA, SOD, TAC, and GSH 
were measured according to the manufacturer’s instructions 
of an MDA, SOD, and TAC test kits (Teb Pazhouhan Razi, 
Iran) and GSH reaction kit (Navand Salamat, Urmia, Iran). 
Briefly, MDA is measured during a colorimetric reaction 
with thiobarbituric acid in an acidic solution at a temperature 
of 90–100° C and read at a wavelength of 535 nm. SOD kit 
catalyzes the free anion radical of superoxide into oxygen 
and peroxide molecules by producing a chromogen and is 
assessed at a wavelength of 420 nm by spectrophotometer. 
TAC assay kit is based on the reduction of Fe3 + to Fe2 + due 
to antioxidants action and read at a wavelength of 412 nm by 
spectrophotometer. GSH acts as an antioxidant by protecting 
cells from free radical damage. GSH was measured based 
on the GSH recycling system by DTNB and glutathione 
reductase and samples read at the wavelength 412 nm by 
spectrophotometer. All biochemical experiments were done 
in conformity with their kit instructions and were repeated 
in three independent experiments.

Histological Analysis

Nissl Staining

Animals were anesthetized and then perfused with phos-
phate buffer solution (PBS 0.1  M) followed by 4% 

paraformaldehyde in 0.1 M PBS (pH = 7.4). Brains were 
removed and post-fixed in PFA 4% at 4  °C overnight. 
Then, tissues were dehydrated in a different alcohol gra-
dient, cleared by incubation in xylene, and placed paraffin 
and blocked. We obtained serial coronal Sects. (6 µm) of 
brain tissue by a microtome (Leica RM2135, Germany). 
For assessing neural cell count and morphology, sections 
were stained with cresyl fast violet (Nissl). Briefly, after 
deparaffinization with xylene and rehydration with series of 
alcohol, tissues were stained with 0.1% cresyl violet (Sigma, 
Germany) for 5 min at RT. After several washes in distilled 
water and dehydration in alcohol series, slides were cleaned 
by xylene and mounted with entellan medium (Merck Chem-
icals, Germany). Slides were observed under the HUND 
microscope and the total number of neurons (CFV positive 
cells = confrontation visual field) counted in DG and CA1-
CA4 regions using the ImageJ software in each group and 
results were shown in Table 3.

Hematoxylin and Eosin Staining

Hematoxylin and eosin (H&E) staining was used to assess 
neuronal injuries such as necrotic neurons and their struc-
tural changes. The brain sections were deparaffinized with 
xylene and rehydrated in alcohol series. Then, a hematoxylin 
stain was used for 5 min at RT. Following two washes and 
clearing in xylene, sections were counterstained with Eosine 
for 10 min at RT, and the cover slipped after several washes. 
Slides were observed under HUND Microscope. We cap-
tured pictures from the hippocampus in dentate gyrus (DG) 
and CA1-CA4 regions. Total and necrotic neurons were 
counted in the CA1-CA4 and DG regions. We considered 
red and dense neurons necrotic cells in H&E stained sec-
tion which was counted using the ImageJ software in each 
experimental groups and results were shown in Table 3. Our 
images were analyzed from 3 sequential serial Sects. (6 μm) 
in each slide, and we used three slides (100 μm interval) for 
each animal. We averaged 9 sections from each animal per 
group (n = 4). Altogether, 36 sections were analyzed for each 
experimental group.

Quantitative Real‑Time PCR (q‑PCR)

In this study, brain tissues of rats were dissected and col-
lected in an RNA-later medium and kept at 4 °C for some 
hours and then transported to − 20 °C overnight. Then, the 
RNA-later solution was removed, and the samples were 
stored at − 80° C until processed for RNA extraction. Total 
RNA was extracted by an RNA extraction kit (A101231, 
Pars Tous, Iran). RNA concentration and quality were eval-
uated by nanodrop spectrophotometer (Thermo Scientific, 
Wilmington, DE USA), and then, the extracted RNA was 
immediately transferred to − 80 °C freezer. We synthesized 
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cDNA from 1 µg of total RNA using a reverse transcription 
reagent kit with random hexamer primers as described by the 
manufacturer’s protocol (A101161, Pars Tous, Mashhad). 
The Oligo 7 software (version 7.60) and IDT online software 
were used to design specific primer sequences (forward and 
reverse primers) and identify the GFAP and α-syn as target 
genes and GAPDH as a reference gene. Primer sequences 
are listed in Table 2. Evaluation of mRNA expression was 
performed by real-time PCR using Real Q Plus Master Mix 
Green high rox (A325402, Amplicon, Denmark) and an ABI 
step-one plus real-time thermocycler (ABI, USA). Briefly, 
real-time PCR was done by preparing 10 μl of real-time PCR 
mix, with 0.25 μl of each primer (10 pmol/μl), 1 μl of cDNA, 
and 2.25 μl of RNase free water. The initial denaturation step 
was 95 °C for 15 min and then forty cycles at 95 °C for 15 s, 
62 °C for 30 s (annealing temperature), and 72 °C for 30 s 
were exerted in PCR reaction. Finally, the melting curves of 
amplification were identified via heating the samples from 
55 to 95 °C at a linear rate of 0.2 °C/s. The 2-delta-delta 
CT method was used for the static analysis of the relative 
expression level of mRNA (Table 2).

Statistical Analysis

Statistical analysis was performed using the GraphPad 
Prism software (GraphPad Software, Version 7, USA). The 
results are reported as mean ± SEM. Repeated measure two-
way analysis of variance (ANOVA) was used for analyz-
ing the behavioral data in the training period. We used the 
one-way ANOVA followed by Tukey’s post hoc for ana-
lyzing the probe test, histopathology, and qRT-PCR data. 
The p value < 0.05 was remarked as the minimum level of 
significance.

Results

Characterization of Astrocyte Cultures Derived 
from Neonatal Mouse Brains

Primary cultures of astrocytes express important glial mark-
ers, such as GFAP, S100 S100-β, and GLAST proteins [32, 
33]. Cell-isolated cultures were designated as a relatively 

pure culture after several passages. Most cells contained 
astrocytes with a polygonal to fusiform and fat morphology 
(Fig. 1, a). To confirm the efficacy of the isolation process 
and purity of astrocytes derived cultures, the immunofluo-
rescence technique was used for GFAP, GLAST, and S100-β 
antibodies. After 5 passages in vitro, most cells highly 
expressed GFAP, GLAST, and S100-β as specific astrocyte 
markers (Fig. 1, b–d). Thus, the isolated cells were purely 
astrocytes.

TQ prevents NP‑Induced Cytotoxicity in Astrocyte 
Culture

To investigate the cytotoxicity of NP and TQ, primary astro-
cytes were treated with different concentrations of NP and 
TQ for 24 h, and cell viability was assessed using the MTS 
assay. NP, at concentrations of 0.25–30 μM, did not notice-
ably affect cell viability. However, at higher concentrations 
(40 to 100 µM), it induced a significant cytotoxic effect on 
cells (all, p < 0.001, Fig. 2, a). The cells treated with TQ 
showed a reduction in cell viability in a dose-dependent 
manner compared to the vehicle group. Treatment with 
2.5–10 µM TQ did not significantly reduce the cell viabil-
ity. However, a noticeable decrease was observed at doses 
of 12.5–20 μM in comparison with the vehicle group (all, 
p < 0.001, Fig. 2, b). Finally, combination of the most cyto-
toxic doses of NP and the most effective doses of TQ were 
examined in vitro. Our results showed that the number of 
viable cells in the NP 40/TQ 2.5 concentrations was more 
than that in the vehicle group. Moreover, the number of 
viable cells in NP 40 + TQ 5, 7.5 and 10 μM was more than 
the vehicle, but the changes were not statistically significant. 
However, treatment with different concentrations of TQ in 
the NP 80 group resulted in more cell death than that in the 
NP 40 group (Fig. 2, c). Therefore, we can assume that TQ 
decreases the cytotoxic effect of NP in astrocyte cell culture.

TQ Attenuated Learning and Memory Impairment 
in NP‑Treated Animals

Several studies have reported that exposure to NP can lead 
to the hippocampus injuries, including learning and memory 
impairment [34]. The MWM task was performed to assess 

Table2  Primer sequences Gene symbols Accession ID Sequence (5′-3′)

GFAP forward NM-01700.9F GGT CAT TAA GGA GTC GAA GCA GGA G
GFAP reverse NM-01700.9R ACT GGT GTG GAT GGG AAT TGGG 
α-Syn forward NM-019169.3F ACC AAG ACT ATG AGC CTG AAGCC 
α-Syn reverse NM-019169.3R GGA ACT GAG CAC TTG TAC GCC 
GAPDH forward NM-017008.4F ACC AAG ACT ATG AGC CTG AAGCC 
GAPDH reverse NM-017008.4.R GGA ACT GAG CAC TTG TAC GCC 
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spatial learning and memory in different experimental 
groups. The averaged escape latency on 4 days of experi-
mental trials was analyzed in different treatment groups as 
a spatial learning index. Spatial memory was assessed by 
a probe trial which was based on times that the rat spent in 
the target quadrant (Q4). Tukey’s post hoc analysis showed 
that the escape latency in the NP-treated animals was con-
siderably longer than that in the vehicle group in the third 
(p < 0.0001) and fourth (p < 0.001) days of the training tri-
als (Fig. 3, a). On day 1, TQ supplementation at dose of 
10 mg/kg and NP + TQ (10 mg/kg) decreased the escape 
latency compared to the NP group (p = 0.04). On day 2, TQ 
supplementation at doses of 2.5 mg/kg (p = 0.0001), 5and 
10 mg/kg (p < 0.0001) and TQ alone (p < 0.0001) decreased 
the escape latency compared to the NP group. On day 3, 
the escape latency index in NP + TQ (2.5 mg/kg, p = 0.002) 
and NP + TQ (5 mg/kg, p < 0.0001) groups was noticeably 
shorter than that in the NP group. On day 4, the escape 
latency in the NP + TQ (2.5 mg/kg, p = 0.016), NP + TQ 
(5 mg/kg, p = 0.001), NP + TQ (10 mg/kg, p = 0.007), and 
TQ (10 mg/kg, p = 0.01) groups was considerably reduced 
compared to the NP group (Fig. 3, b).

In the vehicle group, the escape latency index on days 3 
and 4 (p < 0.0001) was significantly decreased compared to 
day 1, but this pattern was not seen in the NP group (Fig. 3, 
a). Moreover, comparison within NP + TQ (2.5 mg/kg) 
group showed that the escape latency on days 2 (p = 0.037), 
3 (p = 0.003) and 4 (p < 0.001) was reduced compared to day 
1. In the NP + TQ (5 mg/kg) group, a significant reduction 
in escape latency was seen on days 2, 3, and 4 compared to 
day 1 (p < 0.0001). In addition, in the NP + TQ (10 mg/kg) 
group, the escape latency was decreased on days 2, 3, and 4 
(p < 0.0001) compared to day 1. Moreover, in the NP + TQ 
(10 mg/kg) group, the escape latency on days 2 (p = 0.011), 
3, and 4 (p < 0.0001) was shorter than that on day 1. Also, in 
the TQ (10 mg/kg) group, there was a significant reduction 
in the escape latency on day 3 compared to day 1 (p < 0.001, 
Fig. 3, b).

For evaluation of spatial memory, the platform was 
removed at the end of the experiment after 4 days train-
ing period. The time spent in Q4 was measured and ana-
lyzed in all groups. The analysis showed that NP-treated 
animals spent less time in Q4 than that in the vehicle group 
(p < 0.0001). TQ treatment at dose of 5 mg/kg significantly 

Fig. 1  Characterization of iso-
lated astrocyte from mice brain. 
a Phase contrast microscopy 
reveals that primary astrocytes 
have a polygonal to fusiform 
and flat shape under normal 
condition during 5 passages. 
b–d Immunofluorescence of 
GFAP (b), GLAST (c), and 
S100β (d) as astrocyte markers 
in the primary culture after pas-
sages 5 shows that the culture is 
purely astrocyte

3605Molecular Neurobiology  (2022) 59:3600–3616

1 3



enhanced the time spent in Q4 compared to the NP group 
(p < 0.05, Fig. 4, c). Furthermore, no significant changes 
were seen in swimming velocity after NP and TQ treatments. 
These data indicate that TQ improves learning and memory 
function in NP-treated animals.

TQ Reduced Oxidative Stress and Enhanced Total 
Antioxidant Capacity in NP‑Treated Animals

To evaluate the antioxidant effects of TQ on NP-induced 
oxidative stress, the TAC, MDA, SOD, and GSH param-
eters were assessed based on their kit instructions. The TAC 
level in tissue (p < 0.0001) and serum (p < 0.001) was con-
siderably reduced in the NP group compared to the vehi-
cle group (p < 0.0001, Fig. 4, a). Tissue TAC level in the 
NP + TQ (2.5 mg/kg, p < 0.05), NP + TQ (5 mg/kg, p < 0.01), 
NP + TQ (10 mg/kg, p < 0.01) groups significantly increased 
compared to the NP groups (Fig. 4, a). Moreover, serum 

TAC level in all TQ treated groups was higher than that in 
the NP group, but a significant change was observed only 
in the NP + TQ (5 mg/kg, p < 0.01) group (Fig. 4, b). Our 
results showed that MDA levels in serum (p < 0.001) and 
tissue (p < 0.0001) were significantly increased in the NP 
group compared to the vehicle group (Fig. 4, c). Tissue 
MDA level in the NP + TQ (5 mg/kg), NP + TQ (10 mg/
kg), and TQ (10 mg/kg) groups was significantly reduced 
compared to the NP group (p < 0.05, Fig. 4, c). However, no 
significant difference was observed in serum MDA level in 
the TQ treated groups compared to the NP group (Fig. 4, d). 
In the NP group, serum SOD level was significantly higher 
than that in the vehicle group (p < 0.0001, Fig. 4, f). How-
ever, SOD level was significantly increased in the NP + TQ 
(5 mg/kg) and NP + TQ (10 mg/kg) groups compared to the 
NP group (Fig. 4, f). Biochemical analysis for GSH level 
indicated that NP significantly decreased GSH level com-
pared to the vehicle group (p < 0.0001), while GSH level was 

Fig. 2  The effect of Nonylphenol (NP) and Thymoquinone (TQ) 
on cell survival. a Astrocyte treated with graded concentrations 
of NP and tested after 24  h using the MTS assay. Cell viability of 
NP exposed cells was noticeably decreased in the concentrations of 
40, 80, and 100 µM compared to the vehicle group (all, p < 0.0001). 
Data were obtained from three independent experiments. Bars indi-
cate mean ± SEM, one-way ANOVA with post hoc Tukey’s test, 
(***p < 0.001). b Cells were treated with graded concentrations 
of TQ and tested after 24  h using the MTS assay. TQ significantly 
reduced primary astrocyte viability at 12.5, 15, 17.5, and 20 µM (all, 

p < 0.001). Bars indicate mean ± SEM, one-way ANOVA with post 
hoc Tukey’s test, (*p < 0.05 ** p < 0.01 *** p < 0.001). c Cells were 
treated with combined concentrations of NP and TQ and tested after 
24 h using the MTS assay. MTS assay for astrocyte cells after expo-
sure to the NP plus TQ showed an increase in cell survival at dose of 
40/2.5 µM compared to the vehicle and other groups but it was not 
significant. Data gathered from three independent experiments. Bars 
indicate mean ± SEM, one-way ANOVA with post hoc Tukey’s test, 
(*p < 0.05 ** p < 0.01 *** p < 0.001)
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significantly increased in the NP + TQ (5 mg/kg, p < 0.05) 
and NP + TQ (10 mg/kg, p < 0.001) groups compared to the 
NP group. These data suggest that TQ enhances the antioxi-
dant capacity of the CNS by increasing antioxidant factors 
and reducing oxidative markers.

The Neuroprotective Effect of TQ Decreases 
NP‑Induced Neural Injury in the Hippocampus

To evaluate the neuroprotective effect of TQ, the hippocam-
pal regions were analyzed by H&E (Fig. 5) and Nissl (Fig. 6) 
staining. We found that the total number of neurons in the 
DG (140.63 ± 4.91, p < 0.0001) and CA1-CA4 (120.3 ± 2.59, 
p < 0.0001) regions of the NP-treated group was less than 

that in the vehicle group (Table 3). Moreover, no signifi-
cant difference was observed between the TQ treated and 
NP groups in the total number of neurons. The population 
of necrotic neurons was shown as a percentage of the total 
number of neurons counted in the DG and CA1-CA4 regions 
of the hippocampus (Table 3). Our results showed that 
the percentage of necrotic neurons in in the DG (12.53%, 
p < 0.001) and CA1-CA4 (9.59%, p < 0.0001) regions of 
the NP-treated group was significantly higher than that in 
the vehicle group. However, TQ treatment in the NP + TQ 
(2.5 mg/kg) group decreased the percentage of necrotic 
neurons in the DG (7.28%, p < 0.01) and CA1-CA4 (5.85%, 
p < 0.001) regions compared to the NP group. Moreover, the 
percentage of necrotic neurons was considerably reduced in 

Fig. 3  TQ improves NP-induced spatial learning and memory defi-
cit. a–b Comparison of escape latency, c time duration in the tar-
get zone, d swimming velocity in all treatment groups. The escape 
latency in Nonylphenol (NP) group was considerably more than that 
in vehicle group on days 3 and 4 of training (++++p < 0.0001, +++ 
p < 0.001). In the vehicle group, the escape latency index signifi-
cantly decreased on days 3 and 4 compared to the first day of exami-
nation (^^^^p < 0.0001, Fig.  3, a). Moreover, the escape latency in 
TQ treated groups at all doses was significantly decreased at days 
2, 3, and 4 of training trails compared to the first day. On day 1, the 
escape latency in the NP + TQ (10  mg/kg) treated group was sig-
nificantly decreased compared to the NP group (*p = 0.04). On day 
2, TQ decreased the escape latency at all doses compared to the NP 

group. On day 3, it was observed that the escape latency index in 
the NP + TQ (2.5 mg/kg, **** p = 0.002) and NP + TQ (5 mg/kg, **** 
p < 0.0001) groups was noticeably shorter than that compared to the 
NP group. On day 4, the escape latency in the TQ treated groups at 
all doses was significantly lesser than that in the NP group (Fig.  3, 
b). In assessment of time duration spent in the target zone, NP-treated 
animals spent less time in target quadrant (Q4) than the vehicle group 
(++++p < 0.0001, Fig. 3, d). Moreover, TQ treatment only at dose of 
5 mg/kg significantly enhanced the time spent in the target quadrant 
compared to the NP group (*p < 0.05, Fig.  3, c). (^) Sign indicates 
significant difference in the NP group compared to the vehicle group 
and (*) sign indicates significant difference in the NP group com-
pared to the TQ treatment groups
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the DG (6.31%, p < 0.001) and CA1-CA4 (4.88%, p < 0.001) 
regions of the NP + TQ (5 mg/kg) group, and in the CA1-
CA4 regions (4.86%, p < 0.01) of the TQ (10 mg/kg) group 
compared to the NP group. Therefore, it could be concluded 
that TQ treatment has neuroprotective effect against NP 
induced brain injuries such as necrosis and neuronal loss.

TQ Reduces the Expression Level of GFAP 
and Enhances α‑syn in NP‑ Treated Groups

Upregulation of GFAP expression (as astrocyte marker) 
indicates gliosis and glial activation [35]. To evaluate the 
CNS gliosis, we assessed GFAP expression. Results showed 

that administration of NP at dose of 25 mg/kg significantly 
increased the GFAP gene expression compared to the vehi-
cle group (p < 0.01, Fig. 7, a). TQ treatment downregulated 
the level of GFAP in the NP + TQ (2.5 mg/kg, p < 0.05), 
NP + TQ (5 mg/kg, p < 0.01), and NP + TQ (10 mg/kg, 
p < 0.01) groups compared to the NP group (Fig. 7, a). α-syn 
is a synaptic protein that plays a key role in neurotransmit-
ter release and synaptic plasticity [36]. Over-expression of 
the α-syn gene can lead to α-syn neuronal inclusions that 
causes neurodegeneration [37]. Our results showed that the 
α-syn expression was upregulated in the NP group compared 
to the vehicle group (p = 0.004). Moreover, TQ treatment 
significantly downregulated the α-syn expression level in 

Fig. 4  Thymoquinone (TQ) 
treatment enhances antioxi-
dant capacity against NP-
induced neurotoxicity. Rat 
brain was used at the end of 
the experiment to assess the 
levels of TAC (a–b), MDA 
(c–d), GSH (e), and SOD (f). 
The results showed that NP 
significantly increased the brain 
(++++p < 0.0001) and serum 
(+++p < 0.001) levels of TAC 
(a–b) compared to the vehicle 
group. The brain TAC level 
was significantly increased in 
TQ treatment at doses of 2.5, 
5, and 10 mg/kg, respectively, * 
p < 0.05, ** p < 0.01, ** p < 0.01. 
In serum, TQ only at dose of 
5 mg/kg significantly increased 
TAC level (**p < 0.01). Results 
of MDA assay indicated that 
both tissue (++++p < 0.0001) 
and serum (+++p < 0.001) 
levels of the MDA increase in 
the NP-treated group com-
pared to the vehicle group. 
Moreover, TQ in all doses 
except 2.5 mg/kg modulated 
brain MDA level (*p < 0.05, 
c-d). Furthermore, the results 
indicated that the brain GSH 
(++++p < 0.0001) and serum 
SOD (++++p < 0.0001) levels 
in the NP group were lesser 
than those in the vehicle group 
(e–f). Moreover, a significant 
increase was observed in GSH 
level in the NP + TQ (5 mg/kg, 
* p < 0.05) and TQ (10 mg/kg, 
*** p < 0.001) groups compared 
to the NP group (e). SOD assay 
showed that TQ at doses of 5 
and 10 mg/kg increased serum 
SOD level (*p < 0.05, f)
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all groups, but significant changes were observed only in the 
NP + TQ (5 mg/kg, p < 0.01) and TQ (10 mg/kg, p < 0.01) 
groups compared to the NP group (Fig. 7, b). Our results 
confirmed that TQ significantly reduced the expression of 
GFAP and α-syn following NP-induced neurotoxicity.

Discussion

We investigated whether TQ could present beneficial 
impacts on the NP-induced neurotoxicity in an animal 
model. We observed that treatment with TQ reduces NP-
induced cytotoxicity in vitro. Subsequently, TQ prevented 
neurotoxicity symptoms and improved memory deficit 
induced by NP. Moreover, TQ increased the levels of antiox-
idant parameters such as TAC, GSH, and SOD and reduced 
MDA level as an oxidative stress marker. Histological study 
indicated that the number of necrotic cells in the TQ treated 
groups significantly decreased in the hippocampal regions 
compared to the NP-treated animals. Finally, we found that 
treatment with TQ reduced GFAP and α-syn expression 
level. These findings suggest that TQ may be effective in 

reducing NP-induced neurotoxicity through its antioxidant, 
neuroprotective and anti-inflammatory effects.

In recent years, there have been growing concerns 
about the neurotoxic effect of persistent organic pollutants 
(POPs), such as morphological and physiological changes 
[38]. Numerous investigations have evidenced that perinatal 
exposure to POPs can lead to learning and memory deficits 
in rats [39]. NP, as a potent POP, has been demonstrated 
to be potentially neurotoxic leading to spatial memory and 
cognitive impairment in animal models [34]. In this study, 
we used NP to induce learning and memory impairment 
as an animal model. Previous studies have indicated that 
exposure to NP causes memory and learning deficits [40, 
41]. Developmental exposure to NP has also been shown to 
induce axonal damage in the developing neurons in vitro and 
in vivo [42]. The neurotoxicity of NP may, in part, be owing 
to an increase in the production of inflammatory mediators. 
For example, perinatal exposure to NP was found to activate 
microglia in offspring hippocampus and thereby cause neu-
roinflammation [16].

In the present study, we observed that NP reduced 
cell survival and induced cell toxicity. In line with our 

Fig. 5  Effect of Thymoquinone (TQ) on histopathological changes 
induced by Nonylphenol (NP) in rat models. Histopathological 
changes were evaluated using Nissl staining. Representative images 

for the vehicle, NP, NP + TQ2.5, NP + TQ5, NP + TQ10, and TQ10 
groups are provided (magnification: × 400, × 40)
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results, exposure to NP has been reported to induce apop-
tosis and decrease cell viability in primary cortical neu-
rons [43]. Another study demonstrated that NP induces 
cytotoxicity through apoptosis by the cell cycle arrest 
and activation of the caspase cascade [44]. To better 

understand the interactions between NP toxicity and TQ 
neuroprotection, we administered different doses of NP 
and TQ to treat cultured astrocytes and evaluate the cell 
viability during NP cytotoxicity using MTP test. We 
observed that TQ protected astrocytes from cytotoxicity 

Fig. 6  Effect of Thymoquinone 
(TQ) on histopathological 
changes induced by Nonyl-
phenol (NP) in rat models. 
Histopathological changes 
were evaluated using H&E 
staining. Necrotic cells were 
indicated on the images by 
arrows. We considered red and 
dense neurons as necrotic cells 
in H&E stained section which 
was counted using the ImageJ 
software in each experimental 
groups and results were shown 
in Table 3. We counted the 
total number of neurons (CFV 
positive cells = confrontation 
visual field) in DG and CA1-
CA4 regions using the ImageJ 
software in each group and 
results were shown in Table 3. 
Representative images for 
the vehicle, NP, NP + TQ2.5, 
NP + TQ5, NP + TQ10, and 
TQ10 groups are provided 
(magnification: × 400)
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induced by NP. It has been reported that TQ (0.01, 0.1, 
1, and 10 μM) protected dopaminergic neurons against 
1-methyl-4-phenylpyridinium (MPP) by inhibiting apop-
totic cell death and maintaining mitochondrial func-
tion [45]. Another study demonstrated that TQ protects 
primary rat cortical neurons against ethanol-induced 

neuronal apoptosis [23]. Moreover, it was evident that 
pretreatment with TQ inhibited neurotoxicity induced 
by beta-amyloid in primary cultured cerebellar granule 
neurons [46]. These results confirm the neuroprotective 
properties of TQ against several in vitro neurotoxicity 
models.

Table 3  Total number count and 
percentage of necrotic neurons 
to total neurons in the dentate 
gyrus (DG) and CA1-CA4 
regions

Evaluation of the total number of neurons indicated that in NP-treated group was lesser than that in the 
control group both in DG (140.63 ± 4.91, p < 0.0001) and CA1-CA4 (120.3 ± 2.59, p < 0.0001) regions. The 
results showed that the total number count of neurons in the Nonylphenol (NP)-treated group was lesser 
than that in the control group (12.53%, ^^^^p < 0.0001). The population of necrotic neurons was shown 
as a percentage of the total number of neurons counted in the DG and CA1-CA4 regions of the hippocam-
pus. The results showed that in NP + TQ (2.5 mg/kg), the percentage of necrotic neurons to total neurons 
in DG (7.28%, **p < 0.01) and CA1-CA4 (5.85%, ***p < 0.001) was significantly decreased compared 
to the NP group. Moreover, in NP + TQ (5 mg/kg), we observed a considerable reduction in DG (6.31%, 
***p < 0.001) and CA1-CA4 (4.88%, ***p < 0.001). Finally, in TQ (10 mg/kg) group, the percentage of 
necrotic cells in CA1-CA4 was significantly decreased (4.86%, **p < 0.01). The total population has been 
demonstrated by mean ± SEM

Groups Total (mean ± SEM) Necrotic neuron %

DG CA1-CA4 DG CA1-CA4

Control 196.8 ± 4.73 173.8 ± 2.40 4.16 2.69
NP 140.63 ± 4.91^^^^ 120.3 ± 2.59^^^^ 12.53^^^ 9.59^^^^
NP + TQ2.5 146.7 ± .4.02 141.0 ± 2.67 7.28** 5.85***
NP + TQ5 156.7 ± 5.07 152.4 ± 3.17 6.31*** 4.88***
NP + TQ10 158.9 ± 5.07 151.58 ± 2.49 8.25 6.33
TQ10 154.5 ± 5.7 149.60 ± 2.31 9.24 4.86**

^^^^p < 0.0001 ^^^^p < 0.0001 **p < 0.01
***p < 0.001
^^^p < 0.001

^^^^p < 0.0001
**p < 0.1
***p < 0.001

Fig. 7  TQ treatment moderated the expression of genes by its neu-
roprotective properties. The results showed that Nonylphenol (NP)-
induced neurotoxicity significantly upregulated the expression level 
of GFAP compared to the vehicle group (**p < 0.01, a–b). Our 
molecular results showed that in all Thymoquinone (TQ)-treated 
groups (2.5, 5, 10 mg/kg), there was a significant reduction in GFAP 
gene expression (*p < 0.05, ** p < 0.01, and ** p < 0.01, respectively, 

Fig.  7, a). Moreover, expression of α-syn was increased in the NP 
group compared to the vehicle group (*p < 0.05, Fig. 7, b). Further-
more, in the TQ treatment groups at doses of 5 and 10 mg/kg, α-syn 
expression was downregulated compared to the NP group (*p < 0.05, 
Fig. 7, b). One-way ANOVA (Tukey’s post hoc test) was used to per-
form statistical analysis
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In the present study, we also showed that NP reduced 
learning and memory ability in rats. Several studies have 
demonstrated that NP disrupts oxidant/antioxidant balance 
and causes cognitive and memory impairments in rodents 
[41, 47]. Our biochemical results showed that NP increases 
the brain level of MDA is commonly known as a marker of 
oxidative injury. On the other hand, NP decreased the level 
of antioxidant parameters of TAC, SOD, and GSH. Consist-
ent with our data, it has been reported that NP increases 
brain MDA levels and decreases the activity of SOD, CAT 
in mice [12]. This suggests that oxidative damage may be 
involved in NP-induced neurotoxicity. Several studies have 
suggested that NP induces apoptosis and necrosis in neu-
rons [11, 48]. We found that the number of necrotic cells in 
the NP-treated group was increased compared to the other 
groups. In line with other studies, we also found that NP 
causes neurotoxicity through misbalancing oxidant/antioxi-
dant state as well as inducing apoptosis and necrosis in neu-
ronal cells accompanied by learning and memory deficits.

TQ has various therapeutic properties such as antioxi-
dant [49], anti-inflammatory, and anti-cancer effects [50]. In 
our study, significant improvements in learning level were 
observed in all TQ treatment groups compared to the NP-
treated group. Furthermore, TQ treatment specifically at 
dose of 5 mg/kg considerably enhanced memory function 
in the probe task. TQ is considered as a potent neuropro-
tective compound to protect neurons from degeneration in 
different models of neurotoxicity [51, 52]. Consistent with 
our results, Radad et al. (2009) reported that TQ at doses of 
15 and 7.5 mg/kg had effective effects in rotenone-induced 
rat model of Parkinson’s disease. They also showed that 
TQ significantly improved the neuronal damage caused by 
rotenone toxin in the animals [53]. It was also reported that 
TQ at doses of 2, 5, and 10 mg/kg has protective effect on 
neurotoxicity induced by LPS in rats and improves learning 
and memory function in the animals [54]. Abulfadl et al. 
(2018) reported the protective effects of TQ at doses of 10, 
20, and 40 mg/kg in an aluminum chloride-induced animal 
model of Alzheimer’s disease. They found that TQ can 
reduce beta-amyloid formation and improve animal learn-
ing and memory performance in the MWM test [55]. In line 
with above mentioned studies, we indicated that TQ pos-
sesses potent antioxidant and neuroprotective properties and 
improves learning and memory impairments in our animal 
model. To realize the therapeutic mechanisms of TQ, we 
investigated several mechanisms such as cell survival, oxi-
dative stress, the expression of GFAP and α-syn and histo-
pathology. Our results indicated that TQ could reduce glial 
activation, oxidative damage, and inflammation induced 
by NP, which might contribute to its effect on learning and 
memory improvement.

Oxidative stress has a crucial role in neurodegeneration 
progression [56]. MDA is produced as an end product of 

lipid peroxidation induced by a variety of oxidative dam-
age [57]. The current study showed that the brain level of 
MDA was significantly increased in the NP-treated group. 
Several studies have reported that oxidative stress is one 
of the main mechanisms of NP toxicity and various neu-
rological diseases [58, 59]. We found that TQ significantly 
decreased the brain MDA level and increased antioxidant 
status. The antioxidant defense is predominantly enzymatic 
and includes glutathione peroxidase (cGPx), SOD, and CAT. 
GSH is the essential non-enzymatic antioxidant defense that 
protects cells from reactive oxygen species attacks. GSH 
measurement of the brain was performed due to its critical 
role in maintaining balance between oxidative stress and 
antioxidant system. The brain is very vulnerable to oxidative 
stress because it is an organ rich in unsaturated fats. Moreo-
ver, disturbing the brain antioxidant system causes oxidative 
stress, which may be involved in the pathogenesis of some 
neurodevelopmental and neurodegenerative diseases [60, 
61]. In the present study, we found that TQ increased brain 
and serum antioxidant defense by enhancing SOD, GSH, 
and TAC levels. A large body of evidence confirms that TQ 
increases antioxidant capacity of the brain tissue and pro-
tects neural cells from various injuries due to its antioxidant 
and anti-inflammatory effects [49, 51, 62]. Kassab and El-
Hennamy (2017) reported that TQ reduces arsenic-induced 
neurotoxicity at dose of 10 mg/kg. They showed that TQ 
significantly decreased MDA level and increased the level 
of SOD, GSH, and CAT in the cerebral cortex, cerebellum, 
and brain stem of arsenic-treated female rats [63]. Another 
study also indicated that TQ at doses of 5 and 10 mg/kg 
significantly decreased the levels of MDA and enhanced the 
GSH levels after administration of acrylamide [64]. Thus, 
antioxidant property of TQ could be considered as one pro-
tective mechanism against learning and memory impairment 
in our animal model.

Histopathological evaluation of the rat hippocampus indi-
cated some pathological changes including necrotic cells 
and cell loss in the NP-treated rats compared to the vehicle 
group. Recently, it has been shown that NP induces apopto-
sis and necrosis in in cultured cortical neurons by stimulating 
inflammatory and apoptotic factors [65]. Moreover, TQ was 
found to improve brain tissue injury through an increase in 
the hippocampal neurogenesis [66]. Pervious study revealed 
that TQ and Nigella Sativa improved the hippocampal neu-
ronal pathology induced by toluene exposure in rats [67]. In 
agreement with previous reports, our data indicated that TQ 
treatment reduced the necrotic neuron densities in the NP-
treated animals. It reduced oxidative stress and gliosis and 
improved neuronal survival. Altogether, it can be assumed 
that TQ is a neuroprotective agent and enhances cognitive 
function in the NP-induced neurotoxicity rat model.

GFAP is a protein expressed by various nerve cells, espe-
cially in astrocytes, during development and is known as a 
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sensitive and critical marker of astrocyte activation follow-
ing stress or injury [68]. Since gliosis, especially microglia 
and astrocytes reactivation, is one of the symptoms of NP 
neurotoxicity, we assessed GFAP gene expression in dif-
ferent experimental groups. Nerve damage and infection in 
the CNS trigger microglia and astrocyte activation. During 
brain damage and neurodegenerative disorders, astrocytes 
undergo a series of morphological changes that lead to the 
activation of the inflammatory responses, an increase in the 
number of astrocytes, and the expression of the GFAP gene 
that called astrogliosis [69]. It was reported that NP induces 
the GFAP overexpression and astrogliosis [70]. In line with 
these reports, we observed a significant increase in GFAP 
gene expression in the NP group compared to other groups. 
In addition to astrocyte, several studies indicated that expo-
sure to different doses of NP affects the number and func-
tion of glial cells [16]. Besides, it was demonstrated that 
TQ (5 mg/kg) significantly reduced the GFAP expression in 
acrylamide treated animals [64]. We also showed that TQ at 
doses of 5 and 10 mg/kg significantly decreased the expres-
sion level of GFAP in the NP-treated groups. This beneficial 
effect of TQ in attenuating GFAP gene expression could be 
attributed to its anti-inflammatory properties.

α-syn is a small peripheral membrane protein particularly 
found at synaptic terminals, indicating a critical role of this 
protein in neurotransmitter release [71] and synaptic plastic-
ity [72]. It has been reported that the loss of α-syn has little 
effect on synaptic transmission, while its over-expression 
causes cognitive dysfunction in Parkinson’s and Alzhei-
mer’s diseases [73]. TQ was found to effectively protect cul-
tured hippocampal neurons against α-syn–induced synapse 
damage and interference in regular synaptic activity [74]. 
Another study discussed that the protective effects of TQ 
in the MPTP-induced Parkinson’s model was due to α-syn 
modulation. In this study, TQ prevented accumulations of 
α-syn protein at the axon terminal of neurons. Furthermore, 
it has been reported that TQ considerably prevented fibril 
formation induced by α-syn accumulation and cell death in 
MPTP toxicity [75].

Consistent with this report, we indicated that α-syn 
gene expression was upregulated in the rat brain follow-
ing NP exposure, and TQ significantly downregulated 
the expression of α-syn in the NP-treated groups. Over-
expression of the α-syn gene can lead to the formation of 
toxic filamentous and α-syn neuronal inclusions, which 
causes neurodegeneration [37]. Moreover, abnormal 
accumulation and aggregation of α-syn in the form of 
Lewy bodies and neurites cause dopaminergic neuronal 
loss in the substantia nigra as landmark in Parkinson’s 
disease [76]. Together, it can be concluded that NP inter-
rupts synaptic plasticity by upregulating α-Syn, and 
treatment with TQ reduces the expression of α-syn and 

enhances synaptic plasticity and learning and memory 
function in NP exposed animals.

Conclusion

Overall, the present study indicated that TQ has therapeu-
tic potential in learning and memory impairment associ-
ated with NP neurotoxicity through its anti-inflammatory, 
neuroprotective, and antioxidant properties. It seems that 
the therapeutic effects of TQ are associated with reduc-
tions in gliosis, oxidative damage, and inflammatory 
mediators. Further study is needed to understand the exact 
underlying mechanisms of TQ as a hopeful therapeutic 
target in NP neurotoxicity. Upcoming clinical trials will 
provide deeper insights into the role of TQ as a useful 
compound for learning and memory improvement in order 
to develop strategies to better follow and treat various neu-
rotoxic effects associated with NP.
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