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A gradual loss of neuronal function or structure causes neurodegenerative disorders such as Parkinson’s
and Alzheimer’s. Neurological damage might cause cell death. Acrolein is a high-risk air and water con-
taminant that causes neurodegenerative disorders. Quercetin has several strategies for treating neurode-
generative disorders but has limited bioavailability inside the body. One of the hypotheses offered to
improve quercetin’s bioavailability is to convert it into quercetin nanoparticles. This study aims to com-
prehend the immunohistochemical devastation that might arise in the cerebellum because of acrolein
treatment. Furthermore, the protective and ameliorative roles of quercetin nanoparticles against oxida-
tive stress and neurotoxicity induced in mice by acrolein were assessed. Ninety male albino rats weighing
120 to 200 g were used in the present investigation. The animals were split up into the following six
groups: the control group, the acrolein-treated group: animals were given acrolein (3 mg/kg) for 30 days,
quercetin nanoparticles treated group: animals were given quercetin nanoparticles (30 mg/kg) for
30 days. The administration of acrolein was found to be connected to immunohistochemical abnormal-
ities in the cerebellum. Marked differences were observed in Bax, Bcl-2, TNF-a, and GFAP expressions in
the cerebellum. Treatment of rats with quercetin nanoparticles either before or after treatment with acro-
lein has been found to preserve the cerebellum tissues from the toxic impacts and oxidative stress
induced by acrolein. This may open the door to more nanomedicine studies and a new avenue for
employing nanoparticles as a therapeutic intervention in neurodegenerative illnesses.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction world, and they are influenced by a variety of factors such as age,
Neurodegenerative disease refers to various conditions that
predominantly damage neurons in the human brain (Spead et al.,
2022). They are a major cause of death and disability around the
genetics, and trauma. The accumulation and spread of abnormal
proteins are frequently assumed to be the cause of these illnesses
(Rahman et al., 2023). Health risks caused by neurodegenerative
diseases are high; because of recent increases in the senior popula-
tion, many age-related ailments are becoming increasingly preva-
lent (Franceschi et al., 2018). Instances of neurodegenerative
illnesses incorporate Alzheimer’s illness, Huntington’s sickness,
Parkinson’s infection, frontotemporal dementia, amyotrophic side-
long sclerosis, and spinocerebellar ataxia (Makkar et al., 2020).
Neurodegenerative diseases are long-term and catastrophic dis-
eases that induce nerve cell deterioration and/or death. This hin-
ders physical and mental processes, movement, speech, and
breathing (Perlikowska, 2021).

Acrolein is one of the simplest common unsaturated aldehydes.
In addition, it is a colorless liquid at room temperature, character-
ized by a pungent odor, and is easily flammable. It has a charred,
sweet, spicy, stifling stench that occurs naturally in the atmo-
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Fig. 1. TEM image of quercetin nanoparticles.
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sphere as a result of wood burning (De Woskin, 2003). There are
many natural sources of acrolein, with varying concentrations of
10–600 lg/kg present in cheeses, cake, fishes, potatoes, wine,
and rum (Conklin et al., 2010). Acrolein is produced in kitchens
when food is cooked or fried in solid or liquid oils at high temper-
atures (Wang et al., 2022). It is flowing into the environment as a
result of the fire of petroleum products, including diesel fuel and
biofuel, acrylic and materials for plastics, and wood combustion
(Wheat et al., 2011). Endogenous avenues for acrolein include ox-
idative stress-induced threonine breakdown by neutrophil
myeloperoxidase and the amine oxidases’ spermine and sper-
midine oxidation. Furthermore, polyunsaturated fatty acids are
oxidized by free oxygen radicals in the lipid bilayers of cell mem-
branes, producing acrolein (Henning et al., 2017).

The strongest electrophile is thought to be acrolein. As a by-
product and a stimulant of lipid peroxidation, acrolein causes
oxidative stress. Acrolein is both a product and an initiator of lipid
peroxidation, making it an oxidative stress perpetrator (Uchida
et al., 1998). It produces oxidative damage, resulting in membrane
rupture, DNA and mitochondrial damage, and aggravation of apop-
tosis. It substantially raised oxidant levels by reducing glutathione,
antioxidant enzymes (Superoxide dismutase and glutathione-
peroxidase), and total and nuclear levels of the antioxidant regula-
tor nuclear factor erythroid 2-related factor 2, which coincided
with decreased mitochondrial activity (Jia et al., 2007). Acrolein,
a prevalent environmental pollutant, has been shown to have dam-
aging consequences on the central and peripheral nervous systems
(Butler et al., 2017), respiratory tract (Tulen et al., 2022), and indif-
ferent cardiovascular organs (Conklin et al., 2017).

Quercetin is a primary bioflavonoid found in onions, apples, tea,
brassica vegetables, nuts, seeds, bark, flowers, and leaves and can
also be derived from various medicinal plants (Verma and
Trehan, 2013). In addition to its heart-protective and neuroprotec-
tive qualities, it has anti-inflammatory, antioxidant, and anti-
cancer effects (Edwards et al., 2007). It is also exceedingly used
to treat many disorders, including cerebrovascular and neurode-
generative diseases (Amanzadeh et al., 2019). Its antioxidant and
anti-inflammatory abilities benefit neurons (Dajas, 2012). It has
been related to avoiding neurodegenerative diseases via the Sirtuin
6 (SIRT6) pathway (Jakaria et al., 2019).

The major characteristic of quercetin is the presence of many
OH groups in its structure, which can bind to reactive oxygen spe-
cies and preserve cell viability, and it has a stronger antioxidant
capacity than many flavonoids (Lesjak et al., 2018). It may prevent
the aggregation of the amyloid-beta peptide Ab (1–42), the most
damaging species in the amyloid cascade, indicating its significant
promise as a neuroprotector and anti-aging drug (Grewal et al.,
2021). Furthermore, it inhibits nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, enhances endothelial nitric oxide
synthase (eNOS) activity, and avoids endothelial dysfunction
(Kim and Jang, 2009).

Quercetin is poorly soluble in water, limiting its potential for
treatment (Nam et al., 2016). It is minimally bioavailable in the
body due to its difficulty in absorption, rapid metabolism, and
rapid elimination from the body (Cai et al., 2013). Moreover, since
this water-insoluble polyphenolic compound cannot cross the
blood–brain barrier, a tight connection throughout blood capillar-
ies and interstitial fluids, it significantly impedes central nervous
system treatments (Salamone et al., 2021) and may have negative
effects when used for a long time or in large doses (Li et al., 2022).

To overcome this constraint, multiple ways to increase querce-
tin bioavailability have been presented in conjunction with
advances in the field of nanotechnology and several advancements
in drug delivery and nanomedicine systems (Gao et al., 2011). Drug
nanoparticle technologies, recognized as one of the most effective
approaches to manufacturing poorly soluble medications, have
2

received much attention in recent years (Müller et al., 2011).
Nanoparticles are defined as zero-dimensional nanomaterials, as
opposed to one-and two-dimensional nanomaterials, which have
one or two dimensions bigger than the nanoscale, respectively.
They differ from bulk equivalents in terms of size, chemical reac-
tivity, movement, energy absorption, and so on (Sajid and Płotka-
Wasylka, 2020). The important technological advantages of using
nanoparticles as drug carriers include high stability in biological
systems, high carrier capacity, the ability to incorporate both
hydrophilic and hydrophobic substances, and the ability to use dif-
ferent routes of administration. These nanoparticle characteristics
allow for increased medication bioavailability and decreased loss
frequency (Jiménez-Morales et al., 2022). They allow drugs to be
delivered to target organs through the delivery system. Vesicular
formulations’ effectiveness is determined by their size and other
physicochemical characteristics. As a result, it is critical to charac-
terize the nanoparticles concerning their dimension and percent-
age encapsulation. The size and size distribution of nanoparticles
affect their stability, drug release, and cellular uptake efficiency
(Feng, 2014). They provide benefits over regular chemotherapy
medicines. They may improve tumor-targeted delivery even fur-
ther by regulating the nanoparticle surface with a particular tumor
or cancer cell by targeting ligands such as biotin, folic acid, and
antibodies (Xie et al., 2005).

Nanoparticles can enter the brain through two distinct mecha-
nisms: trans-synaptic transport following inhalation through the
olfactory epithelium and absorption across the blood–brain barrier
(Tiwari and Amiji, 2006). They have the potential to penetrate the
blood–brain barrier. They may solubilize the lipids in endothelial
cell membranes, allowing for more efficient transport (De Jong
and Borm, 2008). After crossing the blood–brain barrier, they tend
to concentrate in certain brain areas, where they may reach neu-
ronal cells such as neurons, astrocytes, and microglia (Teleanu
et al., 2018).

Quercetin nanoparticles can be employed as a potent antioxi-
dant in the cytoplasm to counteract reactive oxygen species by
increasing their solubility and bioavailability (Minaei et al.,
2016). Due to their distinct physicochemical properties, they can
cross many barriers, including the blood–brain barrier. They are
frequently utilized in medical research. Furthermore, their efficacy
in cancer treatment has been proven. They induce cell death of
cancer cells (Rahman et al., 2022). Their solubility in water was
more than 55–60 lg/ml of the drug was dissolved between 4
and 72 h (Manca et al., 2020).

Because of nanoparticles’ remarkable stability, high level of
bioavailability and capacity to penetrate the blood–brain barrier
quickly, nanoparticles have sparked great interest in treating neu-
rodegenerative illnesses, particularly for hydrophobic compounds
like quercetin. As a result of its limited oral bioavailability, low
brain permeability, and hydrophobic nature, researching the posi-
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tive effects of quercetin remains a challenging problem. As a result,
the current work sought to evaluate and assess the possible
immunohistochemical modifications that might result from any
potential toxic consequences produced by acrolein and the amelio-
rative and protective activity of quercetin nanoparticles.

2. Materials and methods

2.1. Experimental rats

About 90 mature Rattus norvegicus rats weighing between 150
and 200 g and aged around 10 to 12 weeks were employed in
Fig. 2. Photomicrograph of Bax immunohistochemical staining in the cerebellum from
treated group indicating strong Bax antibody immunostaining (arrows). (c) Quercetin na
Ameliorative group revealing a decrease in Bax expression (arrows). e) Protective group r
revealing a slight reduction in Bax immunostaining within the cerebellum layers (arrow
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the current investigation. They were acquired from the National
Research Center in Cairo, Egypt. The current experimental design
has been authorized and evaluated by the ethical research commit-
tee of Zagazig University, Egypt (approval number Zu-IACUC/1/
F/306).

2.2. Chemicals

Acrolein (99% pure) was obtained from Pharmachem Fine
Chemicals for Research and Industry, Mumbai, India. Quercetin
(more than 98% pure) was purchased from Fine-Chem Limited
(SDFCL), Industrial Estate, 248, Worli Road, Mumbai, Maharashtra,
the (a) Control group illustrating minimal Bax expression (arrows). (b) Acrolein-
noparticles-treated group indicating a weak Bax antibody expression (arrows). (d)
evealing a significant reduction in Bax immunostaining (arrows). f) Recovery group
s). (X400).



Fig. 3. Morphometric assessment of the Bax in the cerebellum of the examined
groups (G1: Control group, G2: acrolein treated group, G3: quercetin nanoparticles
treated group, G4: ameliorative group, G5: protective group, G6: recovery group).
The data are presented as (mean ± SD) in the different treated groups (P < 0.05). a:
Significant difference at p < 0.05 compared to the control group (G1). b: Significant
difference at p < 0.05 compared to acrolein treated group (G2). C: Significant
difference at p < 0.05 compared to quercetin nanoparticles treated group (G3).
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India. Bax monoclonal antibody (Invitrogen, MA5-13–0300, 1:
100), rabbit monoclonal anti Bcl-2 (Abcam, Cat-ab182858, 1:
500), rabbit polyclonal TNF-a (Invitrogen, USA, Catalog P300A)
and GFAP monoclonal antibody (Invitrogen, MA5-11757, 1:200)
were purchased from the Company of Sigma Aldrich, Egypt. The
best commercial quality chemicals were used in this investigation.

2.3. Quercetin nanoparticle preparation and characterisation

The precipitation process reported by Kakran et al. (Kakran
et al., 2012) was modified to produce quercetin nanoparticles. In
the water bath at 40 �C, quercetin (5 mg) was dissolved in 1 ml
of ethanol. The resultant solution was added to deionized water
at a concentration of 1:40, and the anti-solvent was then magnet-
ically stirred for 10 min at 3000 rpm. The prepared solution was
infused into the water at a constant rate of 10 ml/min. All the etha-
nol was evaporated in a water bath with a temperature of 60 �C.
vacuum drying and quercetin nanoparticle purification. The shape
of the quercetin nanoparticles was examined using TEM (JEOL JEM
1400 TEM (Tokyo)).

2.4. Experimental design

After acclimating for two weeks, the animals were split into six
groups, each with fifteen rats, as follows: Group 1 (G1, Control
group): For 30 days, the animals were given 1 ml of distilled water
orally. Group 2 (G2, Acrolein-treated group): Rats were given acro-
lein (3 mg/kg b.w.) via a gastric tube for 30 days (Erhan et al.,
2021). Group 3 (G3, Quercetin nanoparticles treated group): For
30 consecutive days, Animals received quercetin nanoparticles
(30 mg/kg b.w.) via a gastric tube (Rifaai et al., 2020). Group 4
(G4, Ameliorative group): animals received acrolein (3 mg/kg b.
w.) and quercetin nanoparticles (30 mg/kg b.w.) at the same time
for 30 straight days. Group 5 (G5, Protective group): Using a gastric
tube, animals were given quercetin nanoparticles (30 mg/kg b.w.)
for 30 straight days, then a dose of acrolein (3 mg/kg b.w.) for
another 30 straight days. Group 6 (G6, Recovery group): Animals
were given acrolein (3 mg/kg b.w.) for 30 days via a gastric tube,
and then they were allowed for 30 days to recover without any
extra therapy.

2.5. Necropsy schedule

Following the last treatment, the animals underwent cervical
decapitation 24 h later to finish the experiment. To get intact cere-
bellar lobules, the cerebellum of all animals was removed after the
skulls were opened. Rats in the control and treatment groups had
the same thickness cuts to their cerebellums, then fixed in the
same fixative.

2.6. Immunohistochemical studies

Immunohistochemical staining for Bax, Bcl-2, TNF-a, and GFAP
for the demonstration of the astrocytes was performed using an
avidin–biotin-peroxidase complex technique according to (Hsu
et al., 1981); (Bancroft and Gamble, 2008). For the immunohisto-
chemistry investigation, the following methods were briefly inves-
tigated: After being fixed in 10% neutral buffered formalin, the
cerebellum underwent dehydration, clearing, and paraffin wax
embedding. The thickness of the paraffin slices was 5 lm. Sections
underwent deparaffinization in xylene, rehydration in a graded
ethanol series, and a 5-minute washing in distilled water. To
decrease endogenous activity, sections were incubated in 0.3%
H2O2 for 15 min. The sections were next submerged in 0.05 M
citrate buffer (pH 6.8) for antigen retrieval and prepared in a
700-watt microwave for 10 min. The sections were blocked in
4

phosphate-buffered saline (PBS) containing 5% normal mouse
serum for an hour to stop antibodies from binding non-
specifically. After that, the sections were treated with Bax mono-
clonal antibody, rabbit monoclonal anti-Bcl-2, rabbit polyclonal
TNF-a and GFAP monoclonal antibody. The sections were washed
three times in PBS for 5 min and incubated with a goat anti-
rabbit secondary antibody for polyclonal antibodies and a mouse
monoclonal secondary antibody for monoclonal antibodies for
30 min at room temperature. The sections were washed in PBS
for 10 min and incubated with avidin–biotin-peroxidase complex.
After washing with PBS, the peroxidase activity was visualized
with 0.05% 30, 30-diaminobenzidine (DAB). Sections were stained
with Mayer’s hematoxylin. Sections were cleaned in water, dehy-
drated in graded ethanol, put in xylene, and mounted with mount-
ing media.

2.7. Morphometric analysis for Bax, Bcl-2, TNF-a, and GFAP
immunoreactivity

The staining labeling indices of Bax and TNF-awere determined
and given as a positive expression percentage in 1000 cells per 6
high power fields for the cerebellum in control and treated groups
using 400x magnification via light microscopy. GFAP and Bcl-2
immunostainings were evaluated by estimating a positive area
percentage employing Image J analysis program (NIH, USA) (Xu
et al., 2007).

2.8. Statistical analysis

The data was utilized to express the mean ± SD of the several
treatment groups. ANOVA and the Student’s t-test were used to
analyze the variations between the mean values using the com-
puter program Minitab 12 (State College, USA). Statistically signif-
icant was defined as a P-value of P < 0.05.

3. Results

3.1. Characterisation of quercetin nanoparticles

We were able to successfully create quercetin nanoparticles,
and we used TEM to investigate their structural details. Quercetin
nanoparticles prepared by the precipitation method had a more
uniform particle size and less crystallinity. TEM revealed that the
quercetin nanoparticles were morphologically spherical with a

https://www.abcam.com/bcl-2-antibody-epr17509-ab182858.html
https://www.abcam.com/bcl-2-antibody-epr17509-ab182858.html
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homogeneous size distribution, as shown in Fig. 1. The quercetin
nanoparticles had a diameter of 3.63 to 4.57 nm.

3.2. Bax (pro-apoptotic protein)

Positively expressed Bax protein appears as brown-colored par-
ticles in the cell membrane and cytoplasm. Mild expression of Bax
was detected in the cerebellum layers of the control group (Fig. 2a).
In the acrolein-treated group, Bax expression was markedly
increased within the cerebellum layers (Fig. 2b) compared to the
Fig. 4. Photomicrograph of Bcl-2 immunohistochemical staining in the cerebellum from
treated group illustrating a marked decrease of Bcl-2 immunostain (arrows). (c) Querceti
(d) Ameliorative group illustrating an increase in Bcl-2 immunostaining (arrows). (e) P
illustrating a mild increase in Bcl-2 within the cerebellum layers (arrows). (X400).

5

control group. Bax immunoactivity appeared normal in the cere-
bellum layers in the quercetin nanoparticles treated group. As
shown in Fig. 2c, Bax antibody expression was very low within
the cerebellum layers. In the ameliorative and protective groups,
quercetin nanoparticles have been found to play a c nlear protec-
tive role. This was marked by the significant decrease in Bax
expression within the cerebellum layers, as expressed in Fig. 2d-
e. The recovery signs were highlighted in the recovery group where
Bax expression was slightly reduced within the cerebellum layers,
as shown in Fig. 2f.
(a) Control group illustrating marked Bcl-2 immunostaining (arrows). (b) Acrolein-
n nanoparticles treated group illustrating strong immunostaining of Bcl-2 (arrows).
rotective group illustrating a strong increase in Bcl-2 (arrows). (f) Recovery group
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3.3. Bcl-2 (anti-apoptotic protein)

Bcl-2 expression has been observed in the present study as
brown, heavily stained granules that were mostly found in the cell
membrane and cytoplasm, and it was found to be high in the layers
of the cerebellum in the control group, as indicated in Fig. 4a. As
presented in Fig. 4b, Bcl-2 expression in the acrolein-treated group
was drastically reduced. The immunoactivity of Bcl-2 in the cere-
bellum of the quercetin nanoparticles treated group appeared nor-
mal. Bcl-2 antibody expression was very strong within the
cerebellum layers, as shown in Fig. 4c. The role of quercetin
nanoparticles in the ameliorative and protective groups was obvi-
ous. The cerebellum showed a visible increase in Bcl-2 reactivity in
its layers compared to the acrolein-treated group, as shown in
Fig. 4d-e. In the recovery group, the recovery signs were distin-
guished. Bcl-2 expression was slightly raised within the cerebel-
lum layers, as shown in Fig. 4f.
3.4. Glial fibrillary acidic protein (GFAP)

The immunohistochemistry staining of the cerebellum with an
anti-GFAP antibody was done to see how the astrocytes responded
to neuronal degeneration. There were little sporadic positive
fibrous astrocytes with thin processes in all the layers of the cere-
bellum in the control group, which indicated insufficient GFAP
expression in all the layers of the cerebellum, as shown in
Fig. 6a. The acrolein-treated group showed substantial GFAP
immunoreactivity inside the cerebellum layers, as illustrated in
Fig. 6b. The quercetin nanoparticles treated group demonstrated
faint immunostaining of GFAP in the cerebellar layers, as shown
in Fig. 6c. In this case, a relatively small number of thinly branched,
dispersed positive fibrous astrocytes within the cerebellar layers
were observed. In the ameliorative and protective groups, the
expression of GFAP was noticeably diminished in the cerebellum
layers, as found in Fig. 6d-e. The expression of GFAP in the cerebel-
lum layers declined slightly in the recovery group (Fig. 6f) con-
trasted to the acrolein-treated group.
3.5. Tumor necrosis factor alpha (TNF-a)

Immunohistochemical expression TNF-a in the control group
(Fig. 8a) is barely discernible within the cerebellar layers. TNF-a
immunoreactivity in the acrolein-treated group showed pro-
Fig. 5. Morphometric assessment of the Bcl-2 in cerebellum of the examined
groups (G1: Control group, G2: acrolein treated group, G3: quercetin nanoparticles
treated group, G4: ameliorative group, G5: protective group, G6: recovery group).
The data are presented as (mean ± SD) in the different treated groups (P < 0.05). a:
Significant difference at p < 0.05 compared to the control group (G1). b: Significant
difference at p < 0.05 compared to acrolein treated group (G2). C: Significant
difference at p < 0.05 compared to quercetin nanoparticles treated group (G3).
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nounced expression within the cerebellum layers (Fig. 8b). TNF-
a immunoactivity in the cerebellum of the quercetin nanoparticles
treated group appeared normal. In this case, expression of TNF-a
was very mild within the cerebellum layers, as found in Fig. 8c.
In the ameliorative and protective groups, experimental rats given
quercetin nanoparticles reported a substantial decrease in TNF-a
in the cerebellum layers, indicating that quercetin nanoparticles
may have a neuroprotective effect during or after cell death, as
shown in Fig. 8d-e. TNF-a antibody expression was mildly reduced
within the cerebellum layers of specimens obtained from the
recovery group compared to the acrolein-treated group, as indi-
cated in Fig. 8f.
3.6. Morphometric analysis for Bax, Bcl-2, TNF-a, and GFAP
immunoreactivity

The number of Bax-positive cells, GFAP positivity, and TNF-a
immunoreactivity in the cerebellar neurons were considerably
higher in acrolein-treated group. The treatment with quercetin
nanoparticles in the ameliorative and protective groups has
resulted in a substantial decrease in Bax, GFAP, and TNF-a
immunoreactivity in the cerebellar neurons. Bax, GFAP, and TNF-
a immunoreactivity in the cerebellar neurons was marginally
lower in the recovery group, as indicated in Figs. 3, 7 & 9.

Bcl-2-positive cells number in the cerebellum was dramatically
reduced in acrolein-treated group. Administration of quercetin
nanoparticles in the ameliorative and protective groups virtually
completely inhibited the effect of acrolein on Bcl-2 immunoreac-
tivity, as evidenced by the increase in Bcl-2-positive cells in the
cerebellum compared to the acrolein-treated group. Bcl-2 positiv-
ity in the cerebellum was somewhat greater in recovery group
(Fig. 5) than in acrolein-treated group.
4. Discussion

The risk of neurodegenerative diseases on human health is sub-
stantial. Part of the reason for the increase in the elderly popula-
tion in recent decades is that certain age-related ailments are
becoming more prevalent (Grodzicki and Dziendzikowska, 2020).
Parkinson’s, Alzheimer’s diseases, multiple system atrophy, amy-
otrophic lateral sclerosis, and multiple sclerosis are only a few of
the neurodegenerative diseases (Juźwik et al., 2019). Neurodegen-
eration can be detected at several stages of neuronal circuitry in
the brain, varying from molecular to systemic. These disorders
are deemed incurable since there is no known means to halt the
gradual degradation of neurons; nevertheless, research has estab-
lished that oxidative stress and inflammation are the two primary
contributing elements to neurodegeneration (Reddy and
Abeygunaratne, 2022). Neurodegeneration is a defining feature of
many chronic, incurable diseases, the prevalence of which is con-
tinuously increasing. To combat these heinous diseases, new and
more effective treatment approaches are desperately needed (Xu
et al., 2021).

In this study, TEM was utilised to investigate the structure of
nanoparticles. The outcomes showed that the quercetin nanoparti-
cles were uniformly sized and morphologically spherical. Using
TEM, quercetin nanoparticles with a size range of 3.63 to
4.57 nm were discovered. According to the principles of
nanoscience, nanoparticles should have a size range of 1–
100 nm. The size between 20 and 100 nm is excellent for crossing
the blood–brain barrier. As a result, medication delivery is more
effective with the smaller size of the nanoparticles (Meng et al.,
2022).

The present study aimed to evaluate the possible immunohisto-
chemical alterations that might occur due to any possible toxic
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effects induced by acrolein and assess the ameliorative and protec-
tive roles of quercetin nanoparticles in the cerebellum of rats.
Moreover, it provides evidence about the changes underlying the
pathogenesis of neurodegenerative disorders caused by acrolein.

Quercetin was already identified as a potential chemical with
neuroprotective properties against neurodegenerative disorders
associated with age especially Alzheimer’s disease (Puerta et al.,
Fig. 6. Photomicrograph of GFAP immunohistochemical staining in the cerebellum fro
indicating a marked increase of GFAP immunostaining (arrows). (c) Quercetin nanoparticl
group indicating a decrease in GFAP immunostaining (arrows). (e) Protective group indic
decrease in GFAP immunostaining (arrows represent astrocytes with numerous process
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2017). It has been demonstrated to prevent oxidative stress, lipid
peroxidation, and neurons death associated with neurodegenera-
tive diseases (Angelova et al., 2021). Because of its limited water
solubility, it is currently challenging to employ as a chemopreven-
tive medication when taken orally (Sirvi et al., 2022). The promise
of quercetin hasn’t been fully exploited due to several possible
variables, including low brain permeability, low oral bioavailability
m (a) Control group indicating scanty GFAP (arrows). (b) Acrolein-treated group
es treated group indicating mild immunostaining of GFAP (arrows). (d) Ameliorative
ating a substantial decrease in GFAP (arrows). (f) Recovery group indicating a weak
es). (X400).



Fig. 7. Morphometric assessment of GFAP in cerebellum of the examined groups
(G1: Control group, G2: acrolein treated group, G3: quercetin nanoparticles treated
group, G4: ameliorative group, G5: protective group, G6: recovery group). The data
are presented as (mean ± SD) in the different treated groups (P < 0.05). a: Significant
difference at p < 0.05 compared to the control group (G1). b: Significant difference
at p < 0.05 compared to acrolein treated group (G2). C: Significant difference at
p < 0.05 compared to quercetin nanoparticles treated group (G3).
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(2%), hydrophobic nature, physiological pH instability, significant
first-pass metabolism, and photodegradation (Bagad and Khan,
2015).

This difficulty can be solved using nanotechnology, which
increases the chemical’s bioavailability and makes it possible to
target it to certain tissues and organs (Li et al., 2016). Nanotechnol-
ogy has made possible drug-loaded structures that can pass the
blood–brain barrier, targeted medication delivery, and increased
drug bioavailability (Gao et al., 2018). When quercetin nanoparti-
cles were utilized, the relative oral bioavailability rose by 523%,
indicating the possibility of dosage reduction (Sánchez-Jaramillo
et al., 2022).

Immunohistochemical examination of Bax and Bcl-2 in the
cerebellum treated with acrolein showed a higher increase in Bax
immunoactivity and a marked decrease in Bcl-2 immunoactivity.
These findings suggest that a lower than normal ratio of Bcl-2 to
Bax caused by an increase in Bax and a reduction in Bcl-2 may
damage neuronal cells and promote inflammation (Xiaodan et al.,
2016). Both Bax and Bcl-2, perform roles in initiating and inhibiting
apoptosis (Green, 2022). The nerve damage, there was a decrease
in Bcl-2 expression in motor neurons, which was associated with
motor neuron death. Acrolein encourages the Bax to travel from
the cytoplasm to the mitochondria and Bcl-2 to move from the
mitochondria to the cytoplasm (Suroto et al., 2021). Pro-
apoptotic proteins translocation including Bax to mitochondria is
an important step in removing Bcl-20s inhibitory impact on apop-
tosis (Tanel and Averill-Bates, 2007).

The immunohistochemical examination of Bax and Bcl-2 in the
cerebellum treated with quercetin nanoparticles in the ameliora-
tive and protective groups revealed a visible reduction in Bax
immunoactivity and a significant increase in Bcl-2 immunoactivity
in the current study. These findings indicate that Bcl-2 to Bax
increased when Bax dropped, and Bcl-2 arosed in the ameliorative
and protective treated groups. These findings match the work done
by Xiaodan et al. (2016), who demonstrated that the ratio of Bcl-2
to Bax steadily increased as quercetin concentration increased
(Khalfaoui et al., 2010). (Bao et al., 2017) observed that quercetin
treatment caused rat pheochromocytoma cells to upregulate Bcl-
2 and downregulate Bax in response to oxidative stress-induced
cytotoxicity. They made assumptions about quercetin’s potential
to reduce cell membrane lipoperoxidation and block H2O2.

The immunohistochemistry distribution of GFAP was investi-
gated in this study to investigate astrocytes distribution and their
reaction to neuronal degeneration or injury. The immunohisto-
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chemical analysis of GFAP immunoactivity in the cerebel-
lum treated with acrolein indicated a considerable increase in
GFAP. GFAP levels rise in Alzheimer’s illness, and its expression
has been linked to the course of the illness in humans (Ekong
et al., 2017). GFAP is a recognized indicator of mature nervous sys-
tem astrocytes (Mohamed and Mohamed, 2018). In response to
neurodegenerative illnesses or neurotoxic exposure, astrocytes
and GFAP expression are increased (Slovinska et al., 2022). Because
astrocyte reactivity has been linked to morphological alterations
such as hypertrophy, process remolding, and GFAP overexpression
(Ben Haim et al., 2015), this might explain, the substantial rise in
GFAP in neural tissues of the acrolein-treated groups. Increased
GFAP has been found as a neurotoxic indication (Baydas et al.,
2006).

The immunohistochemical analysis of GFAP expression in the
cerebellum treated with quercetin nanoparticles in the ameliora-
tive and protective groups demonstrated a significant decrease in
GFAP immunoactivity. (Khan et al., 2018) found that quercetin
therapy dramatically decreased the number of GFAP-positive cells.
(Elblehi et al., 2022) found that the antioxidant quercetin dropped
GFAP production in neural tissue.

In the present investigation, the immunohistochemistry of TNF-
a in the cerebellum treated with acrolein showed a considerable
increase in TNF-a immunoactivity. These results are in accordance
with (Erhan et al., 2021), who demonstrated that TNF-a levels in
vestibulocochlear nerve tissues increased dramatically in the
acrolein-treated group, which had high amounts of oxidants and
low levels of antioxidants. According to (Dheeb, 2014), TNF-a is a
key proximal signal and is important in the control of host defense
and immunological response. TNF-a, an inflammatory cytokine
generated by macrophages and monocytes during severe inflam-
mation, regulates many cells signaling mechanisms that lead to
apoptosis and necrosis (Idriss and Naismith, 2000). Previous
research has linked TNF-a overexpression to a range of neurode-
generative diseases (Zahra et al., 2022).

The immunohistochemical evaluation of the cerebellum TNF-a
immunoactivity treated with quercetin nanoparticles before or
after acrolein administration in the ameliorative and protective
groups revealed a significant decrease. These results agree with
the work done by (Granado-Serrano et al., 2012), who demon-
strated that quercetin inhibits the TNF-a, which in turn leads to
at least partial activation of nuclear factor kappa B (NF-jB).
According to (Cheng et al., 2019), the two processes of phosphory-
lation of NF-jB and translocation induced by TNF-a are decreased
by quercetin. Quercetin inhibits neuroinflammatory processes and
promotes neuronal regeneration by lowering the release of proin-
flammatory cytokines (Caruana et al., 2016). Furthermore, querce-
tin regulates the processes of NF-kB transcription, which could
prevent neuroinflammatory processes that lead to neurodegenera-
tion (Chen et al., 2005).
5. Conclusions

Acrolein has been demonstrated to cause immunohistochem-
istry changes in the rat cerebellum, which are manifested by signif-
icant variances in Bax, Bcl-2, TNF-a, and GFAP
immunoreactivity expression. These findings demonstrated the
damaging consequences of acrolein. Therefore, the amount of acro-
lein in the environment must be restricted. Oxidative stress and
inflammatory processes caused by acrolein are significantly
decreased by quercetin nanoparticles. Therefore, it is recom-
mended that they be used in nanomedicine to protect and improve
neuronal tissues. This might open the gate for additional research
on the therapeutic uses of quercetin nanoparticles. Quercetin
nanoparticles provide a new line of therapeutic intervention in Alz-



Fig. 8. Photomicrograph of TNF-a immunohistochemical staining in the cerebellum from (a) Control group pointing to scanty TNF-a (arrows). (b) Acrolein-treated group
pointing to a marked TNF-a antibody (arrows). (c) Quercetin nanoparticles treated group pointing to a weak TNF-a immunostaining (arrows). (d) Ameliorative group pointing
to a decrease in TNF-a (arrows). (e) Protective group pointing to a marked decrease in the TNF-a immunostaining (arrows). (f) Recovery group pointing to a mild decrease in
TNF-a antibody (arrows) (arrows). (X400).
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heimer’s illness, Huntington’s sickness, Parkinson’s infection, fron-
totemporal dementia, amyotrophic sidelong sclerosis, spinocere-
bellar ataxia, and other neurodegenerative diseases.
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Fig. 9. Morphometric assessment of TNF-a immunoreactivity in the groups’
cerebellum (G1: Control group, G2: acrolein treated group, G3: quercetin nanopar-
ticles treated group, G4: ameliorative group, G5: protective group, G6: recovery
group). The data are presented as (mean ± SD) in the different treated groups
(P < 0.05). a: Significant difference at p < 0.05 compared to the control group (G1). b:
Significant difference at p < 0.05 compared to acrolein treated group (G2). C:
Significant difference at p < 0.05 compared to quercetin nanoparticles treated group
(G3).
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