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Abstract

Background The most frequent kind of dementia in the senior population is Alzheimer’s disease (AD). Antioxidant
quercetin has a low bioavailability. The bioavailability of quercetin nanoparticles was demonstrated to be higher.
Acrolein is thought to be the strongest unsaturated aldehyde. Acrolein contributes to the propagation of oxidative
damage and thus the aetiology of AD. This study aimed to investigate histopathological and ultrastructural changes
that may arise in the hippocampus following acrolein treatment. Quercetin nanoparticles ameliorative and protective
effects on acrolein-induced neurotoxicity and oxidative stress were assessed.

Results We successfully synthesised quercetin nanoparticles with uniform size distributions and particle diameters
in the range of 3.63-4.57 nm using transmission electron microscopy (TEM) and 3.7 nm using dynamic light scatter-
ing (DLS). Administration of acrolein was associated with histopathological alterations in the hippocampal structure,
such as increased apoptotic neurones, dystrophic changes, neuronophagia, and atrophic ischaemia in cells, as well
as marked damage to the ultrastructure of the hippocampus, which was obvious in shrunken pyramidal neurones
with pyknotic nuclei and completely degenerated chromatin material, as well as in damaged astrocytes and micro-
glial cells. Treatment with quercetin nanoparticles has been found to protect against and ameliorate the toxic effects
and oxidative stress induced by acrolein in the hippocampus.

Conclusions This could pave the way for additional research in nanomedicine and a new line of therapeutic inter-
vention in AD using nanoparticles such as quercetin nanoparticles.
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1 Background

Alzheimer’s disease (AD) is a deadly neurological illness
marked by deteriorating cognitive function and memory
[75]. The decrease in the functional activity of neurones
in numerous brain regions, including those responsible
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for memory, emotional responses, learning, and behav-
iour, is a hallmark of AD. Two mechanisms that aid in the
progression of AD are neurofibrillary tangled structures
and plaques of amyloid, which are produced by deposits
of beta-amyloid fragments (AP) and hyperphosphoryl-
ated tau proteins [57, 71].

Acrolein is a, PB-unsaturated aldehyde with an
unpleasant odour [42]. Acrolein in nature is mostly due
to the partial combustion of organic particles, such as
gasoline, coal, polymers, plastics, wood, and tobacco.
Acrolein is generated when food is cooked or fried in
solid or liquid oils [30]. Acrolein is also mostly present
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in foods, fruits, and beverages such as white bread,
grapes, strawberries, and fried potatoes [24]. Endog-
enous acrolein synthesis takes place by lipid peroxida-
tion (LPO) and the breakdown of polyunsaturated fatty
acids through the amino acids and polyamines metab-
olism [36]. Tolerable Daily Intake (TDI) is estimated
to be 7.5 mg/kg for acrolein [2]. Acrolein is regarded
to be the most powerful electrophile of every a and
B-unsaturated aldehydes. As a result, its great toxicity
is due to its exceptionally strong reactivity towards bio-
logical nucleophiles [17]. Acrolein plays a function in
the development of damage from oxidative stress [13].
Acrolein enhances tau protein phosphorylation, which
is a significant pathologic characteristic of AD [33].

Among the flavonoids included in fruits and veg-
etables is quercetin such as white onion bulbs, lingon-
berries, cranberries, apples, cowpeas, fennel leaves,
red onions, sweet potatoes, berries, citrus fruits, and
tea [43]. Quercetin may prevent aggregation of the
beta-amyloid peptide AP (1-42), notably dangerous
compounds in the amyloid cascade, demonstrating its
promise as a neuroprotective and anti-ageing medica-
tion [27]. In addition to its therapeutic benefits, water-
insoluble quercetin has a limited oral bioavailability
in blood [59]. Additionally, the blood—brain barrier, a
solid barrier separating blood capillaries from intersti-
tial fluid, is impervious to this water-insoluble polyphe-
nolic molecule, which makes it extremely difficult to
treat the central nervous system [33].

Due to its poor bioavailability and solubility, querce-
tin is rapidly degraded in the bloodstream, requiring
larger doses and longer therapy periods [56]. Long-
term use of quercetin, as well as excessive dosages, can
have negative consequences [51]. Numerous synthetic
or technological solutions, such as various medication
delivery methods, have been devised to get around this
restriction [12]. Quercetin and other natural and syn-
thetic substances have been transported better thanks
to nanoparticles [48]. The ability to administer drugs
via several routes of administration, high carrier capac-
ity, and biological system stability make nanoparticles
an important drug delivery technology. These nanopar-
ticle characteristics allow for increased medication bio-
availability and decreased loss frequency [35].

To combat reactive oxygen species (ROS), quercetin
nanoparticles can be used as effective antioxidants in
the cytoplasm. Quercetin nanoparticles increase the
bioavailability as well as solubility of quercetin [58].
They can penetrate numerous barriers, including the
blood-brain barrier, owing to their unique physico-
chemical characteristics. Quercetin nanoparticles are
frequently used in medical research [68].
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Given their exceptional stability, high bioavailability,
and fast ability to cross the blood—brain barrier, nanopar-
ticles, particularly those made of hydrophobic substances
like quercetin, have generated a great deal of attention
in the treatment of AD. Consequently, due to quercetin’s
low bioavailability, low permeability, and hydrophobic
nature, research on its therapeutic effects is still difficult.
To boost oral bioavailability and brain permeability, the
current study’s goal was to produce quercetin nanopar-
ticles using an antisolvent precipitation technique. It is
important to investigate and assess the potential histo-
pathological and ultrastructural alterations that could
emerge from any potential toxic effects caused by acr-
olein, and the ameliorative and protective role of querce-
tin nanoparticles.

2 Methods

2.1 Experimental animals

Ninety male Rattus norvegicus, weighing 150-200 g
and aged 10-12 weeks, were used. They came from
Egypt’s National Research Centre in Cairo. The rats were
kept in polypropylene cages with wire-bar covers and
pine shavings as bedding. They were also maintained
under standard laboratory settings, including aera-
tion, a room temperature of about 22-25°c, and a 12-h
light/dark cycle. The current experimental design was
examined and authorised by the research ethical com-
mittee of Zagazig University, Egypt (approval number
Zu-IACUC/1/F/306).

2.2 Chemicals

Chemicals used were of the highest commercial grade.
Quercetin (>98% pure) was purchased from Fine-Chem
Limited (SDFCL), Industrial Estate, 248, Worli Road,
Mumbai, Maharashtra, India. Acrolein (99% pure) was
obtained from Pharmachem Fine Chemicals for Research
and Industry, Mumbai, India.

2.3 Preparation of Quercetin nanoparticles

The previously mentioned precipitation process was used
to create quercetin nanoparticles with a few changes [1].
As the organic phase, quercetin (5 mg) was dispersed in
ethanol (1 ml) in the water bath at 40 °C. The resulting
solution was added at a concentration of 1:40 to deion-
ised water (antisolvent), which was then agitated magnet-
ically at 3000 rpm for 10 min. A fixed flow rate of 10 ml/
min was used to add the prepared solution to the water.
A water bath set at 60 °C was used to evaporate all the
ethanol. The purification and vacuum drying of quercetin
nanoparticles were done.
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2.4 Quercetin nanoparticles characterisation

2.4.1 Analysis of particle size

Using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK), DLS was utilised to assess particle size.
Quercetin nanoparticles were diluted with ethanol to
ensure the signal intensity was suitable for the device.
With ethanol (viscosity (cp) of 0.1000) at 25°C, the nan-
oparticles were diluted, and the intensity of the scat-
tered light was assessed at an angle of scattering of 173°
to the direction of the incident wave. The readings were
made in triplicate, and the polydispersity ranged from
0to 1.

2.4.2 1.1.1 Morphology of the particles

The shape of the quercetin nanoparticles was examined
using TEM. The samples were placed on a copper grid
with a mesh size of 300 um and examined using a JEOL
JEM 1400 TEM (Tokyo). Uranyl acetate (10 mL) was
used as a contrast agent for 10 s.

2.5 1.1 Experimental design

Following adaptation for two weeks, the rats were
separated into six groups of 15 rats each, as follows:
Control group: rats received 1 ml of distilled water for
30 days. Acrolein-treated group: rats received acrolein
(3 mg/kg) [18] for 30 days. Quercetin nanoparticle-
treated group: For 30 days, the rats received quercetin
nanoparticles (30 mg/kg) [70]. Ameliorative group: rats
received acrolein (3 mg/kg) and quercetin nanoparti-
cles (30 mg/kg) at the same time for 30 days. Protective
group: rats received a dose of quercetin nanoparticles
(30 mg/kg) for 30 days and then acrolein (3 mg/kg) for
another 30 days. Recovery group: The rats received acr-
olein (3 mg/kg) for 30 days, after which they were left
to recover for 30 days without any other treatment.

2.6 1.1 Necropsy schedule

At the end of the experimental period, the animals were
sacrificed 24 h after the last dose. The skulls of all the
rats were opened. The hippocampus was made visible
by removing the brains and splitting them into two
hemispheres. Both the control and treated rats’ hip-
pocampi were sliced to the same thickness and put in
the same fixative.

2.7 2.7 Histological technique

2.7.1 2.7.1 For histological analysis

Following decapitation, samples from the experimental
groups immediately underwent fixation in 10% neutral
buffered formalin for 24 h, washed in tap water, put in
70% ethanol, dehydrated in an ascending series of etha-
nol solutions, cleaned in xylene, and lastly inserted into
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paraffin wax. Serial slices with a thickness of around
5 um were cut using a rotary microtome (Leica, Model
Rm 2125, Germany), and they were then stained [78] to
demonstrate the histological structure.

2.7.2 Morphometric analysis:

To show alterations in various parts of the hippocampus,
light microscopy was used. Intact hippocampal neurones,
normal pyramidal cells, and granular cells were manu-
ally counted from five randomly chosen hematoxylin and
eosin-stained sections from five different animals from
both control and treated groups using a light microscope
under a 40X objective. The measured histometric factors
were the cell body diameter of the pyramidal and granu-
lar cells and the granular layer and pyramidal layer thick-
ness [70].

2.7.3 Semi-quantitative scoring of the neuronal
histopathological lesions

The degree of damage to brain tissue was assessed using
a semi-quantitative evaluation method that examined
five randomly selected fields from each section. Semi-
quantitative ratings of the degree of neuronal injury in
the hippocampus were given. The tissue sections were
analysed for cellular oedema, ischaemia damage, Mala-
cia, gliosis, and the extent of the lesions. According to
the percentage of affected tissue, the degree of sever-
ity of lesions was scored and graded as follows: none
(-)=0%, indicating no detectable lesions; mild lesions
(+)=5-25% of the approved field; moderate lesions
(++4)=25-50% of the approved field; severe focal lesions
(+++4)=50-80% of the approved field; and severe diffuse
lesions (++ ++)=80-100% of the approved field [26].

2.8 1.1 Ultrastructural studies

Hippocampal tissue was removed and chopped into tiny
(1 mm3) pieces. The specimens were fixed in 2.5% gluta-
raldehyde. Glass knives were used to cut semi-thin slices
(0.5 mm) with a microtome (Power Tome XL, USA).
Ultrathin slices (80-90 nm) were prepared using a dia-
mond diatoms knife on an ultramicrotome (Power Tome
XL, USA). The slices were inspected and photographed
using a Jeol 100S TEM (Joel-JEM-100 CXII; Joel, Tokyo,
Japan).

2.9 1.1 Statistical analysis

The data are shown as the mean + SD of the various treat-
ment groups. ANOVA was used to examine the differ-
ences between the mean values, followed by the Student’s
t test applying the Minitab 12 computer programme
(Minitab Inc., State College, PA, USA), and a p-value of
p<0.05 was deemed statistically significant.
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Fig. 1 TEM image of original quercetin

Fig. 2 TEM image of quercetin nanoparticles. The nanoparticles size
was about 3.63-4.57 nm
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3 Results
3.1 Preparation and characterisation of quercetin
nanoparticles
Quercetin nanoparticles were produced, and their struc-
tural and biological characteristics were examined. Pure
quercetin was used as the precursor for the quercetin
nanoparticles synthesis. The original quercetin pow-
der (Fig. 1) contained particles with a lack of uniformity
in size that were significantly larger than the quercetin
nanoparticles. In contrast, quercetin nanoparticles pre-
pared by the precipitation technique had a more uniform
particle size and less crystallinity. TEM revealed that the
quercetin nanoparticles were morphologically spherical
with a uniform size distribution, as shown in Fig. 2. The
diameter of the quercetin nanoparticles at a solvent/anti-
solvent volume ratio of 1:40, stirring speed of 3000 rpm,
and quercetin concentration of 5 mg/ml was in the range
of 3.63—-4.57 nm, as indicated in Fig. 2.

DLS data, the most widely used nanoparticle charac-
terisation method, revealed that the ethanolic dispersion
of quercetin nanoparticles resulted in the formation of
nanoparticles with an average hydrodynamic diameter
of 3.7 nm, as indicated in Fig. 3. This result is consistent
with that obtained from the TEM images.

3.2 Histopathological studies

Examination of sections from the hippocampus of the
normal control group showed normal organisation of
the hippocampal formation. It was made up of three
parts: the hippocampal proper (Cornu Ammonis), den-
tate gyrus (DG), and subiculum (S). The hippocampus
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Fig. 3 DLS of the quercetin nanoparticles
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proper was depicted as a C-shaped that was segmented
into four separate areas known as the Cornu Ammonis
(CA1, CA2, CA3, and CA4). The DG is a curved trilay-
ered cortex that forms a cap-like structure. The DG is
observed around CA4 with its upper and lower limbs.
The S is the transition region between the CA1l and the
entorhinal region. It is composed of three parts: the
proper subiculum, presubiculum, and parasubiculum as
shown in Fig. 4.

The proper hippocampal cortex is composed of three
basic layers: the stratum radiatum, stratum pyrami-
dale, and stratum oriens. The stratum pyramidale is
recognised the middle dark zone. It contains primary
hippocampal excitatory neurones. This layer also
contained a few interneurons. In CAl, the stratum
pyramidale is composed of large pyramidal neurones
organised into 4—6 layers of cells. The nuclei appeared
large and oval to spherical with conspicuous nucleoli,
as shown in Fig. 5a. In CA2, the stratum pyramidale
appeared smaller than that in CAl and was organised
into 3—4 cell layers, as indicated in Fig. 6a. In CA3, the
stratum pyramidale appeared larger and was composed
of two to five cell layers with a thick, voluminous axon
hillock, as shown in Fig. 7a. The DG has three layers:
the molecular, granular, and polymorphic. Its molecu-
lar layer is adjacent to the hippocampus. The DG is
characterised by its granular layer, which is composed
of densely packed small-to-medium-sized granular cells
that form a U-shaped configuration that opens towards
the fimbria. Granule cell axons pass through the poly-
morphic layer on their way to pyramidal cell dendrites
in the hippocampus proper (CA3). The polymorphic

Fig. 4 Section in the hippocampus of a control rat showing normal
organisation of hippocampus formation. Cornu ammonis 1 (CA1),
Cornu ammonis 2 (CA2), Cornu ammonis 3 (CA3), Cornu ammonis 4
(CA4), dentate gyrus (DG), and subiculum (S). (X40)
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layer contained several cell types, including pyramidal
neurones as shown in Fig. 8a.

In the acrolein-treated group, the hippocampal forma-
tion revealed distinct histological abnormalities affecting
CAl, CA2, CA3, and DG. CA1 exhibited a significant
decrease in the thickness of the stratum pyramidal layer,
with increased apoptotic neurones accompanied by
dystrophic alterations in the form of shrunken hyper-
chromatic and irregular with chromatolysis, as shown
in Fig. 5b. CA2 showed a significant reduction in the
stratum pyramidal layer thickness, with severe atrophic
ischaemic injury of the stratum pyramidal layer neu-
ronal cells and increased apoptotic neurones, as indi-
cated in Fig. 6b. CA3 revealed a reduced thickness of
the stratum pyramidale as well as a significant degree
of atrophic ischaemic injury of the stratum pyrami-
dale layer’s neuronal cells, which was accompanied by
marked neuronophagia, as indicated in Fig. 7b. Acrolein-
induced atrophic ischaemia injury in the granular cells of
the granular layer in the hippocampal DG, as shown in
Fig. 8b.

Examination of sections from the hippocampal regions
(CA1, CA2, CA3, and DG) of the quercetin nanoparti-
cle-treated group revealed that quercetin nanoparticles
significantly preserved the cellular structure to a high
extent. The hippocampal CA1, CA2, and CA3 sections
showed normal neuronal cells within the stratum pyram-
idale layer. The thickness of the stratum pyramidale layer
appears normal, as shown in Figs. 5c, 6¢, and 7c, respec-
tively. The DG section revealed typical, densely packed,
tiny granular cells. The thickness of the granular layer
increases in the DG region, as shown in Fig. 8c. Querce-
tin nanoparticles had the overall impact of preserving the
normal cellular morphology of hippocampal cells.

Different hippocampal locations in the ameliorative
group showed marked improvements in histological pat-
terns. The sections in CA1, CA2, and CA3 demonstrated
a reduction in the ischaemic neuronal injury of the neu-
ronal cells of the stratum pyramidale layer, as well as an
improvement in the stratum pyramidale layer thickness,
as shown in Figs. 5d, 6d, 7d, respectively. The DG hip-
pocampal sections of the ameliorative group showed a
reduction in ischaemia neuronal damage within the gran-
ular cells of the granular layer (Fig. 8d).

The histological structure of the hippocampus in the
protective group appeared to be well-protected from
injury resulting from acrolein treatment. As shown
in Figs. 5e, 6e, and 7e, the sections from the protec-
tive group in CAl, CA2, and CA3 of the hippocam-
pus showed a significant decrease in neuronal injury of
the neuronal cells of the stratum pyramidale layer and
a marked enhancement in the thickness of the stratum
pyramidale layer. As shown in Fig. 8¢, DG hippocampal
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Fig. 5 Photomicrograph in CA1 of the hippocampus a Control group showing a normal structure of CA1. b Acrolein-treated group showing
increased apoptotic neurones with dystrophic changes in the form of shrunken hyperchromatic, chromatolysis (arrows). ¢ Quercetin
nanoparticle-treated group showing normal neuronal cells (arrows). d Ameliorative group showing a decrease in ischaemic neuronal injury

of neuronal cells (arrowheads indicate atrophic cells). e Protective group showing a marked decrease in neuronal injury of the neuronal cells
(arrowheads). f Recovery group showing a minor decrease in ischaemic neuronal injury of neuronal cells (arrowheads). (Sr: stratum radiatum, So:
stratum oriens, Sp: stratum pyramidale). (X400)
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Fig. 6 Photomicrograph in CA2 of the hippocampus a Control group showing a normal structure of CA2 with normal pyramidal neurones
(arrowheads). b Acrolein-treated group showing a significantly decreased thickness of the Sp layer, with a severe degree of atrophic ischaemic
injury of the neuronal cells of the Sp layer (arrowheads) and increased apoptotic neurones (arrows). ¢ Quercetin nanoparticle-treated group
showing normal thickness of the Sp layer with normal neurones (arrows). d Ameliorative group showing a reduction in ischaemic neuronal injury
in the neuronal cells of the Sp layer (arrows indicate the atrophic cells) with significantly increased Sp layer thickness. e Protective group showing
neuronal cells of the Sp layer experienced a significant reduction in neuronal injury (arrows indicate atrophic cells). f Recovery group showing

a very slight decrease in ischaemic neuronal injury of the neuronal cells of the Sp layer (arrows) (Sr: stratum radiatum, So: stratum oriens, Sp: stratum
pyramidale). (X400)
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Fig. 7 Photomicrograph in CA3 of the hippocampus a Control group showing a normal structure of CA3 with normal pyramidal neurones
(arrowheads). b Acrolein-treated group showing a reduction in the thickness of the Sp layer as well as a severe degree of atrophic ischaemic

injury of the neuronal cells of the Sp layer associated with marked neuronophagia (arrowheads). ¢ Quercetin nanoparticle-treated group showing
normal thickness of the Sp layer and normal large neurones (arrows). d Ameliorative group showing a decrease in ischaemic and lytic changes
within the neuronal cells of the Sp layer (arrowheads) with significantly improved Sp layer thickness. e Protective group showing that the neuronal
cells of the Sp layer appear normal (arrowhead), as does the thickness of the Sp layer. (Sr: stratum radiatum, So: stratum oriens, Sp: stratum
pyramidale). (X400)
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Fig. 8 Photomicrograph in the DG of the hippocampus a Control group showing a normal structure of DG and normal densely packed small
granular cells (arrowheads). b Acrolein-treated group showing atrophic ischaemic injury of the granular cells of the granular layer (arrows).

¢ Quercetin nanoparticle-treated group showing normal, densely packed, and small granular cells (arrows). An increase in the thickness

of the granular layer was observed. d Ameliorative group showing a decrease in ischaemic neuronal injury within granular cells of the granular
layer (arrows indicate atrophic cells). e Protective group showing a significant decline in atrophic ischaemic neuronal injury within the granular cells
of the granular layer (arrows represent atrophic cells). (M: molecular layer, P: polymorphic layer, G: granular layer). (X400)
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sections of the protective group showed a significant
reduction in atrophic ischaemic neuronal injury within
the granular cells of the granular layer. In the recovery
group, hippocampal CA1l and CA2 sections showed a
slight reduction in atrophic ischaemic injury and neu-
ronophagia of the neuronal cells of the stratum pyrami-
dale layer, as shown in Figs. 5f and 6f.

3.3 Morphometric analysis for the hippocampus

3.3.1 Pyramidal and granular neurones number

A significant decrease was observed in the normal
pyramidal neurones number in the CAl1, CA2, and CA3
regions, and a decrease in the number of normal granu-
lar neurones in the DG region in the acrolein-treated
group as shown in Fig. 9. The number of these cells in
the ameliorative and protective groups was significantly
higher than in the acrolein-treated group. There was no
significant difference between the recovery and acrolein-
treated groups in the normal pyramidal neurones num-
ber and the number of normal granular neurones.
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3.3.2 The cell body diameters of pyramidal and granular cells
The cell body diameter of pyramidal cells in the CAl,
CA2, and CA3 regions and granular cells in the DG
region in rats that received acrolein decreased signifi-
cantly. Following treatment with quercetin nanoparticles,
the cell body diameter of the pyramidal and granular cells
was significantly increased in the ameliorative and pro-
tective groups, whereas in the recovery group, the size of
the cell body of these cells was slightly increased when
compared to that of the acrolein-treated group (Table 1).

3.3.3 The thickness of the pyramidal layer in the CA1, CA2,
and CA3 regions and the granular layer in the DG
region of the hippocampus:

Treatment of rats with acrolein caused hippocampal layer

atrophy. Acrolein reduced the pyramidal layer thick-

ness in the CA1, CA2, and CA3 regions and the granular
layer. Treatment of rats with quercetin nanoparticles sig-
nificantly increased the pyramidal layer thickness and the
granular layer in the ameliorative group. The thickness of
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group). Data are expressed as (mean+SD), (P <0.05)
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the pyramidal layer and the granular layer in the protec-
tive group significantly increased in thickness. The thick-
ness of these layers was slightly higher in the recovery
group than in the acrolein-treated group (Table 2).

3.4 Semi-quantitative scoring of neuronal
histopathological lesions in the hippocampus

The semi-quantitative scoring of the reported lesions
showed a significant increase in hippocampal tissue
injury in the acrolein-treated group. Semi-quantitative
scoring of neuronal histopathological lesions in the acr-
olein-treated group indicated severe cellular oedema,
ischaemic injury, malacia, gliosis, and the extent of
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the lesions. Rats that received quercetin nanoparticles
in the ameliorative and protective groups significantly
avoided hippocampal tissue damage compared to acr-
olein-treated rats (Table 3). In the ameliorative group,
the semi-quantitative scoring indicated mild cellular
oedema, gliosis, and extent of lesions, moderate ischae-
mic injury, and no detectable malacia, while in the pro-
tective group, there was no cellular oedema, malacia,
gliosis, and extent of lesions and revealed mild ischae-
mic injury. In the recovery group, semi-quantitative
scoring indicated severe cellular oedema, ischaemic
injury, and the extent of lesions, as well as moderate
malacia and gliosis.

Table 1 Cell body diameter (um) of pyramidal cells in the hippocampal CA1, CA2, and CA3 regions and cell body diameter (um) of
granular cells in the DG region in the different treatment groups. Data are expressed as (mean +SD), (P <0.05)

Groups Cell body diameter (um) of pyramidal cells Cell body diameter
(um) of granular cells
CA1 CA2 CA3
Control group 2422+0.28 22254043 24.87+1.02 1321061
Acrolein-treated group 18.01+0.66 10.12£0.01 20.55+0.27 9.25£0.73
Quercetin nanoparticle- treated group  24.62+0.52 22754053 24.92+097 13.22+0.87
Ameliorative group 21.12+023 20.86+0.57 23.61+£092 12.64+£1.04
Protective group 2322+084 21.72+092 23.96+044 1291+0.26
Recovery group 2032045 18.22+0.01 2221+£038 10.37£0.02

Table 2 The thickness (um) of the pyramidal layer in hippocampal CA1, CA2, and CA3 regions and the thickness (um) of the granular
layer in the DG region in the different treatment groups. Data are expressed as (mean +SD), (P < 0.05)

Groups Thickness (um) of the pyramidal cells Thickness (um)
of granular cells
CA1 CA2 CA3
Control group 70.72+1.58 6843+£152 73.67+1.75 72.58+142
Acrolein-treated group 45.76+1.57 40.02+1.38 5228+1.74 68.16+1.38
Quercetin nanoparticle-treated group ~ 70.83+2.21 69.5+1.14 73.66+2.21 74.57£245
Ameliorative group 68.01+1.65 66.25+2.63 7151+£213 71.34+215
Protective group 70.16+1.37 68.13+£1.83 7221+£1.03 72374232
Recovery group 48.14+1.02 46.81+1.04 5447+213 69.25+1.84

Table 3 Semi-quantitative scoring of neuronal histopathological lesions in the hippocampus in the different treatment groups

Groups Cellular oedema Ischaemic injury Malacia Gliosis Extent of lesions
Control group - - - - -

Acrolein-treated group +++ ++++ + + ++ 4+ ++ +
Quercetin nanoparticle-treated - - - - -

group

Ameliorative group + ++ - + +

Protective group - + . - -

Recovery group +++ +++ ++ ++ +++

(-) denotes no detectable lesions; (+) mild lesions; (++) moderate lesions; (+++) severe focal lesions; (++++) severe diffuse lesions
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3.5 Ultrastructural alterations

3.5.1 The pyramidal neurons

Examination of ultrathin sections from the control group
hippocampus indicated the presence of healthy pyrami-
dal neurones with large, rounded nuclei and dispersed
chromatin. The cytoplasm had a well-developed rough
endoplasmic reticulum, intact elongated or spherical
mitochondria, well-developed Golgi apparatus, and pri-
mary lysosomes, as shown in Fig. 10a. In the acrolein-
treated group, pyramidal neurons showed a shrunken
electron-dense cytoplasm and completely damaged
neurones with an empty vacuolar structure, as shown
in Fig. 10b. Pyramidal neurones also show a pyknotic
nucleus, completely degenerated chromatin material, and
deformation of the nuclear membrane. The rough endo-
plasmic reticulum, mitochondria, Golgi apparatus, and
lysosomes are completely damaged. Ultrathin hippocam-
pal sections examined from rats treated with quercetin
nanoparticles showed a normal ultrastructural structure
of pyramidal neurones, as shown in Fig. 10c. In the ame-
liorative and protective groups (Fig. 10d, e, respectively),
the pyramidal neurones had significantly improved
ultrastructures compared to the acrolein-treated group.
The rough endoplasmic reticulum, mitochondria, and
primary lysosomes appeared to be normal. The nucleus
appeared normal, with dispersed chromatin, but an
irregular nuclear membrane. Small cytoplasmic vacuoles
were observed in the ameliorative group. Pyramidal neu-
rones in the recovery group exhibited no improvement in
ultrastructure compared to the acrolein-treated group, as
demonstrated in Fig. 10f.

3.5.2 The astrocytes

As illustrated in Fig. 11a, the control group exhibited
normal astrocytes with oval or round nuclei surrounded
by pale cytoplasm. Heterochromatin is evenly distrib-
uted beneath the inner nuclear envelope. Numerous
organelles occupy the cytoplasm. In the acrolein-treated
group, degenerative alterations in the astrocytes were
exacerbated. A swollen nucleus and slight heterochro-
matin clumping at the nuclear periphery were observed.
One notably injured astrocyte cytoplasm was almost
empty, with dispersed residual damaged cellular orga-
nelles such as ruptured mitochondrial cristae with large
vacuoles as shown in Fig. 11b. In the quercetin nanopar-
ticle-treated group, astrocytes revealed a normal cell with
a round heterochromatic nucleus, which was regular in
shape and surrounded by a scanty cytoplasm when com-
pared with the control group, as shown in Fig. 11c. In the
ameliorative and protective groups, quercetin nanopar-
ticles exerted a beneficial effect on the ultrastructure of
astrocytes in the hippocampus. These astrocytes showed
slight abnormalities compared with those in the control
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group. The nucleus appeared normal, surrounded by
a scant cytoplasm, but had an irregular cell membrane.
Heterochromatin was evenly distributed beneath the
inner nuclear envelope. Several organelles were in the
normal condition (Fig. 11d, e). In the hippocampus of the
recovery group, there was a slight improvement in the
ultrastructure of astrocytes compared to the acrolein-
treated group, as indicated in Fig. 11f.

3.5.3 The microglia

The control group had typical microglia with dark elon-
gated nuclei and clumped chromatin (Fig. 12a). The
cytoplasm appeared dark and included the endoplasmic
reticulum, with long stretches. In the acrolein-treated
group, microglia displayed significant degenerative alter-
ations. These degenerative alterations include shrunken
and completely damaged microglia with pyknotic nuclei.
The chromatin material and nucleoli were also com-
pletely degenerated and the nuclear membrane became
distorted, as shown in Fig. 12b. The ultrastructure of the
microglial cells in the quercetin nanoparticle-treated
group showed a normal, dark, elongated nucleus with
clumped chromatin. The cytoplasm appeared dark and
had long stretches of endoplasmic reticulum, as shown
in Fig. 12c. Quercetin nanoparticles have been proven
to have a significant positive effect on the ultrastructure
of hippocampal microglia in ameliorative and protective
groups. As indicated in Fig. 12d, e, the nucleus appeared
normal with clumped chromatin and a dark cytoplasm. A
modest improvement in the ultrastructure of microglia in
the hippocampus of the recovery group was observed
compared to that in the acrolein-treated group. An irreg-
ular nucleus with nuclear chromatin condensation and a
dark cytoplasm was observed, as shown in Fig. 12f.

3.5.4 Myelin sheath

Normal myelin sheaths in the control group appeared
thick, extremely electron-dense, and firmly wrapped
around the axonal cytoplasmic membranes. The myeli-
nated axons had smooth, regular contours, as shown in
Fig. 13a. Several types of myelin defects appeared in the
acrolein-treated group (Fig. 13b). In this case, the myelin
sheath showed areas of thinning with focal interruption.
Some myelin sheaths were entirely damaged. The axo-
plasm exhibited vacuolation. In the quercetin nanoparti-
cle-treated group, the ultrastructure of the myelin sheath
in the hippocampus appeared normal. As depicted in
Fig. 13c, it is apparent that a typical myelin sheath is
thick, electron-dense, and tightly wrapped around axonal
cytoplasmic membranes. Axons that have been myeli-
nated have smooth and consistent shapes. In both the
ameliorative and protective groups, quercetin nanoparti-
cles were shown to have a significant beneficial effect on
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Fig. 10 Electron micrograph of pyramidal neurones a Control group showing normal pyramidal neurones. b Acrolein-treated group showing

a shrunken and completely damaged neuron with an empty vacuolar structure (v), pyknotic nucleus, degraded chromatin, completely degenerated
organelles, and NM deformation. ¢ Quercetin nanoparticle-treated group showing normal pyramidal neurones. d Ameliorative group showing

N with irregular NM and small cytoplasmic vacuoles. e) Protective group showing N with irregular NM, well-developed rER, spherical M, and PL. f
Recovery group revealed a severely injured neuron with an empty vacuolar structure, NM deformation, and a pyknotic nucleus. (N, nucleus; NM,
nuclear membrane; rER, rough endoplasmic reticulum; M, mitochondria; PL, primary lysosomes; V, vacuolar structure). X 10000
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Fig. 11 Electron micrograph of the astrocytes a Control group showing a round heterochromatic nucleus that is usually regular in shape

and surrounded by scanty cytoplasm. b Acrolein-treated group showing swollen N with slight heterochromatin clumping at the nuclear periphery
and severely damaged cytoplasm with scattered residual damaged cellular organelles. ¢ Quercetin nanoparticle-treated group showing normal
astrocytes. d Ameliorative group showing normal nuclei. Heterochromatin spread uniformly underneath the inner nuclear envelope. e Protective
group showing a normal heterochromatin nucleus surrounded by a scant cytoplasm. f Recovery group showing a slightly swollen N. Cytoplasm
with scattered residual cellular organelles. (N, nucleus; C, heterochromatin material; black star, clear area and loss of organelles). X 15000
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the ultrastructure of the hippocampal myelin sheath. This
was evident by the preservation of the myelin sheath,
except for a very few axons. Most of the myelin sheaths
were restored compared with the acrolein-treated group,
as indicated in Fig. 13d, e. The ultrastructure of the mye-
lin sheath in the hippocampus of the recovery group was
higher than that in the acrolein-treated group, as shown
in Fig. 13f.

4 Discussion

Alzheimer’s is a neurological illness that destroys brain
cells, causing memory deprivation and severe mental and
behavioural impairments [41, 54]. The number of patients
afflicted by AD is rapidly growing owing to the ageing
human population; 36 million individuals were predicted
to have dementia in 2010, and 115 million are expected
by 2050 [52]. One of the causes of AD is the aggregation
and misfolding of beta-amyloid (Ap) proteins, such as A
40 or AP 42, which are thought to be toxic to neuronal
cells [73]. Oxidative stress is another cause of AD [72].
Currently, there are no effective medications for AD [67].

Quercetin has a beneficial effect against neurologi-
cal diseases such as AD [27]. Quercetin has been shown
to reduce LPO, and neuronal cell death associated with
AD environment [15]. Quercetin has low water solu-
bility, which makes its use as a chemopreventive drug
challenging when administered orally [50]. Low permea-
bility, limited bioavailability (2%), substantial metabolism,
hydrophobic nature, pH instability, and photodegrada-
tion are plausible factors contributing to the potential of
quercetin [6].

Nanotechnology can be a critical strategy to over-
come this problem by improving the bioavailability of
a chemical and allowing it to target certain tissues [47].
Nanoparticles can penetrate both the mucosal barrier
and blood-brain barrier to increase drug bioavailability
through particle absorption [62]. Nanoscale alteration
of materials can change their bioactivity and major fea-
tures, such as solubility, circulation time, as well as acces-
sibility to the target region [11]. Quercetin nanoparticles
increased the relative oral bioavailability of quercetin by
523%, showing the possibility to decrease dosage using
quercetin nanoparticles [8]. Nanoparticles ought to pos-
sess a size range of 1-100 nm, according to nanosci-
ence principles [25]. The ideal size for passing through

(See figure on next page.)
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the blood-brain barrier is 20-100 nm. As a result, the
smaller the size of the nanoparticles, the more effective
the drug delivery [55].

The particle size of quercetin was reduced and made
uniform using the antisolvent precipitation method. The
precipitation method is a fast method for the synthesis
of nanoparticles as well as a size-controllable method
among the many chemical methods available [1]. TEM
was used to investigate the structure of nanoparticles
in this study. The results revealed that the quercetin
nanoparticles were morphologically spherical and had
uniform size distributions. The size range of querce-
tin nanoparticles was observed between 3.63-4.57 nm
using the transmission electron microscope. DLS data
revealed that quercetin nanoparticles formed nanoparti-
cles with an average hydrodynamic diameter of 3.7 nm.
This result is in agreement with the results obtained from
the TEM images. From these results, we concluded that
the particle size of quercetin nanoparticles produced by
the antisolvent precipitation method was significantly
small, which was more evident in the case of the sample
prepared at a lower drug concentration (5 mg/ml), higher
stirring speed (3000 rpm), and a higher solvent/antisol-
vent volume ratio of 1:40. The solvent-to-antisolvent ratio
and stirring speed are important parameters that affect
the particle size, and increasing these values reduces the
particle size of quercetin to 3.7 nm. These findings cor-
roborate previous findings, which indicated that decreas-
ing the drug concentration, increasing the stirring speed,
and increasing the solvent/antisolvent volume ratio
favoured particle diameter reduction. The diameter of
the quercetin particles was measured at 220 nm with a
volume ratio of 1:25 [37]. In another study, the solvent/
antisolvent volume ratio was reduced to 1:10 and the par-
ticle diameter was increased to 486 nm [1].

Histopathological studies of the hippocampus of acr-
olein-treated group revealed that acrolein induced dis-
tinct histological abnormalities affecting the CA1, CA2,
CA3, and DG. The stratum pyramidale thickness in the
CA1l and CA2 regions of the hippocampus was signifi-
cantly reduced, with increased apoptotic neurones and
dystrophic changes in the form of shrunken and irregular
hyperchromatic and chromatolysis. The CA3 showed a
decreased the stratum pyramidale thickness, as well as a
considerable degree of atrophic ischaemic damage to the

Fig. 12 Electron micrograph of the microglia a Control group showing a dark elongated N with clumped chromatin and dark cytoplasm and long
stretches rER. b Acrolein-treated group showing shrunken and completely damaged microglia with pyknotic N, degraded chromatin material

and nucleoli, and nuclear membrane distortion. ¢ Quercetin nanoparticle-treated group showing normal microglia. d Ameliorative group showing
a dark elongated N with clumped chromatin and dark cytoplasm. e Protective group showing normal N with clumped chromatin and dark
cytoplasm. f Recovery group showing irregular N with condensed chromatin. (N, nucleus; rER, rough endoplasmic reticulum). X 10000
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Fig. 12 (See legend on previous page.)



Sanad et al. Beni-Suef Univ J Basic Appl Sci (2024) 13:7

stratum pyramidale layer’s neuronal cells, as well as neu-
ronophagia. Acrolein caused atrophic ischaemia in the
granular cells of the granular layer. Comparable results
were reported by [76], who found that acrolein caused
many histological abnormalities in brain tissues. [32] also
found that acrolein caused pyknosis in rat hippocampal
neurones. Pyknosis, which meaning irreversible conden-
sation of the nucleus, has traditionally been applied as a
marker of cell death [19]. Furthermore, acrolein has been
linked to oxidative stress, protein aggregation, and cell
death [18].

According to [14], Acrolein-induced neurotoxicity
has been associated with cell death mechanisms, such
as necrosis and apoptosis. Acrolein is an LPO byprod-
uct and catalyst. LPO is the oxidation of polyunsatu-
rated fatty acids in cells, caused by free radicals. [24]. The
mechanism by which acrolein causes oxidative damage
and neurotoxicity indicated in acrolein primarily involves
binding and depletion of cellular nucleophiles, such as
reduced glutathione (GSH). Acrolein causes the loss of
antioxidants such as GSH and Superoxide dismutase, as
well as an increase in ROS generation [46, 66]. The tox-
icity of acrolein has been linked to its extremely electro-
philic character, which makes it easier for it to react with
cellular compartments [40]. [14] reported that acrolein
administered to Wistar rats for 8 weeks. This results in
an increase in LPO, a decrease in reduced glutathione,
and a reduction in total reduced thiol content, leading
to an alteration of the central nervous system-associated
behavioural patterns.

In the current study, quercetin nanoparticles showed
significant improvement and were found to counter-
act the degenerative effects of acrolein administration.
The histological abnormalities at several hippocampal
sites improved dramatically in both the ameliorative and
protective-treated groups. The CA1, CA2, and CA3 hip-
pocampal parts of the ameliorative and protective groups
showed a decrease in ischaemia neuronal injury of the
stratum pyramidale layer’s neuronal cells as well as an
increase in stratum pyramidale layer thickness. Ischaemia
neuronal damage within the granular cells of the granular
layer was reduced in the DG hippocampus in the ame-
liorative and protective treatment groups. These results

(See figure on next page.)
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agree with those of [22], who reported that the admin-
istration of quercetin nanoparticles protected brain cells
from arsenic-induced damage. [65] demonstrated that
quercetin nanoparticles that target the blood—brain bar-
rier while also protecting neurones from amyloid-beta
fibrillation in a thioflavin T binding experiment were
an effective method of quercetin administration and a
potential technique for future AD treatments. The use of
quercetin nanoparticles, which prevent oxidative dam-
age and restore normal cellular function, is an excellent
way to improve the cellular antioxidant defence system
[8]. [64] stated that quercetin nanoparticles provide a
preventative approach against the development of AD.
Quercetin nanoparticles outperformed the quercetin-
treated group of rats in terms of efficacy, suggesting that
the improved efficacy is attributable to a longer residence
period in systemic circulation and greater bioavailability.
Quercetin nanoparticles significantly reduced malon-
dialdehyde and acetylcholinesterase levels while increas-
ing brain catalase and glutathione (GSH) levels [60].
reported that quercetin nanoparticles improve the oxida-
tion of brain by increasing antioxidant enzyme activity
and reducing pro-oxidant effects. Quercetin nanoparti-
cles reduce reactive oxygen species (ROS), protein car-
bonyl, and myeloperoxidase. In addition, they increase
the activities of glutathione peroxidase and acetylcholine
esterase. [20] demonstrated that quercetin nanoparticles
increased superoxide dismutase activity and GSH levels
and reduced LPO. This finding revealed that enhanced
antioxidant enzyme activity can lead to decreased intra-
cellular H,O, generation, which, when combined with
an increase in GSH levels, can reduce LPO, suggesting
that quercetin nanoparticles have significant antioxidant
properties [15]. found that quercetin nanoparticles sig-
nificantly increased memory retention. Furthermore, the
persistence of LPO, glutathione, and nitrite levels con-
firmed that quercetin nanoparticles effectively target the
central nervous system.

According to the morphometric analysis obtained in
the present study, acrolein caused a great decrease in
the number of normal pyramidal neurones, cell body
diameter of pyramidal cells, and thickness of the pyrami-
dal layer, as well as a decrease in the number of normal

Fig. 13 Electron micrograph of the neuron myelination (myelin sheath) a Control group showing a normal myelin sheath which is thick,
electron-dense, and tightly wrapped around axonal cytoplasmic membranes. The myelinated axons had a smooth, regular contour. b
Acrolein-treated group showing myelin sheath degeneration, localised disruption of another myelin sheath, and axoplasm vacuolation. ¢ Quercetin
nanoparticle-treated group exhibited a typical myelin sheath. d Ameliorative group showing preservation of the myelin sheath, except for a few
axons. e Protective group showing great preservation of the myelin sheath, except for very few axons. f Recovery group showing myelin sheath
degradation, axoplasm vacuolation, and localised rupture of another myelin sheath. (M, myelin sheath; X, axoplasm; V, vacuole; arrows, focal

interruption of myelin sheath). X 20000
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Fig. 13 (See legend on previous page.)
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granular neurones, cell body diameter of the granular
cells, and the granular layer thickness in the DG region.
The current study found that in the case of treatment
with quercetin nanoparticles in both the ameliorative and
protective treatment groups, there was a great increase
in the number of normal pyramidal neurones, the cell
body diameter of the pyramidal cells, and the thickness of
the pyramidal layer, as well as an increase in the number
of normal granular neurones, the cell body diameter of
granular cells, and the pyramidal layer thickness.

Multiple pathological lesions were observed in the hip-
pocampus of acrolein-treated group. Semi-quantitative
analysis of neuronal histopathological lesions in the
acrolein-treated group indicated severe cellular oedema,
ischaemic injury, malacia, gliosis, and the extent of
lesions. However, treatment with quercetin nanoparti-
cles has reversed these acrolein-induced morphological
aberrations. This could be attributed to the antioxidant
properties of quercetin nanoparticles or the combined
anti-inflammatory and antioxidant roles of quercetin
nanoparticles in neurotoxicity, as documented in previ-
ous studies [7].

The ultrastructure studies on the hippocampus treated
with acrolein revealed that acrolein can induce cytotoxic
effects in the nerve cells of the hippocampus. Acrolein
causes significant distortion of the cellular structure of
the hippocampus. [2] reported that acrolein causes neu-
rotoxicity in hippocampal cells, primary cortical neu-
rones, and dorsal root ganglionic neurones, revealing a
key role for acrolein toxicity in neurodegeneration. Ultra-
structural images of the pyramidal neurones indicated
severe damage in the pyramidal neurones, which was
confirmed by the pyknotic nuclei, degraded chromatin
material, nuclear membrane deformations, and the pres-
ence of empty vacuolar structures. This damage could
be related to the fact that acrolein causes damage to the
nuclei of neurones by activating ROS generation and
LPO [16]. Among all brain areas, pyramidal neurones in
the hippocampus are most susceptible to ROS causing
ischaemia damage and neuronal cell death [33]. Pyrami-
dal cell death is distinguished by a selective neuronal loss
that occurs over a 24-72-h process known as delayed
neuronal death [23].

Vacuolation observed in pyramidal neurones has
been explained by some researchers because of signifi-
cant disruptions in lipid inclusions. Some researchers
hypothesised that vacuolation was caused by cell dam-
age, which increased the generation of ROS, destroyed
the membranes, and changed their permeability [45].
Other researchers have emphasised that LPO is an auto-
catalytic mechanism that leads to the oxidative degrada-
tion of cellular membranes [31, 60]. Administration of
quercetin nanoparticles resulted in a great improvement
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in the ultrastructure of the hippocampal pyramidal cells
in the ameliorated and protective groups of rats. These
improvements were observed in the presence of normal
pyramidal neurones, which had large, rounded nucleus
and well-developed organoids.

The ultrastructure of astrocytes in the hippocam-
pus from the acrolein-treated group showed substan-
tial damage, as was seen by a bloated nucleus with little
heterochromatin clumping at the nuclear periphery. The
severely injured cytoplasm was empty, with a few scat-
tered damaged cellular organelles such as mitochondria.
These results agree with those of a previous study [33],
which found that acrolein causes mitochondrial dam-
age in hippocampus cells, which leads to neuronal death.
Mitochondrial damage has been found in AD brain tis-
sue [53]. According to [5], astrocytes play a critical role
in maintaining neurovascular unit homoeostasis by
uptaking glutamate. Quercetin nanoparticles were found
to have both ameliorative and protective effects against
injury caused by acrolein on the ultrastructure of astro-
cytes in the hippocampus. This was clear in the nuclei
of astrocytes, which were normal. Several organelles in
astrocytes appeared normal. These results are consistent
with the findings of [70], who demonstrated that querce-
tin nanoparticles preserve the ultrastructure and func-
tion of hippocampal astrocytes and regulate astrocyte
activity.

Astrocytes may produce interleukin-33, which pro-
motes engulfment of microglial synapses and develop-
ment of neural circuits [21]. Astrogliosis develops in
response to brain damage and AB accumulation, is trig-
gered by inflammatory mediators, and has been linked
to the neurodegenerative disease AD [77]. Astrogliosis
may be a protective mechanism in AD, as astrocytes can
remove AP and reduce the formation of amyloid plaques
[39].

The ultrastructure of microglial cells in the hippocam-
pus from the acrolein-treated group showed shrunken
and fully destroyed microglia with pyknotic nuclei. These
findings are consistent with [9, 76], who reported that
acrolein induces shrinkage of the cell nucleus/pyknosis
and loss of cytoplasm in the rat brain. According to [69,
74], microglial cells are central nervous system-resident
macrophages.

In both the ameliorative and protective treatment
groups, quercetin nanoparticles were shown to have a
significant positive effect on the ultrastructure of hip-
pocampal microglia, which was indicated by the presence
of normal microglia after treatment with these nanopar-
ticles. This is consistent with the conclusions reached
by [28, 29], who reported that the quercetin nanoparti-
cle-treated group showed a predominance of normal
microglia with only a few dark microglia. This could be
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the ability of quercetin nanoparticles to prevent oxida-
tive stress, neuroinflammation, and amyloid plaques
formation.

Acrolein’s deteriorating effects extended to extra-neu-
ronal structures such as nerve axons and myelin sheaths.
The ultrastructural changes in neuron myelination in
the acrolein-treated group revealed myelin damage and
axonal degeneration. These results agree with those of
[18], who proposed that acrolein caused myelin dam-
age and that it was involved in the aetiology of multiple
sclerosis [13] showed that oxidative stress caused by acr-
olein is a major cause of myelin damage. Acrolein can
cause direct damage to myelin. [34, 38] reported that
acrolein directly causes axonal damage. According to
[32] who reported that acrolein, when combined, has the
potential to damage axons via both direct and indirect
mechanisms. [24] reported that acrolein induces axonal
degeneration, demyelination, and macrophage infiltra-
tion [18] found that acrolein-induced oxidative stress and
pro-inflammatory cytokines cause pathological damage
to nerve tissues. The axons of the acrolein-treated group
of myelinated nerve fibres were enlarged, oedematous,
central, and degraded.

According to [10], myelin damage occurs when acrolein
interacts directly with myelin basic protein. Owing to its
lipid content, acrolein has been linked to axonal dam-
age, and axons have been identified as a potential target
for acrolein assault under oxidative stress [13]. Increased
acrolein levels have been linked to neuronal membrane
damage, loss of conduction, and neuronal degenera-
tion [49]. Axon alterations are part of a neuronal injury,
whereas myelination is disrupted by changes in myelin
basic protein [3]. Demyelination can develop because of
axonal degeneration or oxidative stress [4].

Axonal damage is linked to AP accumulation and tau
hyperphosphorylation and may play a role in AD-related
neuronal communication problems [29]. Indeed, axonal
damage inhibits axonal transport, leading to total trans-
port obstruction, axonal leakage, synaptic dysfunction,
and axonal degeneration over time [44]. Axonal damage
is associated with retrograde neuronal apoptosis [61].
According to [63], acrolein causes myelin sheath degra-
dation in addition to axonal damage.

Quercetin nanoparticles were also found to have
ameliorative and protective effects against acrolein
injury in the hippocampal myelin sheath and axons,
and this was confirmed by the preservation of the mye-
lin sheath. These results are in agreement with those
of [70] who found that the administration of querce-
tin nanoparticles nearly eliminated the formation of
acrolein-induced amyloid plaques and neurofibrillary
tangles, preserving axons, myelin sheaths, and synaptic
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structures. This significant finding can be explained by
quercetin’s multifaceted nature, which makes it more
effective when applied as a nanoparticle [22].

5 Conclusions

Acrolein has been proven to induce histopatho-
logical and ultrastructural alterations in the hip-
pocampus. Therefore, controlling acrolein in the
environment is important for health. Quercetin nano-
particles have been found to significantly reduce the
potential of abnormal toxic lesions induced by acrolein
in the hippocampus, and they are recommended for
use in nanomedicine to protect and improve nervous
tissues. Quercetin nanoparticles provide insights into
potential therapies for preventing AD after oxidative
stress induced by acrolein.
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