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ARTICLE INFO ABSTRACT

Keywords: Neuroinflammation contributes to the pathogenesis of several neurodegenerative disorders. This
Quercetin study examined the neuroprotective effect of quercetin (QUR)-loaded poly (lactic-co-glycolic)
AmiOXida,m acid (PLGA) nanoparticles (QUR NANO) against the neurotoxicity induced by lipopolysaccharide
g:;}zpamcles (LPS) in mice. A QUR NANO formulation was prepared and characterized by differential scanning

calorimetry, X-ray diffraction, entrapment efficiency (EE), high-resolution transmission electron
microscopy, field emission scanning electron microscopy, and in vitro drug release profile. Levels
of glutathione, malondialdehyde, catalase, inducible nitric oxide synthase (iNOS), amyloid beta
42 (AP42), p-secretase, gamma-aminobutyric acid (GABA), and acetylcholine esterase (AChE)
were measured in the mouse brain tissues. The gene expression of nuclear factor erythroid-related
factor 2 (Nrf-2) and heme oxygenase-1 (HO-1) were also determined. The prepared QUR NANO
formulation showed 92.07 + 3.21% EE and drug loading of 4.62 + 0.55. It exhibited clusters of
nano-spherical particles with smooth surface areas, and the loading process was confirmed. In
vivo, the QUR NANO preserved the spatial memory of mice and protected the hippocampus from
LPS-induced histological lesions. The QUR NANO significantly reduced the levels of malondial-
dehyde, iNOS, A4z, p-secretase, and AChE in brain tissue homogenates. Conversely, QUR NANO
increased the glutathione, catalase, and GABA concentrations and upregulated the expression of
Nrf-2 and HO-1 genes. Remarkably, the neuroprotective effect of QUR NANO was significantly
greater than that of herbal QUR. In summary, the prepared QUR NANO formulation was efficient
in mitigating LPS-induced neurotoxicity by reducing memory loss, oxidative stress, and amyloi-
dogenesis while preserving neurotransmission and upregulating the expression of Nrf2 and HO-1
genes. This study addresses several key factors in neuroinflammatory disorders and explores the
potential of QUR-loaded nanoparticles as a novel therapeutic approach to alleviate these factors.
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1. Introduction

Neuroinflammation is recognized as a severe public health concern. It is commonly induced by toxic metabolites, microbes, brain
trauma, spinal cord injury, autoimmunity, or aging [1]. Particularly, lipopolysaccharide (LPS), found at the cell wall of gram-negative
bacteria, serves as a potent stimulator of the immune system. LPS activation in the brain triggers the expression of inflammatory
cytokines, resulting in neuroinflammation and neurodegeneration [2]. Furthermore, the oxidative stress caused by the overproduction
of reactive oxygen species (ROS) leads to the formation of amyloid beta 42 (Af42) peptides, a hallmark of neurodegenerative diseases
like Alzheimer’s disease (A.D.) [3].

One of the central protective mechanisms against neuronal oxidative stress is the activation of nuclear factor erythroid 2-related
factor 2 (Nrf2), which controls the expression of several detoxifying, antioxidant, and anti-inflammatory genes [4,5]. Dysregulated
Nrf2 activity has been reported in both human and animal A.D. brains, confirming its role in memory function and amyloidogenesis
[6]. Quercetin (QUR), a natural polyphenol flavonoid, has shown neuroprotective properties by counteracting oxidative stress and
modulating survival pathways in the cell [7,8]. Nevertheless, QUR encounters some limitations such as low solubility and bioavail-
ability, resulting in its rapid degradation and therefore, the need for longer treatment periods or higher concentrations [9].

To solve these limitations, nanotechnology has been suggested to design QUR-loaded nanoparticles (QUR NANO) using poly (lactic-
co-glycolic) acid (PLGA) polymers. PLGA shows a high encapsulation efficacy, biodegradable, biocompatible, and stable properties
[10]. These characteristics enable controlled drug release, improving solubility and bioavailability.

The current research has the potential to improve drug delivery techniques, advance therapeutic development, and enhance
strategies for protecting the nervous system from neuroinflammation and related disorders by investigating the advantages of the QUR
NANO formulation. Our study aims to investigate whether the newly designed QUR NANO formulation has a neuroprotective effect
compared to the herbal QUR and what are the effects of QUR NANO formulation on memory function, oxidative stress, amyloid
buildup, and disruption of neurotransmission induced by LPS in mice?

2. Materials and methods
2.1. Materials

Quercetin (M.Wt.: 302.23 Da), PLGA (75:25, M.Wt.: 66,000-10,700 Da), and endotoxin lipopolysaccharide (LPS, gram-negative
bacteria, Escherichia coli) were obtained from Sigma-Aldrich Chemicals Co. (USA). Propylene carbonate, polyvinyl alcohol (PVA, M.
Wt.: 30,000-70,000 Da), luminol, and absolute ethanol (99.5-99.8%) were bought from Aldrich Chemical Co. (USA).

2.2. Preparation of PLGA N.P.s and QUR NANO

QUR in nano form was prepared using the nanoprecipitation method [11]. Briefly, a solution of 5 mg/ml QUR in ethanol was added
to deionized water at a volume ratio of 1:35 under magnetic stirring (2000 rpm) at a fixed flow rate (10 ml/min). The QUR N.P.s were
then filtered and dried under a vacuum.

PLGA N.P.s were prepared by the method of emulsification diffusion [12]. Briefly, a mixture of 200 mg PLGA, 10 ml of propylene
carbonate (P.C.) solvent, and 10 ml of an aqueous solution having PVA stabilizer was emulsified for 15 min using a high-speed ho-
mogenizer. Under magnetic stirring, 80 ml of water was mixed with the oil: water emulsion to destabilize the equilibrium, diffuse the P.
C. solvent into the water phase, and precipitate the PLGA N.P.s. The P.C. was removed by dialysis, and the PLGA was lyophilized. To
formulate QUR NANO, 30 mg of QUR in nano form was added during the initial step of PLGA N.P.s formation, followed by the same
procedure as mentioned above.

2.3. Characterizations study

2.3.1. Determination of the entrapment efficiency and drug loading capacity

The entrapment efficiency (EE) of QUR nanoparticles was assessed by centrifugating samples at 10,000 rpm for 20 min at 25 °C.
The quantity of entrapped drug within nanoparticles was estimated by Equation (1). The non-entrapped QUR in the supernatant was
determined by HPLC analysis according to Ref. [13]. The EE and drug-loading (DL) of QUR in the nanoparticles were calculated by:

QUR (EE) = Amount of QUR originally taken — Amount of QUR in supernatant/Amount of QUR originally taken * 100 (@D)

QUR (DL) = Amount of QUR originally taken/Amount of NPs loaded with QUR * 100 (2)

2.3.2. Crystallinity and morphology determination

The crystallinity was determined using X-ray diffraction (XRD, PANalytical Empyrean) with Cu Ka radiation (A = 0.154 cm™!), a
scan angle of 5-80, a current of 35 mA, and an accelerating voltage of 40 kV. The scan was set to 0.04. The structure and morphology
were studied using high-resolution transmission electron microscopy (H-RTEM) and field emission scanning electron microscopy
(FESEM) (JOEL JEM-2100) with 200 kV of acceleration voltage. The thermal performance of the samples was evaluated by differential
scanning calorimetry (DSC) using a Shimadzu DSC-60 instrument (Japan). The DSC curves were prepared by aluminum crucibles with
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a 5 mg sample under 20 ml/min of dynamic air atmosphere at a heating rate of 10 °C/min. The program used for scanning was
isothermal for 1 min at —20 °C and scanning from —15 °C to 600 °C at a 10 °C/min scanning rate. After scanning the sample three
times, the mean plus S.D. for the melting point (°C) and the energy used (D) in the melting process (J/g) were calculated.

2.3.3. In vitro drug release

The In vitro release of QUR-PLGA nanoparticles was performed by dispersing 10 mg equivalent QUR in 10 ml of 100 mM phosphate
buffer (pH 7.4) in a 50 ml volumetric flask and incubated at 37 °C in a shaker water bath. Half ml aliquots were withdrawn in vials from
the release medium and replaced with fresh buffer medium at predetermined time intervals of 0, 1/2, 1, 2, 3, 6, 8, 12, and 24 h. The
amount of released QUR/timed sample was determined by HPLC. A standard curve was constructed, considering the dilution factor.

2.4. Invivo study

2.4.1. Animals

Seventy male BALB/c mice weighing 26.5-32.0 g were used in the current study as an experimental animal model for the induction
of LPS neurotoxicity, as previously mentioned in Refs. [14-16]. Mice were obtained from the National Research Center at Cairo, placed
in polyacrylic cages in groups of no more than five, and maintained under standard conditions of 25 °C room temperature, 60%
humidity, and 12 h of light and dark cycles. Food and water were provided to animals. All the experimental procedures of the study
were approved by the Institutional Animal Care and Use Committee of Beni-Suef University (approval number: BSU-IACUC:022-353).

2.4.2. Experimental design

Mice were randomly distributed into seven equal groups (10 mice per group as previously mentioned in Refs. [17-19]. The groups
were divided as follows: The mice in Group I (negative control) were given seven daily doses of 1% Tween 80 solution in 0.9% saline
intraperitoneally (i.p.). LPS was dissolved in 1% Tween 80 solution in 0.9% saline, and a dose of dissolved LPS (0.250 mg/kg body
weight, i.p. for seven days) was given to induce neurotoxicity in the LPS Group II mice [20]. Mice in Group III (LPS + QUR) were
administered LPS as previously described, and after 2 h, they were orally administered 50 mg/kg body weight of herbal QUR dissolved
in distilled water for seven days [21]. In the same procedure, the mice in Group IV (LPS + QUR NANO) were administered LPS as
previously described, and after 2 h, they were orally given 50 mg/kg body weight of QUR NANO for seven days [22]. The mice in
Group V were administered herbal QUR at the same dose and route as the mice in Group III. Group VI mice were administered QUR
NANO at the same dose and route as Group IV mice. The mice in Group VII were orally administered PLGA (10 mg/kg body weight) for
seven days [23].

Twenty-four hours after the last dose, all animals were subjected to the Y-maze test for assessment of memory function. Mice were
then killed by cervical decapitation, and the brains of the animals were divided as follows: four brains/group were kept in 10%
formalin solution for the histopathological examination and electron microscopy, and six brains/group were used for the biochemical
and genetic analysis.

2.4.3. Y-mage test

The Y-maze test was used to evaluate spatial memory and spontaneous alternation behavior of mice, as previously described [24,
25]. Briefly, a Y-shaped wooden black apparatus with three arms (14 cm high, 5 cm wide, and 25 cm long) was used. The session lasted
8 min and began by placing the mouse in the center of the maze without any enforcement by water, food, or other stimuli. A series of
arm entries was recorded for each mouse. The actual alternation was estimated as consecutive entries into the three arms by the mouse,
and the maximum alternation number was measured as the total number of arm entries—2. The spontaneous alternation behavior (SAB)
% was estimated as actual alternation/maximum alternation x 100.

2.4.4. Histological examination of the brain

The brains of animals were dissected and washed with normal saline. For histopathological examination, all brain samples were
fixed in 10% formalin in saline for 48 h, washed for 1 h in running water, and followed by dehydration in graded ethanol (50%, 70%,
95%, and 100%) for 2 h/each. Sections of five pm tissue thickness were sliced, stained with hematoxylin and eosin (H&E), and
examined under a light microscope. A histopathologist examined the hippocampus CA1 region, which is mainly responsible for
memory function [26,27], to determine the histological lesions among groups.

For H-RTEM images, the pre-fixed samples were cut into 150 pm sections using vibratome sectioning (Leica, Vienna, Austria). H-
RTEM images were obtained using a Jeol Jem 2100 HR instrument equipped with electron energy loss spectroscopy (EELS).

2.4.5. Tissue homogenates preparation

Entire brain tissue, as previously mentioned in Refs. [28,29], was used to prepare 10% w/v tissue homogenate in 0.1 M sodium
phosphate-buffered saline solution (pH = 7) and homogenized using an Ultra-Turrax T25 homogenizer (USA). The tissue homogenates
were centrifuged for 15 min at 3500 rpm, and the supernatants were withdrawn and kept at —80 °C.

2.4.6. Estimation of oxidative stress biomarkers
The concentrations of glutathione (GSH), malondialdehyde (MDA), and catalase (CAT) were measured using kits provided by Bio-
Diagnostic (Egypt) based on the manufacturer’s instructions.
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2.4.7. Measurements of GABA, Ap4z, f-secretase and iNOS levels

GABA, p-secretase, AB4o, and iNOS levels were measured by enzyme-linked immunosorbent assay (ELISA) as follows: GABA by
mouse gamma-aminobutyric acid ELISA kit, MyBioSource, USA, f-secretase by mouse p-secretase ELISA kit, MyBioSource, USA, Af42
by mouse amyloid beta peptide 1-42 ELISA kit, MyBioSource, USA, and iNOS by mouse iNOS ELISA kit, Abcam, U.K.

Briefly, brain tissue homogenate samples were added to the appropriate pre-coated wells and incubated at 37 °C for 1 h. After
washing with a washing buffer, the labeled specific antibody solution was pipetted and incubated at 37 °C for another hour. Substrate
solutions A and B were added into the wells and incubated at 37 °C for 10 min to develop a colored product. The stop solution was
finally added, and the optical density of the developed color was measured at 450 nm by a microplate reader (SunriseTM, TECAN,
Switzerland).

2.4.8. Measurement of AChE activity

An aliquot of the brain tissue homogenate was diluted at a ratio of 1:10 for the AChE assay using a QuantiChromTM acetylcho-
linesterase assay kit from BioAssay Systems (USA). Briefly, the assay depends on an improved Ellman method [30] in which AChE
produces thiocholine that interacts with 5,5-dithiobis (2-nitrobenzoic acid) to produce a colored product directly proportional to the
AChE in the sample. Ten pl of each sample was added to the plate wells, and 190 pl of working reagent was added and mixed. The
intensity of the produced color was measured kinetically at 412 nm at 2 and 10 min using a microplate reader (SunriseTM, TECAN,
Switzerland).
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Fig. 1. Characterization and morphology of QUR NANO formulation. (a) The XRD patterns of PLGA, QUR, and QUR NANO. The diffracted
peaks of the spectra exhibited sluggish differences in relative intensity, position, and shape over a 2 Theta range, demonstrating the success of the
QUR loading process. (b) The DSC thermogram of QUR NANO. (c) In vitro drug release of QUR and QUR-loaded nanoparticles. (d) Morphology of
QUR NANO formulation showing the following: (A) QUR N.P.s with uniform and spherical shape. (B) PLGA N.P.s with semi-spherical and irregular
shape (C-F) H-RTEM images reveal the morphology of QUR NANO, showing clusters of spherical patterns. (G&H) FESEM images show the QUR
NANO with a smooth surface area and lacking size uniformity.
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2.4.9. Quantitative real time-polymerase chain reaction (qQRT-PCR)

The Nrf2 and HO-1 gene expression was determined using the qRT-PCR technique. Total RNA from the brain tissue samples was
extracted using the RNeasy kit from QIAGEN, Germany, and then reverse-transcribed into cDNA by QuantiTect Reverse Transcription
Kit from QIAGEN, Germany. Five pg of single-strand cDNA was used in a 25 pl mixture of 12.5 pl 2x SYBR Green PCR Master Mix
(Applied Biosystems, CA, USA) and 200 ng of each primer:

HO-1: Forward 5-CACGCATATACCCGCTACCT-3,

Reverse 5-CCAGAGTGTTCATTCGAGCA -3/, (NM_010442.2) [31].
Nrf2: Forward 5-TACTCCCAGGTTGCCCACA-3,

Reverse 5- CATCTACAAACGGGAATGTCTGC-3', (AH006764.2) [32].
p-actin: Forward 5- TCAGGTCATCACTATCGGCAAT-3,

Reverse 5- AAGAAAGGGTGTAAAACGCA- 3/, (NM_007393.5) [33].

PCR was performed under the conditions of 95 °C for 10 min, followed by 94 °C for 15 s, and finally 60 °C for 1 min, using the
StepOnePlus Real-Time PCR system (Applied Biosystems, USA). Data were analyzed and quantified using the ABI Prism 7500 sequence
detection system (P.E. Biosystems, CA). The comparative threshold cycle method [34] was employed to calculate Nrf2 and HO-1 gene
expression, with all Ct values normalized to the reference gene, p-actin, as follows:

ACt = Ct of the target gene — Ct of the reference (B-actin) gene

AACt = ACt of treated sample — ACt of untreated sample (negative control).

Fold change of target gene = p-AAct

2.5. Statistical analysis

The mean + standard error (SE) was used to present all data. Statistical analyses were performed using SPSS software (IBM, USA).
The ANOVA test was used to elucidate the significance among groups, and the Tukey post-hoc test was used to compare mean values
pairwise. Differences among groups that are less than 0.05 were considered significant and expressed as small letters (a—f) above the
columns for each comparison.

3. Results
3.1. Design and characterization of QUR NANO

The EE and DL of QUR NANO were 92.07 + 3.21% and 4.62 + 0.55, respectively. The XRD patterns of PLGA, QUR, and QUR NANO
are shown in Fig. 1a. The results demonstrated no prominent peaks in the diffraction pattern of PLGA polymer. However, three peaks
with low signal intensities of 26.9°, 50.38°, and 65.66° were detected at 2 Thetas, which indicate less periodicity, low ordering of the
hkl planes, and low electron density, confirming low crystallinity of the PLGA polymer. The XRD spectrum of QUR had peaks at 7.8°,
8.6°,9.6°,11.3°,12.1°,13.5°, 15.5°, 22.1°, 23.7°, 25.1°, 26.3°, 27.1°, 28.4°, 37.4°, and 40.8°. There was a high basal diffraction peak
with 100% relative intensity at 13.6° diffraction angle, 6.77 A. d-spacing, and 485.6 A. crystallite size. This result reflects QUR loading
on the PLGA N.P.s (Fig. 1a).

The differential scanning calorimetry (DSC) curves showed that thermal processes occurred at an onset temperature of 262.05 °C
(D=197.6 Jog_l). An endothermic event at 315.42 °C was found, which was attributed to the loss of volatile constituents like water
(Fig. 1b).

The percentages of pure QUR and QUR released from PLGA are presented in Fig. 1c. The release of QUR from nanoparticles was
slow after 24 h. On the other side, the release of pure QUR was faster than QUR-loaded PLGA. QUR and QUR-loaded PLGA achieved
70.7% and 51.9% release, respectively, in phosphate buffer at 24 h.

3.2. Morphology of QUR-loaded PLGA nanoparticles

The H-RTEM image of QUR N.P.s, as shown in Fig. 1d, depicts the presence of discrete, uniform, and spherical nanoparticles. No
signs of coalescence or aggregation were observed, indicating the stability of the prepared N.P.s. In contrast, the PLGA N.P.s displayed
a semi-spherical shape with an irregular shape and an average size of approximately 130 nm. Remarkably, the QUR NANO showed
clusters of spherical patterns with an average size of 50 nm. The images displayed two diverse signal intensities (black and gray) caused
by varying attenuation of the incident electron beam on the QUR NANO. This attenuation depends on the difference in the electron
densities of QUR and PLGA.

Concerning FESEM, a powder sample of QUR NANO was spread on a stub and sputtered with gold to inhibit charging and improve
the secondary electron signal required for topographic imaging in FESEM. QUR NANO exhibited particles with smooth surface area
and lacking uniformity in size as shown in Fig. 1d (G&H).
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3.3. QUR NANO preserved the brain histoarchitecture and improved the cognition of mice

Histopathological examination of the brain hippocampal CA1 region by H&E staining demonstrated that the LPS group exhibited
degeneration and congestion signs compared to the negative control group, which showed a normal granular layer and cells. Notably,
the LPS + QUR and LPS + QUR NANO groups showed less vascular degeneration than the LPS group did. The QUR, QUR NANO, and
PLGA groups showed nearly normal hippocampal tissue (Fig. 2A).

A

Q\Sy

Fig. 2. Effect of QUR NANO on the brain histopathological alterations and memory function. (A) The hippocampal CAl regions of the
examined groups were stained with H&E to reveal the following histological features: The negative control group showed a hippocampal region
with normal gray matter, normal Purkinje cells (arrow), and nearly normal white matter (star). The LPS group showed a hippocampal region with
pre-vascular edema (arrow) and pre-cellular edema (star), with nearly normal white matter. The LPS + QUR group showed a hippocampal region
with a normal granular layer and mild edema in the white matter (arrow). The LPS + QUR NANO group showed a normal hippocampal region with
slight vascular degeneration (arrow) and nearly normal cells. The QUR group showed a normal hippocampal region with nearly normal vasculature
(arrow) and nearly normal cells (star). The QUR NANO group showed a normal hippocampal region with normal Purkinje cells (arrow). The PLGA
group showed a normal hippocampal region in the gray matter, with mild congestion in a few areas (arrow). Scale bar = 100 pm. (B) Column figure
shows the percentage of spontaneous alternation behavior (SAB %) in the Y-maze test among the control negative, LPS, LPS + QUR, LPS + QUR
NANO, QUR, QUR NANO, and PLGA groups. The SAB % was calculated as the actual alternation/maximum alternation x 100. N = 10 animals/
group. a: significant value versus the negative control group, b: significant value versus the LPS group, c: significant value versus the LPS + QUR
group, d' significant value versus the LPS + QUR NANO group.
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We used the Y-maze behavioral test to assess the spatial memory of mice, and we found a significant decrease in the spontaneous
alternation behavior (SAB) in the LPS group to 40% compared to 57% of the negative control group. Remarkably, the administration of
herbal QUR or QUR NANO with LPS caused significant increases in SAB to 48% and 50%, respectively, compared to the LPS group.
Administration of QUR, QUR NANO, or PLGA alone caused no significant differences in SAB compared to the negative control group
(Fig. 2B).
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Fig. 3. Effect of QUR NANO formulation on the oxidative stress biomarkers. Column figures show the levels of GSH, CAT, MDA, iNOS, Nrf2
fold expression, and HO-1 fold expression in the brain tissue homogenates of the negative control, LPS, LPS + QUR, LPS + QUR NANO, QUR, QUR
NANO, and PLGA groups. N = 6 mice/group. a: significant value versus the negative control group, b: significant value versus the LPS group, c:
significant value versus the LPS + QUR group, d' significant value versus the LPS + QUR NANO group, e: significant value versus the QUR group, f:
significant value versus the QUR NANO group.
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Additionally, H-RTEM images of the hippocampus segments in the CA1l region of the LPS + QUR NANO group demonstrated the
distribution of QUR NANO into the cytoplasm, indicating that endocytosis is the primary mode of cellular uptake. Moreover, pre-
serving the inner and outer mitochondrial membranes and the normal organelle features confirm the inert and safe action of the QUR
NANO in brain cells (Fig. S1).

3.4. QUR NANO formulation exhibited an antioxidant effect

The results revealed significant decreases in GSH concentration by 67.7% and CAT activity by 56.6% in the LPS group and sig-
nificant increases in MDA level by 466.3% and iNOS activity by 437.7%, compared with the negative control group (Fig. 3).
Remarkably, the administration of herbal QUR or QUR NANO with LPS significantly increased the GSH level and CAT activity. In
contrast, the MDA and iNOS levels were significantly decreased compared to the LPS group. It is worth noting that the observed
antioxidant effect of QUR NANO was significantly higher than that of herbal QUR. However, these improvements were still signifi-
cantly less than those observed in the negative control group (Fig. 3).

On the molecular level, the LPS group exhibited decreased Nrf2 gene expression to 0.3-fold compared to the negative control group.
In contrast, the LPS + QUR NANO group showed significantly increased Nrf2 gene expression to 0.7-fold (Fig. 3). Similarly, HO-1 gene
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Fig. 4. Effect of QUR NANO formulation on the brain amyloidogenesis and neurotransmission. Column figures show the levels of (A) AB4,
(B) p-secretase, (C) AChE, and (D) GABA in the studied groups. N = 6 mice/group. a: significant value versus the negative control group, b: sig-
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significant value versus the QUR group, f: significant value versus the QUR NANO group.
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expression in the LPS group showed a significant decrease to 0.3-fold compared to the negative control group. In contrast, the LPS +
QUR and LPS + QUR NANO groups showed significantly increased expression of the HO-1 gene to 0.6 and 0.7 folds, respectively
(Fig. 3). There were no significant differences in Nrf2 or HO-1 gene expression of the herbal QUR, QUR NANO, and PLGA groups when
compared to the negative control group.

3.5. QUR NANO formulation prevented brain amyloidogenesis and preserved neurotransmission

The LPS group exhibited a significant elevation in Ap42 level compared to the negative control group (38.7 vs. 4.0) and a significant
elevation in p-secretase level compared with the negative control group (3.5 vs 0.5). However, the LPS + QUR and LPS + QUR NANO
groups revealed significantly decreased AB4 and B-secretase levels compared to the LPS group. No significant differences in Ap4o or
fB-secretase levels were detected when the groups of herbal QUR, QUR NANO, and PLGA were compared to the negative control group
(Fig. 4A and B).

Our results also revealed an increase in AChE activity by 160.6% in the LPS group compared to the negative control group.
However, the LPS + QUR and LPS + QUR NANO groups showed decreased AChE activity compared with the LPS group (Fig. 4C).
However, the LPS group showed a 53.9% decrease in GABA levels compared to the negative control group. The LPS + QUR and LPS +
QUR NANO groups exhibited increased GABA levels compared to the LPS group (Fig. 4 D). The effect of the LPS + QUR NANO group on
preserving AChE and GABA neurotransmitters was significantly better than that of the LPS + QUR group.

4. Discussion

The current research addresses a serious neuroinflammatory condition, introduces an innovative drug delivery method, offers new
therapeutic strategies, and sheds light on several molecular mechanisms in the cell.

Our findings demonstrated low crystallinity of the PLGA polymer, where the depicted spectrum matched that of Wenrui et al. [35].
The XRD spectrum of QUR showed similar peaks to those observed in the study by Abd El-Rahmanand et al.; however, they were in
slightly different positions [11]. On the other hand, our results about the QUR NANO disagreed with those of M. Giannouli et al., who
reported that the XRD pattern of QUR-loaded PLGA nanoparticles showed no QUR peaks, claiming that QUR was dispersed in a
non-crystalline form within the polymeric matrix of PLGA [36]. In our study, we noticed the disappearance of the PLGA peaks, which
indicated distortion of the crystalline structure, at least in some specific directions. It is known that all diffracting lattice planes should
be parallelly aligned to the sample surface to contribute to the diffraction pattern. If this condition is not fulfilled, one does not see any
intensity. Another reason for the disappearance of the PLGA peaks is that the planes do not meet Bragg’s law conditions for diffraction.
In addition, low concentration is a key factor for missing peaks because, at low concentrations, the low-intensity reflections are
indistinguishable from noise [37]. Another explanation could be the interaction between the low crystallinity of PLGA and the high
crystallinity of QUR.

In the current study, there was a decrease in the size of QUR NANO compared to QUR N.P.s and PLGA N.P.s because we used the
emulsification diffusion method in the synthesis of QUR NANO. This method involves neutral, anionic, and cationic charges across the
surface of dispersed oil droplets, which may be a critical factor in reducing the size of synthesized nanoparticles.

It is widely known that LPS exposure contributes to cognitive decline and complex behavioral patterns, such as reduction in weight,
locomotion, and exploration [38]. The current results showed significant memory decline and brain histological lesions in the LPS
group, consistent with a previous study [39].

Notably, LPS exposure promotes ROS production and enhances lipid peroxidation in microglia [40]. Our results demonstrated that
LPS exposure resulted in increased MDA and iNOS levels and decreased GSH and CAT levels, reflecting severe oxidative stress
consistently with previous studies [39,41]. However, the administration of QUR and QUR NANO protected from the LPS-induced
oxidative stress and restored the cellular oxidative defence. A strong relationship between the chemical structure of QUR and its
antioxidant effect has been previously attributed to the catechol group and OH group at C-3, which have the ideal organization
allowing for free radical scavenging [42]. Previous in vitro studies using blood-brain barrier (BBB) models have indicated that QUR
successfully penetrates the BBB and exerts anti-inflammatory actions on brain cells [43]. Additionally, QUR nanoparticles have
negative surface charges, which enable the entry of these nanoparticles into neurons by forming nanopores faster than herbal QUR [9].
Our findings showed that the neuroprotective effect of QUR NANO was significantly greater than that of the herbal QUR. A possible
explanation might be the small size of QUR NANO that facilitates reaching the cells and the high surface area that enhances the
therapeutic effect.

Our study found that QUR administration increased Nrf2 expression in the brain cells. Consistent with our results, other studies
demonstrated that QUR stimulates Nrf2 activation and enhances the transcription of a broad range of antioxidant genes [44,45].
Moreover, our finding that QUR increased HO-1 expression corroborates the results reported by Sun et al. that QUR induced the
transcriptional and translational expression of HO-1 in a dose- and time-dependent manner in microglia [46]. Notably, oxidative stress
stimulates p-secretase activity and Af4o overproduction [47]. The current study found that QUR effectively decreased p-secretase
activity and A4 levels in brain tissues, indicating its ability to penetrate the blood-brain barrier, consistent with a previous study [43].

We found that both herbal QUR and QUR NANO significantly decreased AChE activity compared to the LPS group. Our results are
consistent with those of Sriraksa et al., who reported that a high QUR dose significantly reduced AChE activity in hippocampal tissue
homogenates [48]. This enzyme inhibition is explained by the ability of OH groups of QUR to form hydrogen bonds with critical
residues found at the active site of AChE to inhibit its activity [49].

Our findings that the LPS group showed significantly decreased GABA concentrations support the correlation between LPS-induced
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neuroinflammation and decreased GABA concentrations [50]. Although there are conflicting results in the literature, most studies
suggest that increasing GABA concentration is associated with anti-inflammatory effects via reducing the production of
pro-inflammatory cytokines [51]. In our study, the administration of herbal QUR and QUR NANO increased GABA concentrations and
reversed LPS-induced toxic effects, consistent with another study [52].

One of the limitations of our study is that the precise mechanisms by which QUR reduced p-secretase and AChE activities were not
examined.

Future research should focus on optimizing nanoparticle design and conducting translational studies to evaluate the feasibility of
this approach in humans. The effect of QUR on tau protein phosphorylation, the other important contributor to Alzheimer’s disease,
should also be addressed. This work has the potential to pave the way for novel treatments that address multifaceted aspects of
neuroinflammatory conditions associated with memory decline and oxidative stress, such as Alzheimer’s disease.

5. Conclusion

The QUR-loaded nanoparticles exhibited protective effects against LPS-induced neurotoxicity in mice by preserving the brain
histoarchitecture and memory function, decreasing amyloidogenesis, maintaining neurotransmission, scavenging against oxidative
stress, and upregulation the Nrf2/HO-1 gene expression. The neuroprotective effect of the QUR-loaded nanoparticles was significantly
greater than that of herbal QUR.
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