International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Combined Donepezil with Astaxanthin via
Nanostructured Lipid Carriers Effective Delivery
to Brain for Alzheimer’s Disease in Rat Model

Mustafa K Shehata ', Assem A Ismail', Maher A Kamel (2

'Department of Pharmaceutics, Faculty of Pharmacy, Alexandria University, Alexandria, Egypt; 2Department of Biochemistry, Medical Research
Institute, Alexandria University, Alexandria, Egypt

Correspondence: Mustafa K Shehata, Department of Pharmaceutics, Faculty of Pharmacy, Alexandria University, Khartoum Square, Azzarita,
Alexandria, 21521, Egypt, Tel +20 1114740302, Fax +002/23/4871668, Email mostfak290@gmail.com; mostafa.shokdef@alexu.edu.eg

Introduction: Donepezil (DPL), a specific acetylcholinesterase inhibitor, is used as a first-line treatment to improve cognitive deficits
in Alzheimer’s disease (AD) and it might have a disease modifying effect. Astaxanthin (AST) is a natural potent antioxidant with
neuroprotective, anti-amyloidogenic, anti-apoptotic, and anti-inflammatory effects. This study aimed to prepare nanostructured lipid
carriers (NLCs) co-loaded with donepezil and astaxanthin (DPL/AST-NLCs) and evaluate their in vivo efficacy in an AD-like rat
model 30 days after daily intranasal administration.

Methods: DPL/AST-NLCs were prepared using a hot high-shear homogenization technique, in vitro examined for their physico-
chemical parameters and in vivo evaluated. AD induction in rats was performed by aluminum chloride. The cortex and hippocampus
were isolated from the brain of rats for biochemical testing and histopathological examination.

Results: DPL/AST-NLCs showed z-average diameter 149.9 + 3.21 nm, polydispersity index 0.224 + 0.017, zeta potential —33.7 £
4.71 mV, entrapment efficiency 81.25 +£1.98% (donepezil) and 93.85 +1.75% (astaxanthin), in vitro sustained release of both donepezil
and astaxanthin for 24 h, spherical morphology by transmission electron microscopy, and they were stable at 4-8 + 2°C for six months.
Differential scanning calorimetry revealed that donepezil and astaxanthin were molecularly dispersed in the NLC matrix in an
amorphous state. The DPL/AST-NLC-treated rats showed significantly lower levels of nuclear factor-kappa B, malondialdehyde, -
site amyloid precursor protein cleaving enzyme-1, caspase-3, amyloid beta (AB;_42), and acetylcholinesterase, and significantly higher
levels of glutathione and acetylcholine in the cortex and hippocampus than the AD-like untreated rats and that treated with donepezil—
NLCs. DPL/AST-NLCs showed significantly higher anti-amyloidogenic, antioxidant, anti-acetylcholinesterase, anti-inflammatory, and
anti-apoptotic effects, resulting in significant improvement in the cortical and hippocampal histopathology.

Conclusion: Nose-to-brain delivery of DPL/AST-NLCs is a promising strategy for the management of AD.
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Introduction

Alzheimer’s disecase (AD) is a devastating neurodegenerative disorder that is characterized by severe dementia,
progressive memory loss, and cognitive impairment. AD represents a challenge to healthcare systems as the number
of people with AD is steadily increasing worldwide, and it tends to have various comorbidities and medical requirements
for long-term care. The commonly prescribed medications for AD are only symptomatic that are used to improve the
cognitive symptoms of AD, and they do not stop the progressive pathology of the disease. Despite numerous clinical
trials conducted, no approved disease-modifying treatment for AD is currently available.'? Based on the evidence, AD is
a multifactorial disorder as different mechanisms, such as oxidative stress, neuronal inflammation, accumulation of
amyloid-beta (AP) plaques, tau pathology, and glutamate excitotoxicity are involved in the pathophysiology of AD,
which together lead to neuronal and synaptic loss, and atrophy in some areas of the brain such as the cortex and
hippocampus, responsible for cognitive and behavioral processes.”
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Acetylcholine (ACh) is a key neurotransmitter in the brain that is involved in memory, learning, and cognitive functions.
According to the cholinergic hypothesis, AD is associated with a reduction in the levels of ACh in the brain due to the increased
activity of acetylcholinesterase (AChE) enzyme that is involved in the hydrolysis of ACh, low levels of choline acetyltransferase,
which is involved in the synthesis of ACh, and loss of cholinergic neurons, resulting in progressive memory and cognitive
deficits.** Thus, a widely studied therapeutic strategy in AD is to improve cerebral cholinergic neurotransmission using AChE
inhibitors (AChEIs) that increase ACh concentration in the brain synapses, thereby improving memory and cognitive impairment
in AD. AChEIs, such as donepezil, galantamine and rivastigmine, are approved by the Food and Drug Administration (FDA),
and they are used as symptomatic treatment for AD.®’

Donepezil (DPL) is a potent, selective, noncompetitive, and reversible AChEI. Donepezil is a well-known anti-AD
agent that increases ACh levels in the synapses, and therefore it provides measurable improvement of cognitive function
in AD.”® Donepezil is considered a first-line treatment in AD, and it acts primarily as an effective symptomatic therapeutic
agent for AD worldwide. Donepezil has high oral bioavailability and a long half-life, and it is commercially available as
atablet (5, 10, and 23 mg) intended for oral administration. The FDA approved donepezil hydrochloride for the treatment of
cognitive symptoms in mild, moderate, and severe AD.’'° Donepezil is used both as monotherapy and in combination
therapy with memantine.!' Oral administration of donepezil provides non-targeted delivery, resulting in gastrointestinal
adverse events, such as nausea, anorexia, diarrhea, gastric bleeding, muscle convulsions, and sleep disturbance. In addition,
donepezil undergoes hepatic first-pass metabolism and it has poor ability to penetrate the blood—brain barrier (BBB) after its
oral delivery, due to its hydrophilicity.”* In several previous studies, the intranasal (IN) route was used as an alternative
non-invasive approach in order to avoid these issues, which allows direct delivery of donepezil to the brain through the
trigeminal and olfactory pathways in the nose, avoiding the BBB and hepatic first-pass metabolism and minimized systemic
exposure and side effects associated with the oral administration of donepezil.'? In addition, donepezil was incorporated in
different nanosystems, like nanoemulsions,'® solid lipid nanoparticles (SLNs),'* liposomes,'> and nanostructured lipid
carriers (NLCs),'® in order to overcome the enzymatic degradation and quick removal of donepezil from the nasal cavity
and to extend its nasal residence in order to improve the nasomucosal permeability and enhance nose to brain delivery of
donepezil for better brain targeting.'” Clinically, early and continuous long-term treatment of AD with donepezil is
considered to preserve cognitive function more effectively than delayed treatment. Previously published studies of
donepezil have suggested a possible disease-modifying or neuroprotective role of donepezil in AD, highlighting the
importance of early diagnosis and treatment initiation in AD.'®'?

Astaxanthin (AST) is a potent antioxidant that inhibits the generation of reactive oxygen species and lipid peroxidation,
and it improves the outcome of oxidative stress-related diseases including AD."*° Several in vitro and in vivo studies have
reported the neuroprotective effects of astaxanthin in neurodegenerative disorders owing to its potent antioxidant, anti-
inflammatory, anti-amyloidogenic, and anti-apoptotic activities. In addition, astaxanthin can penetrate the BBB and reach the
brain, restore cholinergic neurotransmission, and ameliorate behavioral and cognitive deficits. Therefore, astaxanthin could be
a potential option for the prevention, reduction of AD progression, and improvement of its prognosis.”'** Astaxanthin (3,3 -
dihydroxy-B,3 -carotene-4,4 -dione) is a natural lipophilic xanthophyll carotenoid produced by various microorganisms and
marine animals including algae, bacteria, yeast, shrimp, crustaceans, krill, lobsters, and salmon. The green microalga
Haematococcus pluvialis is the natural source of astaxanthin used in the present study. Astaxanthin has different isomeric
forms; 3S,3”S-all-trans-AST has higher stability and more powerful antioxidant activity than other isomers.>>** Astaxanthin
is available commercially (4 mg daily) as a dietary supplement approved by the FDA, bringing benefits to public health with
no significant adverse effects. Astaxanthin is authorized by the European Food Safety Authority Commission (EFSA) as
a food supplement at levels up to 8 mg/day for adults.?>° In contrast, astaxanthin has poor oral bioavailability due to its high
lipophilic nature.”” In previous studies, astaxanthin has been loaded into SLNs*® and NLCs*** for better brain targeting via
the intranasal route for the management of neurodegenerative disorders, including AD.

Nanostructured lipid carriers (NLCs) are lipid-based nanosystems that have been used to improve the intranasal
delivery of drugs to the brain as they improve the nasomucosal permeability, enhance the drug bioavailability in the
brain, and provide sustained drug release patterns. Among lipidic nanoparticulate systems, NLCs have sufficient
sustained release compared to nanoemulsions, higher stability compared to liposomes, less toxicity than polymeric
nanoparticles, and higher drug loading capacity than SLNs. The lipid matrix of NLCs is composed of a blend of solid and
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liquid lipids with disordered crystalline structure. The presence of liquid lipid in the NLC matrix creates more space for
drug accommodation, thereby allowing entrapment of higher amounts of the drug and minimizing drug expulsion during
storage compared to SLNs.*'*** Furthermore, NLCs can accommodate both hydrophilic and lipophilic drugs, and dual
drug-loaded NLCs have been successfully prepared in previous studies. Sood et al** developed NLCs co-loaded with
hydrophilic donepezil and lipophilic curcumin for the management of AD via the intranasal (IN) route. IN administration
of the developed NLCs co-loaded with donepezil and curcumin in a streptozotocin-induced Alzheimer’s model increased
drug concentration in the brain than the intravenous route, significantly improved ACh levels, reduced oxidative stress
markers, and behavioral tasks showed improved memory and learning compared to pure drugs. Lin et al** developed
NLCs co-loaded with hydrophilic methotrexate and lipophilic calcipotriol as topical therapies for psoriasis. Li et al®’
formulated NLCs that co-delivered doxorubicin and lapachone to overcome multidrug resistance during breast cancer
therapy. Zhao et al*® formulated NLCs co-loaded with doxorubicin and curcumin to improve the efficacy of chemother-
apy in liver cancer. Youssef et al’’ developed NLCs co-loaded with natamycin and ciprofloxacin for the treatment of
mixed ocular infections.

In previous studies, NLCs have been shown to successfully deliver hydrophilic donepezil or lipophilic astaxanthin
individually through the IN route to the brain. Butani'® prepared NLCs loaded with donepezil and incorporated the
developed DPL-NLCs in an in situ gel formulation for the treatment of AD. IN treatment of AD-like rats with the
developed DPL-NLC gel formulation showed a significant enhancement in cognitive function and higher drug concen-
tration in the brain than the marketed oral donepezil formulation. Gautam et al** developed NLCs loaded with
astaxanthin and incorporated the developed AST-NLCs in an in situ gel formulation to treat Parkinson’s disease. IN
treatment of rats with the developed AST-NLC gel formulation showed improved behavior of rats and higher drug
bioavailability in the brain than the free astaxanthin gel. In our previous study, we formulated NLCs loaded with
astaxanthin, and evaluated the neuroprotective effects of the developed AST-NLCs in a rat model of AD 30 days after
daily IN administration. The results showed that the developed AST-NLCs exhibited significantly higher anti-
inflammatory, anti-amyloidogenic, anti-apoptotic, anti-acetylcholinesterase, and antioxidant properties.*’

The aim of the present study is to develop NLCs co-loaded with donepezil and astaxanthin (DPL/AST-NLCs),
in vitro examine their physicochemical parameters and in vivo evaluate their in vivo efficacy in a rat model of AD
30 days after daily intranasal administration for better brain targeting of both drugs (donepezil and astaxanthin) for
better management of AD. Combination therapy is based on an acetylcholinesterase inhibitor approach combined
with anti-inflammatory, anti-amyloidogenic, anti-apoptotic, and antioxidant approaches. The developed DPL/AST—
NLCs were prepared using a hot high-shear homogenization technique, and in vitro examined for their physico-
chemical parameters, such as zeta potential, z-average diameter, polydispersity index, in vitro drug release, drug
loading, entrapment efficiency, stability, morphology study by transmission electron microscopy, and thermal study
by differential scanning calorimetry. In addition, the developed DPL/AST-NLCs were administered to the AD-like
rats by the intranasal route daily for 30 days, and they were in vivo evaluated for their in vivo efficacy in the AD-
like rats 30 days after their daily IN administration using pharmacodynamic studies. Biochemical parameters, such
as cholinergic markers (acetylcholine and acetylcholinesterase), oxidative stress markers (glutathione and mal-
ondialdehyde), apoptosis markers (caspase-3), amyloidogenic parameters (B-site amyloid precursor protein cleav-
ing enzyme-1 and amyloid beta), and inflammation markers (nuclear factor-kappa B) were estimated in the cortical
and hippocampal tissues of rats. In addition, the rat cortical and hippocampal histopathology were observed.

Materials and Methods

Donepezil was a gift from Ranbaxy Research Laboratory (Gurgaon, India). Astaxanthin was purchased from
Carbosynth Limited (Berkshire, UK). Precirol® ATO 5 (glyceryl palmitostearate) was a gift from Gattefossé (Saint-
Priest, Cedex, France). Oleic acid and Tween®™ 80 (polysorbate 80) were purchased from Loba Chemie Laboratory
Reagents and Fine Chemicals (Mumbai, India). Pluronic® F68 (poloxamer 188) was purchased from BASF SE
(Ludwigshafen, Germany). HPLC-grade methanol and acetonitrile were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sodium dihydrogen phosphate and phosphoric acid were purchased from FEl-Nasr Pharmaceutical
Chemicals Co. (Cairo, Egypt).
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The Preparation of Nanostructured Lipid Carriers with Donepezil and Astaxanthin

Nanostructured lipid carriers with donepezil and astaxanthin (DPL/AST-NLCs) were prepared by the hot high-shear homo-
genization technique. Briefly, the lipid phase was prepared by melting 150 mg of glyceryl palmitostearate (solid lipid) at
5°C above its melting point, 50 mg of oleic acid (liquid lipid) was added, and then donepezil (10 mg) and astaxanthin (40 mg)
were mixed into the above lipid melt. The hot aqueous surfactant solution, which was prepared by dissolving a mixture of
poloxamer 188 and polysorbate 80 (1:1, w/w) in 10 mL of deionized water, was added slowly to the lipid phase under
continuous magnetic stirring. The formed coarse pre-emulsion was homogenized at 15,000 rpm for 15 min using high shear
homogenizer (IKA T25 digital ultra-TURRAX, Staufen, Germany), and the formed nanoemulsion was cooled down and stored
at 4-8 + 2°C (refrigerator) overnight to allow lipid recrystallization for the formation of DPL/AST-NLCs.** Formulation
parameters such as surfactant concentration, solid-to-liquid lipid ratio, and total lipid-to-total drug ratio were optimized.>'

The in vitro Examination of the Developed Nanostructured Lipid Carriers with
Donepezil and Astaxanthin

The Determination of z-Average Diameter, Polydispersity Index and Zeta Potential

The z-average diameter (mean particle size PS), polydispersity index (PDI), and zeta potential (ZP) of the prepared DPL/
AST-NLCs were determined using a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) based on the
dynamic light scattering (DLS) technique. The refractive indices of the material (lipid) and the dispersant (water) used
for DLS measurements were 1.40 and 1.33, respectively. The samples were diluted with filtered deionized water 10 times
(1:10, v/v), and they were measured in triplicate.>”

Morphology Study: Transmission Electron Microscopy
The size and morphology of the developed DPL/AST-NLCs were observed by a transmission electron microscopy
(TEM, model JEM-100CX, JEOL, Japan). A drop of the diluted sample was stained with a saturated solution of uranyl

acetate and dried before microscopic investigation.>”

The Determination of Entrapment Efficiency

Percent entrapment efficiency (%EE) of the developed DPL/AST-NLCs was determined by an indirect method that
depends on centrifugation of DPL/AST-NLCs (5 mL) at 20,000 rpm for 30 min at 4°C using cooling ultracentrifuge
(Sigma Laborzentrifuge GmbH, Osterode, Germany), in order to separate the free drugs (donepezil and astaxanthin) that
present in the supernatant from the prepared dual drug-loaded NLCs. For the determination of the amount of free
donepezil, the supernatant was analyzed by UV spectrophotometric method (UV-VIS spectrophotometer, UV-160A;
Shimadzu, Kyoto, Japan) at Amax of donepezil = 271 nm. For the determination of the amount of free astaxanthin, the
supernatant was analyzed by high-performance liquid chromatographic method (HPLC, Agilent Technologies 1200
Infinity Series, USA) at Amax of astaxanthin = 480 nm.***' %EE of donepezil or astaxanthin was calculated using the
following equation:

Entrapment efficiency (%EE) = (Wiotal — Weee) X 100 / Wiggar

where W, is the amount of total drug (donepezil or astaxanthin) used in DPL/AST-NLCs, and Wy, is the amount of
free drug (donepezil or astaxanthin) in the supernatant.**

Thermal Analysis: Differential Scanning Calorimetry
The physical form of donepezil and astaxanthin in DPL/AST-NLCs was examined by a differential scanning calorimetry
DSC (Thermal Analysis Instruments, SDT Q600, USA). Pure glyceryl palmitostearate, donepezil, and astaxanthin were

used as controls. The samples (10 mg) were heated from 25°C to 350°C, and the heating rate was 10°C/min.*’
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The in vitro Release Study

The in vitro release patterns of donepezil and astaxanthin from the prepared DPL/AST-NLCs were determined using the
dialysis bag diffusion method (VISKING molecular weight cutoff 12—14 kDa, London, UK). The samples (2 mL of DPL/
AST-NLCs) were placed in dialysis bags, and the sealed bags were immersed in phosphate buffer pH 7.4 (100 mL) and
then placed in thermostatically controlled shaking water bath (Kottermann, type 3047, Hanigsen, Germany), which was
maintained at 100 rpm and 37 £ 0.5°C. Aliquots (5 mL) were withdrawn at different time intervals and replaced with an
equivalent volume of fresh medium to maintain sink condition. For the determination of the amount of donepezil and
astaxanthin released from DPL/AST-NLCs, the samples were analyzed by UV spectrophotometry at Amax of donepezil
= 271 nm and by HPLC at Amax of astaxanthin = 480 nm, respectively. Free donepezil and astaxanthin solution
containing the same amounts of donepezil and astaxanthin in the developed DPL/AST-NLCs was used as a control. The
in vitro release data of DPL/AST-NLCs were analyzed by different kinetic models.****

Stability Study

The prepared DPL/AST-NLCs were subjected to a 6-month stability study at different storage conditions (4-8 + 2°C and
25 £ 2°C/60 £5% RH). The samples were periodically analyzed by measuring the z-average diameter, PDI and
entrapment efficiencies of donepezil and astaxanthin.*®

The in vivo Examination of the Developed Nanostructured Lipid Carriers with

Donepezil and Astaxanthin

Animals and Induction of Alzheimer’s Disease

Forty-two male albino rats (three months old and weighing from 150 to 200 gm) were used in the current in vivo study.
The animals were treated according to the ethical guidelines of the Institutional Animal Care and Use Committee
(IACUC), Alexandria University, Egypt (Approval number: AU062019518251). Induction of AD in rats was performed
by oral administration of hydrated aluminum chloride (AlC136H,0) solution for 6 weeks (daily dose was 75 mg/kg body
weight).47 Morris water maze (MWM) test was carried out at the end of the 6 weeks in order to confirm cognitive

impairment induced in rats by AICl; administration.**

Experimental Design

The rats were divided into seven groups and each group consisted of six rats. Group A was a control (normal) group, and
Group B was AD-like untreated group. Treatment groups (from group C to group G) received 20 pL of the tested
preparations by the intranasal (IN) route (10 pL in each nostril) daily for 30 days; Group C received DPL—Solution
(equivalent to 0.1 mg/Kg body weight of donepezil), Group D received DPL/AST—Solution (equivalent to 0.1 mg/Kg of
donepezil and 0.4 mg/Kg of astaxanthin), Group E received free NLCs, Group F received DPL-NLCs (equivalent to
0.1 mg/Kg of donepezil), and Group G received DPL/AST-NLCs (equivalent to 0.1 mg/Kg of donepezil and 0.4 mg/Kg
of astaxanthin). MWM test was carried out after the last day of the IN treatment.

The Behavioral Morris Water Maze Test

Briefly, the water-filled pool was divided into 4 quadrants (northwest, northeast, southwest, and southeast), and the
escape latency time (the time required for animals to reach the hidden platform) was calculated in the behavioral Morris
water maze (MWM) test, which was carried out for 4 days. Probe trial test was carried out to determine the retention
memory of rats on the fourth day, and the percentage of the retention time (the time spent in the target quadrant of the
pool) was calculated.*®

Biochemical Assays
Animals were sacrificed after the end of MWM test, and the brain was removed. The cortical and hippocampal tissues
were excised from one hemisphere, cleaned, and homogenized in phosphate-buffered saline (pH 7.4) at a ratio of 1:9. The
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tissue homogenates were centrifuged at 4 °C, and the supernatants were used for estimation of various biochemical
markers.

The Determination of Malondialdehyde

Quantitative measurement of malondialdehyde in the cortical and hippocampal tissues of rats was performed using the
colorimetric method described by Draper and Hadley. Briefly, the supernatant of the tissue homogenates was mixed with
trichloroacetic acid, and centrifuged. The resulting supernatant was heated with thiobarbituric acid and then cooled,
resulting in the formation of pink chromogen that was proportional to the level of malondialdehyde in the tissue

sample.*’

The Determination of Caspase-3 Activity

Briefly, caspase-3 enzyme cleaved a specific peptide sequence conjugated to a color molecule, p-nitroaniline, in
a caspase-3 assay kit (Elabscience, USA), and the released yellow chromophores (p-nitroaniline) was proportional to
the caspase-3 activity in the sample.

The Determination of Glutathione
Briefly, reduced glutathione (GSH) was oxidized by 5,5 -dithiobis-(2-nitrobenzoic acid) into oxidized glutathione and
5-thio-2-nitrobenzoic acid that was proportional to the level of GSH in the sample, according to Griffith method.>

The Determination of Acetylcholinesterase, Acetylcholine, Amyloid Beta, and Nuclear
Factor-Kappa B

The levels of acetylcholinesterase, acetylcholine, amyloid beta (AB;.45), and nuclear factor-kappa B were determined
using ELISA reagent kits (Chongqing Biospes Co., Ltd., China) according to the manufacturer’s protocols.

Gene Expression of -Site Amyloid Precursor Protein Cleaving Enzyme-|

B-site amyloid precursor protein cleaving enzyme-1 (BACE-1) gene expression in the rat cortex and hippocampus was
performed by the quantitative real time-polymerase chain reaction using kits (Qiagen, Germany) according to the
manufacturer’s protocols. The expression of BACE-1 was quantified relative to the expression of the reference gene
(18S rRNA) in the same sample using the 272" method. The primers used for the determination of rat genes were as
follows: 18S rRNA were forward, 5°-GTAACCCGTTGAACCCCATT-3’ and reverse, 5’-AAGCTTATGACCCGCACTT
-3’, and BACE-1 were forward, 5’-GCATGATCATTGGTGGTATC-3’ and reverse,5’-CCATCTTGAGATCTTG

ACCA-3 !

Histopathological Examination
Briefly, the cortical and hippocampal tissues excised from the other brain hemisphere were stained with hematoxylin for
3 sec, and then stained with eosin for 3 min for histopathological examination.>>

Statistical Analysis

Data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc
tests to compare different groups and Pearson’s correlation analysis using the IBM SPSS software package (version 20.0,
Armonk, NY, IBM Corp). Data were expressed as mean + standard deviation (SD). The p value was assumed to be
significant at p < 0.05.
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Results and Discussion
The Preparation and in vitro Examination of Nanostructured Lipid Carriers with

Donepezil and Astaxanthin

DPL/AST-NLCs were successfully prepared by the hot high-shear homogenization technique. Formulation parameters such as
surfactant concentration (ranging from 1 to 2.5%w/v), solid-to-liquid lipid ratio (90:10, 75:25, and 60:40, %w/w), and total lipid-
to-total drug ratio (ranging from 3:1 to 6:1, w/w) were optimized as they affected the in vitro characteristic parameters of the
developed DPL/AST-NLCs (optimization data are not shown).*'® In the optimized DPL/AST-NLCs, total lipid-to-total drug
ratio was 4:1 (w/w), the amount of total lipid used = 200 mg, the amount of donepezil = 10 mg, and that of astaxanthin = 40 mg,
solid-to-liquid lipid ratio was 75:25 (%w/w of total lipid amount) (the amount of glyceryl palmitostearate used = 150 mg and that
of oleic acid = 50 mg), and surfactant concentration was 1.75%w/v (in 10 mL of deionized water). The optimized DPL/AST-
NLCs were in vitro and in vivo evaluated, and their in vitro characteristic parameters are listed in Table 1.

The Determination of z-Average Diameter, Polydispersity Index and Zeta Potential

The z-average diameter of a nanosystem is a critical parameter because it affects drug permeation via the nasal mucosa,
distribution, and drug bioavailability in the brain. The nanosystem with a small mean particle size (PS) showed improved
nasal permeability and higher drug bioavailability in the brain.>®> As observed in Table 1 and Figure 1, the optimized
DPL/AST-NLCs showed z-average diameter = 149.9 + 3.21 nm (<200 nm), which was found to be optimum for nose-to-
brain drug delivery. Polydispersity index (PDI) indicates the distribution of particle size in the nanosystem. The lower
value of PDI indicates narrow particle size distribution, while its higher value indicates wide distribution of particle size
and particle aggregation may occur.”® The optimized DPL/AST-NLCs had PDI of 0.224 + 0.017 (<0.3) indicating
narrow distribution of particle size and homogeneous nature of the developed formulation. Zeta potential (ZP) represents
the electrical charge on the NLC surface and it is a crucial parameter for nanoparticles, as it affects their physical
stability. The stability of the formulation increased as its ZP value increased because the particles resisted aggregation.
The optimized DPL/AST-NLCs had high ZP value = —33.7 £ 4.71 mV (< -30 mV) that provides sufficient electrostatic
repulsion, suggesting good physical stability of the system. The negative charge in DPL/AST-NLCs is due to the
presence of free fatty acids in their lipid composition at the surface of the NLC particles. The prepared formulation was
better stabilized by the surfactant mixture of poloxamer 188 and polysorbate 80, which was used to increase the stability

of the formulation by steric stabilization and prevent agglomeration of the NLC particles.>*>

Morphology Study: Transmission Electron Microscopy

As illustrated from the TEM image in Figure 2, the optimized DPL/AST-NLCs showed spherical particles with no
aggregation. The mean PS of DPL/AST-NLCs measured by TEM was found to be in the nanosize range (<200 nm), and
it was slightly smaller than that obtained by the DLS method as TEM measurements involved drying of samples.*®

The Determination of Entrapment Efficiency

As observed in Table 1, percent entrapment efficiency (%EE) of donepezil and astaxanthin in the optimized DPL/AST—
NLCs were 81.25 +£1.98% and 93.85 +1.75%, respectively. Entrapment efficiency of NLCs mainly depends on the nature
of the drug and the lipid in which the drug is encapsulated. NLCs can be loaded with hydrophilic and lipophilic drugs,

Table | The in vitro Characteristic Parameters of the Optimized Nanostructured Lipid
Carriers with Donepezil and Astaxanthin (DPL/AST-NLCs)

z-Average Diameter (nm) PDI ZP (mV) EE (%)

DPL AST

149.9 + 3.21 0224 + 0.017 | -33.7 £ 471 81.25 +1.98 93.85 +1.75

Notes: Data are presented as mean * standard deviation, n = 3.
Abbreviations: EE, entrapment efficiency; ZP, zeta potential; PDI, polydispersity index.
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Figure | Particle size distribution curve of the optimized nanostructured lipid carriers with donepezil and astaxanthin (DPL/AST-NLCs).

200.0nm

Figure 2 Transmission electron microscopy (TEM) photograph of the optimized nanostructured lipid carriers with donepezil and astaxanthin (DPL/AST-NLCs) (25,000X
magnification).

and they have a higher EE because they have a unique unstructured solid-liquid lipid matrix. The incorporation of liquid
lipid (oleic acid) to solid lipid (glyceryl palmitostearate) in the NLC matrix creates a less organized crystal matrix and
provides additional space, resulting in entrapment of more drug molecules, higher EE and long-term stability of NLCs
owing to minimized drug expulsion during storage. The higher EE of the prepared DPL/AST-NLCs may also be

attributed to the small z-average diameter and better stabilization of the formulation by the surfactant mixture.>*>°
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Butani'® developed NLCs loaded with donepezil alone, with EE of 86.81%. In our previous study, we developed NLCs
loaded with astaxanthin alone, with EE = 94.1%.>" In the present study, donepezil and astaxanthin were co-loaded in
NLCs with optimum EE of both drugs. The EE of astaxanthin in DPL/AST-NLCs was higher than that of donepezil, as
donepezil is a hydrophilic drug, whereas astaxanthin is a lipophilic drug being entrapped in one system.

Thermal Analysis: Differential Scanning Calorimetry

As illustrated from the DSC thermograms in Figure 3, pure donepezil and astaxanthin showed sharp endothermic melting
peaks at 214.40°C and 225.92°C, respectively, indicating their crystalline nature. The DSC thermogram of DPL/AST—
NLCs showed no endothermic peaks for donepezil or astaxanthin, indicating that both drugs were converted from their
crystalline state to an amorphous state in the NLC matrix and may indicate higher solubilization and dispersion of both
drugs inside the lipid matrix. Regarding the solid lipid (glyceryl palmitostearate), a reduction in its melting enthalpy
value from 176.7 J/g to 112.5 J/g was observed when it was prepared in DPL/AST-NLCs, this may be due to the

presence of liquid lipid (oleic acid) in the NLC matrix, resulting in less ordered crystals with decreased enthalpyfm’43

The in vitro Release Study

As observed in Figure 4, the free donepezil and astaxanthin solution (DPL/AST-Solution) showed an immediate release
of 79.5% of donepezil and 71.3% of astaxanthin in the first hour, and almost all content of both drugs were found in the
release medium after 4 h.>” The in vitro release profiles of donepezil and astaxanthin from the developed DPL/AST—
NLCs showed a biphasic release pattern for both drugs, with an initial burst release of 30.5% donepezil and 19.5%
astaxanthin after 1 h, which could be ascribed to drugs present on the NLC surface as free moieties or drugs incorporated
in the liquid lipid of the NLC matrix, followed by sustained slow release of both drugs for up to 24 h, which could be due
to drugs present in the solid lipid.>**>* The biphasic release pattern of donepezil and astaxanthin from the developed DPL/
AST-NLCs may indicate that both drugs were evenly distributed in the NLC matrix. The cumulative amount released of

o
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Figure 3 Differential scanning calorimetry (DSC) thermograms of (a) glyceryl palmitostearate, (b) astaxanthin (AST), (c) donepezil (DPL), and (d) nanostructured lipid
carriers with donepezil and astaxanthin (DPL/AST-NLCs).
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Figure 4 The in vitro release profiles of donepezil (DPL) and astaxanthin (AST) from the optimized nanostructured lipid carriers with donepezil and astaxanthin (DPL/AST-NLCs) and
solution of free drugs (DPL/AST-Solution) for 24 h using dialysis method in phosphate buffer (pH 7.4) at 37 + 0.5°C. Data are presented as mean + SD (standard deviation), n = 3.

astaxanthin from DPL/AST-NLCs at any time was less than that of donepezil, perhaps because of the lipophilicity of
astaxanthin.

The in vitro release data of donepezil and astaxanthin from DPL/AST-NLCs were analyzed by Hixon-Crowell, zero-
order, Korsmeyer-Peppas, first-order, and Higuchi kinetic models. The correlation coefficient (r*) was determined to
detect the best fitted model that describes the release kinetics of donepezil and astaxanthin from DPL/AST-NLCs, and
the release exponent “n” value was determined from Korsmeyer-Peppas equation to determine the release mechanism of
donepezil and astaxanthin from DPL/AST-NLCs. As observed in Table 2, the best fitted model that describes the release
kinetics of both donepezil and astaxanthin from DPL/AST-NLCs was the Korsmeyer-Peppas model, as it had the highest
1% value (r* for donepezil = 0.9895 and that for astaxanthin = 0.9867), and the release mechanism of both donepezil and
astaxanthin from DPL/AST-NLCs was Fickian diffusion (diffusion-controlled release mechanism), because the n value
was found to be <0.45 (n for donepezil = 0.344 and that for astaxanthin = 0.429).*>5%

Stability Study
As illustrated in Table 3, the developed DPL/AST-NLCs were more stable at 4-8 £2°C compared to 25 + 2°C/60 + 5%
RH, as there was no significant change in the z-average diameter, PDI and entrapment efficiency of DPL/AST-NLCs at

Table 2 Models for the in vitro Release Kinetics of Donepezil and Astaxanthin from the Optimized
Nanostructured Lipid Carriers with Donepezil and Astaxanthin (DPL/AST-NLCs)

Models of in vitro DPL AST
Release Kinetics 2 2
K r n K r n

Zero order 4.929 0.2144 4.244 05172

First order 0.176 0.9234 0.107 0.9330

Higuchi 21.619 0.9142 18.172 0.9742

Hixon-Crowell 0.048 0.8768 0.031 0.8769

Korsmeyer-Peppas 31.796 0.9895 0.344 21.723 0.9867 0.429
Abbreviations: DPL, donepezil; AST, astaxanthin; r?, correlation coefficient; K, release rate constant; n, release exponent in Korsmeyer-Peppas
equation.
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Table 3 Stability Parameters of the Optimized Nanostructured Lipid Carriers with Donepezil and Astaxanthin
(DPL/AST-NLCs) After Storage for 6 Months at Different Storage Conditions

Storage Conditions | Time of Sampling | z-Average Diameter PDI EE (%)
(Months) (nm) DPL AST

4-8%2°C 0 149.9¢ + 3.21 0.224°+ 0.017 | 81.25* £ 1.98 | 93.85% £ I.75
| 154.6° £3.58 0.233° £ 0.027 | 81.10* +2.36 | 93.627 * 3.21
3 156.9 £3.47 0.241° £ 0.035 | 80.23* + 3.14 | 93.15% £ 2.86
6 159.4 £4.10 0.248° £ 0.026 | 79.14* £ 2.73 | 92.28%° + 2.58

25 ¥2°C/ 60x5% RH 0 149.9% £ 3.71 0.224° + 0.019 | 81.25" +2.48 | 93.85% + 2.53
| 164.8° + 4.53 0.297° £0.029 | 79.2* £ 1.85 | 91.25%® x 1.65
3 181.5° + 5.65 0.411°+0.032 | 755 £ 2.18 | 88.45% +2.87
6 208.6% + 5.13 0.531% £ 0.043 | 70.3° + 3.54 85.4° £ 3.15

P value < 0.001* < 0.001* 0.0010* 0.0098*

Notes: Data are presented as mean * standard deviation, n = 3. *Statistically significant at p < 0.05. In the same column, means with any common
letter are not significantly different, while means with completely different letters (from a—d) are significantly different at p < 0.05.
Abbreviations: DPL, donepezil; AST, astaxanthin; EE, entrapment efficiency; PDI, polydispersity index.

4-8 £ 2°C up to 6 months, while the z-average diameter and PDI were significantly increased and EE (of both donepezil
and astaxanthin) was significantly decreased after storage of DPL/AST-NLCs at 25 + 2°C/60 +5% RH for 6 months,
which may be due to particle aggregation at higher temperature. Therefore, it was preferred to store DPL/AST-NLCs at
4-8 + 2°C. The stability of the developed formulation could be due to high electrostatic repulsion, as indicated by its high

ZP value, and the use of steric stabilizers.**>’

The in vivo Examination of the Developed Nanostructured Lipid Carriers with
Donepezil and Astaxanthin

The Behavioral Morris Water Maze Test

As observed in Table 4 (after treatment), the escape latency time (the time required for animals to reach the hidden
platform) of the AD-like untreated rats was significantly higher in the MWM test during the 4 days (39.29 + 3.56, 37.27
+ 4.36, 34.67 + 3.14, 33.84 £ 2.19 sec in days 1,2,3 and 4, respectively) and the percentage of the retention time (the
percentage of the time spent in the target quadrant of the pool) in the probe trial test was significantly lower (16.13% =+
2.06) than the control (normal) group (escape latency time; 18.93 + 2.64, 14.54 + 2.14, 11.33 + 1.51, 8.58 + 1.10 sec
in days 1, 2, 3 and 4, respectively, retention time percentage; 32.46% + 2.59). This clearly indicates cognitive impairment
and amnesia induced by AICl; administration in rats, which is consistent with previous reports.*” Group treated with
donepezil alone in NLCs (DPL-NLCs) demonstrated a significant decline in the escape latency time (29.83 + 2.64, 25.20
+2.37,21.67 £ 1.51, 18.31 + 2.37 sec in days 1, 2, 3 and 4, respectively) and a significant increase in the retention time
percentage (25.22% + 1.98) compared to the AD-like untreated group and that treated with DPL—Solution (escape latency
time; 36.17 £ 2.04, 32.13 + 6.38, 28.67 + 3.72, 27.15 £+ 3.83 sec in days 1, 2, 3 and 4, respectively, retention time
percentage; 20.09% + 1.50). Group treated with DPL/AST—Solution (escape latency time; 28.50 + 2.07, 24.50 + 1.64,
21.33 £ 1.21, 17.58 + 1.19 sec in days 1, 2, 3 and 4, respectively, retention time percentage; 25.82% =+ 2.43) showed
similar results to DPL-NLCs, with no significant difference between them in the MWM and probe trial tests. Group
treated with NLCs co-loaded with donepezil and astaxanthin (DPL/AST-NLCs) showed significantly shorter escape
latency time (21.50 £ 5.09, 16.67 + 3.67, 13.33 + 3.27, 9.34 + 2.07 sec in days 1, 2, 3 and 4, respectively) and
significantly higher retention time percentage (31.36% + 1.68) compared to the AD-like untreated rats and groups treated
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Table 4 Morris Water Maze (MWM) Test During 4 Days of Training and Probe Trail Test Before and After Treatment

Experimental MWM: Escape Latency Time to Reach the Hidden Probe Trail (Day4)
Groups Platform (sec) Percentage of
Retention Time in the
Day | Day 2 Day 3 Day 4
Target Quadrant (%)
Before Control 2005°+ 111 | 1434%+1.72 | 11.83°+0.75 | 8.87°% + .22 32.59° + 551
treatment AD-like untreated 3459+ 4.18 | 31.84° + 6.47 28.0* + 4.0 26.42* + 3.67 14.30° + 0.99
DPL-Sol 32,172+ 5.19 | 30.50°% +4.85 | 29.17° + 4.17 | 25.33* + 427 1631°+ 1.78
DPL/AST-Sol 33.33°+ 455 | 31.83*+7.08 | 30.0%+ 494 | 2850° +3.99 16.50° + 1.38
Free NLCs 35.58% + 4.31 | 3346+ 547 | 31.67° + 455 | 2828 + 420 17.25° + 1.50
DPL-NLCs 36.64° +3.78 | 32.33% + 1.86 | 29.83% +2.32 | 26.50% + |.64 15.16° + 2.23
DPL/AST-NLCs 37.33*+3.01 | 34.33*+ 1.21 | 30.50% +0.55 | 27.0% + 1.79 15.20° + 2.62
After treatment | Control 1893+ 264 | 1454+ 2.14 | 11.33% + 151 | 858% + 1.10 32.46° + 2.59
AD-like untreated 39.29° + 356 | 37.27°% £ 436 | 34.67° £3.14 | 33.84*+2.19 16.139 + 2.06
DPL-Sol 36.17°+2.04 | 32.13* + 638 | 28.67°+3.72 | 27.15° + 3.83 20.09° + 1.50
DPL/AST-Sol 28.50° +2.07 | 24.50° + 1.64 | 2133 + 1.21 | 17.58 + 1.19 25.82° + 2.43
Free NLCs 3823+ [.10 | 36.18% +2.16 | 34.67° +2.42 | 3253 +2.07 16.15¢ + 1.55
DPL-NLCs 29.83° +2.64 | 25.20°% +2.37 | 21.67 + .51 | 1831 +2.37 25.22° + 1.98
DPL/AST-NLCs 21.50°+5.09 | 16.67% +3.67 | 13.33% 327 | 9.34% + 2,07 31.36° + 1.68

Notes: Data are presented as mean * standard deviation, n = 6. In the same column (before or after treatment), means with any common letter are not significantly
different, while means with completely different letters (from a-d) are significantly different at p < 0.05. #Signiﬁcantly different from previous day at p < 0.05.
Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution; MWM, Morris water maze.

with DPL-NLCs, DPL/AST-Solution, or DPL—Solution, and also treatment with DPL/AST-NLCs completely normal-
ized the escape latency time in the MWM test during the 4 days and the retention time percentage in the probe trial test.

Acetylcholine (ACh) is a critical neurotransmitter in the brain for memory, learning, and cognitive functions. In AD,
the activity of acetylcholinesterase (AChE) enzyme that breaks down ACh is increased, which is associated with reduced
levels of ACh in cholinergic synapses in the brain, resulting in cognitive impairment. AD is also characterized by a loss
of neurons, particularly those expressing nicotinic acetylcholine receptors (nAChRs) that play major roles in memory and
cognitive functions, thereby leading to a reduction in nAChR numbers and resulting in cognitive impairment..>>’
Donepezil is a potent centrally acting inhibitor of AChE that increases ACh levels in the brain, activates and upregulates
nAChRs, thereby enhancing central cholinergic neurotransmission and significantly ameliorating performance and
cognitive deficits in AD in several learning and memory tasks.®®®' Cutuli et al°®> demonstrated that donepezil adminis-

tration mitigated working memory dysfunction in rats with cholinergic depletion. Yamada et al®*

164

reported that donepezil

prevents spatial working memory deficits induced in rats by amyloid-beta. Riedel et a
165

reported that donepezil reversed
social memory deficits induced by scopolamine. Su et al”> demonstrated that donepezil prevented spatial memory
impairment induced by isoflurane. Butani'® reported that rats treated with DPL-NLC gel (IN) showed a significant
enhancement in cognitive function compared to the marketed oral donepezil formulation in a scopolamine-induced
amnesia model in the MWM test.

Excessive production and accumulation of amyloid-beta (AP) peptides, neuroinflammation, oxidative stress, and
apoptosis lead to neurodegeneration, disturbance in cholinergic neurotransmission and synaptic loss, resulting in
cognitive impairment in AD.°® Astaxanthin is a natural potent antioxidant with potential neuroprotective properties.
Several studies have reported that astaxanthin significantly ameliorated cognitive deficits and enhanced learning and
memory in AD-like models, as it has the potential to inhibit oxidative stress, neuroinflammation, Ap production, and
apoptosis, in addition to its AChE inhibitory activity, and it improves cholinergic neurotransmission.®” Che et al®® found
that astaxanthin reduced AP, phosphorylation of tau, neuroinflammation and oxidative stress and enhanced memory and
learning in AD-like mice model. Taksima et al®® reported that astaxanthin reduced the levels of AP, malondialdehyde,
and superoxide anions, increased glutathione peroxidase activity, increased the retention time and reduced the escape
latency time of rats in the MWM test. Rahman et al’® reported that astaxanthin reduced the levels of AB, AChE, and
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inflammatory mediators, increased ACh levels, and reversed cognitive and memory deficits of rats in the MWM test. Al-
Amin et al’" reported that astaxanthin reduced spatial memory deficits by reducing oxidative stress. Manabe et al’?
reported that astaxanthin accumulated in the cortex and hippocampus of rats and enhanced cognitive function.

The concept of a combination strategy may provide a promising option for the management of AD. Donepezil has
been used in combination with other drugs in several studies. Akinyemi et al”® reported that treatment of rats with
donepezil in combination with curcumin inhibited AChE activity, decreased malondialdehyde, increased superoxide
dismutase and glutathione and improved memory impairment induced in rats by scopolamine. Pattanashetti et al’*
indicated that co-administration of donepezil and quercetin significantly decreased brain AChE, A4, and lipid
peroxidase levels and elevated glutathione levels compared to individual therapy, increased the retention time and
decreased transfer latency in cognitive models of MWM, elevated plus maze and passive avoidance test. Keshk et al’®
demonstrated that pretreatment with donepezil and losartan increased glutathione-s-transferase, decreased malondialde-

hyde, and improved memory function better than the single treatment. Cachard et al’®

reported that donepezil and
prucalopride improved memory deficits in the MWM test in a synergistic way.

In the present study, the AD-like untreated rats showed behavioral changes, memory and cognitive impairment, which
may be due to cholinergic dysfunction, neuronal inflammation, degeneration, oxidative stress, and apoptosis induced in
rats by AICl;, This was observed by their significantly higher escape latency time in the MWM test and significantly
lower retention time percentage in the probe trial test than the normal group.47 Treatment of rats with DPL-NLCs
resulted in a significant decline in the escape latency time and a significant increase in the retention time percentage
compared to the AD-like untreated group. Treatment with DPL/AST-NLCs significantly ameliorated AlCl;-induced
cognitive impairment compared to DPL-NLCs. Group treated with DPL/AST-NLCs showed significantly higher
retention time percentage and significantly lower escape latency time than the DPL-NLC-treated group, and also
DPL/AST-NLCs completely normalized the retention time percentage and the escape latency time. Combined treatment
with donepezil and astaxanthin in NLCs showed significantly higher antiamnestic effect than donepezil treatment alone
in NLCs. The memory and cognitive deficits in the AD-like rats were improved after treatment with the developed DPL/
AST-NLCs. This might be due to the improvement of cholinergic neurotransmission through AChE inhibition and
reduction of oxidative stress, neuroinflammation, amyloid beta-peptides and apoptosis by donepezil and astaxanthin.

Biochemical Assays
Cholinergic Parameters: Acetylcholinesterase and Acetylcholine
As illustrated in Figures 5 and 6, the AD-like untreated group showed significantly higher levels of acetylcholinesterase
(AChE) (21.86 + 0.79, 25.62 + 2.34 ng/mg protein) and significantly lower levels of acetylcholine (ACh) (7.58 £ 1.08,
8.38 + 1.89 pg/mg protein) than the control group (AChE; 7.48 £ 0.87, 8.56 = 0.72 ng/mg protein, ACh; 23.86 + 0.82,
35.38 = 1.13 pg/mg protein) in the cortex and hippocampus, respectively. Group treated with DPL-NLCs showed
significantly lower AChE levels (14.20 £ 0.88, 15.45 £+ 0.50 ng/mg protein) and significantly higher ACh levels (14.84 +
1.02, 17.25 £ 1.36 pg/mg protein) than the untreated group and that treated with DPL—Solution (AChE; 18.46 + 0.73,
22.37 = 0.79 ng/mg protein, ACh; 10.98 + 1.23, 11.77 £ 1.72 pg/mg protein) in the cortical and hippocampal tissues.
Group treated with DPL/AST—Solution (AChE; 13.70 + 0.78, 14.29 + 1.36 ng/mg protein, ACh; 15.32 + 0.65, 18.73 +
0.91 pg/mg protein) showed similar results to DPL-NLCs, with no significant difference between them in cholinergic
parameters. Group treated with DPL/AST-NLCs showed significantly lower AChE levels (8.13 + 0.96, 8.76 + 1.82 ng/
mg protein) and significantly higher ACh levels (22.17 + 1.50, 32.90 + 1.61 pg/mg protein) than the AD-like untreated
rats and groups treated with DPL-NLCs, DPL/AST—Solution, or DPL—Solution in the cortex and hippocampus, and also
treatment with DPL/AST-NLCs completely normalized the levels of AChE and ACh in the cortex and hippocampus.
Based on the cholinergic hypothesis of AD, the reduced ACh levels in the brain and deficits in central cholinergic
neurotransmission lead to cognitive impairment, which is the main clinical symptom of AD.”® Two enzymes are involved
in hydrolysis of ACh, which are butyrylcholinesterase (BChE) and AChE, and the AChE activity is markedly increased
in the AD brain.*> AChE inhibitors (AChEIs) increase the level of ACh in the brain and therefore they improve learning
and memory and attenuate cognition impairment.® Donepezil is a reversible AChEI that demonstrates high selectivity
toward AChE inhibition compared with BChE, and it has a long duration of action.® Donepezil inhibits AChE, stimulates
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Figure 5 The cortical and hippocampal levels of acetylcholinesterase (AChE) in different groups. Data are presented as mean * standard deviation, n = 6. In the same tissue
(the cortex or hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a - d) are significantly
different at p < 0.05.

Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.
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Figure 6 The cortical and hippocampal levels of acetylcholine (ACh) in different groups. Data are presented as mean * standard deviation, n = 6. In the same tissue (the
cortex or hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a - d) are significantly different at
p < 0.05.

Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.

nicotinic acetylcholine receptors, and prevents cholinergic degeneration, which is associated with enhanced synaptic
strengthening that is related to cognitive function improvement and reduced spatial memory impairment.®*-¢'-3
Amyloid-beta (AB;_42) peptides cause cholinergic dysfunction and synaptic loss, leading to a decline in ACh levels in

the brain.°® In several previous studies, astaxanthin significantly inhibited AChE activity, attenuated the amyloidogenic
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pathway, and decreased AP;_4, levels, which were associated with a significant increase in ACh levels in the brain,
resulting in the improvement of memory and cognitive impairment.®>’® Wang et al’” declared that astaxanthin inhibited
AChE and prevented substrate binding. Chen et al’® revealed that astaxanthin treatment reversed the loss of choline
acetyltransferase, cholinergic fibers, and dendritic spines in the hippocampus, decreased oxidative stress and neuroin-
flammatory responses, and ameliorated behavioral disorders and memory deficits in AD-like rats infused with ferrous
amyloid buthionine. Nai et al”’ reported that astaxanthin can modulate cholinergic decline by increasing the nerve growth
factor expression, which can decelerate cholinergic neuron degeneration. Astaxanthin can increase the brain-derived
neurotrophic factor (BDNF) expression, which is involved in synaptic plasticity, neuronal growth, and dendritic spine
genesis that restore the expression of cholinergic fibers.***' Damodara et al®** and Wu et al*® reported that astaxanthin
increased the BDNF levels, decreased oxidative stress, alleviated brain aging, and modulated spatial learning behavior in
rats. In our previous study, the developed AST-NLCs significantly inhibited AChE activity and increased ACh levels in
the rat cortex and hippocampus.®®

In the present study, AlCl; administration induced dysfunction in the cholinergic pathway in rats, as indicated by the
significantly higher AChE levels and significantly lower ACh levels in the untreated group than the normal group.
Treatment of rats with DPL-NLCs resulted in significantly lower AChE levels and significantly higher ACh levels than
the AD-like untreated group. Treatment with DPL/AST-NLCs showed significantly higher anti-AChE activity than DPL-
NLCs. Group treated with DPL/AST-NLCs showed significantly lower AChE levels and significantly higher ACh levels
than the DPL-NLC-treated group and the AD-like untreated rats, and also DPL/AST-NLCs completely normalized the
levels of AChE and ACh in the cortex and hippocampus. This may be due to the higher AChE inhibitory potential of
both donepezil and astaxanthin, which significantly increased ACh levels, in addition to other neuroprotective effects of

astaxanthin that could improve cholinergic neurotransmission.

Amyloidogenic Parameters: 3-Site Amyloid Precursor Protein Cleaving Enzyme-| and
Amyloid Beta

As shown in Figures 7 and 8, the AD-like untreated group showed significant upregulation of B-site amyloid precursor
protein cleaving enzyme-1 (BACE-1) gene expression (2.98 + 0.65, 7.95 + 1.34 fold change) and significantly higher
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Figure 7 The cortical and hippocampal expression of B-site amyloid precursor protein cleaving enzyme-|1 (BACE-1) in different groups. Data are presented as mean *
standard deviation, n = 6. In the same tissue (the cortex or hippocampus), means with any common letter are not significantly different, while means with completely
different letters (from a - d) are significantly different at p < 0.05.

Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.
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Figure 8 The cortical and hippocampal levels of amyloid beta (AB,.42) in different groups. Data are presented as mean * standard deviation, n = 6. In the same tissue (the
cortex or hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a—c) are significantly different at
p < 0.05.

Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.

levels of amyloid beta (AB;.42) (12.54 + 1.17, 13.57 + 0.67 ng/mg protein) than the control group (BACE-1; 1.00 £ 0.08,
1.00 £ 0.06 fold change, AB;.42; 2.48 + 0.40, 2.63 + 0.63 ng/mg protein) in the cortex and hippocampus, respectively.
Group treated with DPL-NLCs showed non-significantly lower cortical BACE-1 expression (2.35 + 0.15 fold change),
significantly lower hippocampal BACE-1 expression (5.94 + 0.88 fold change) and significantly lower cortical and
hippocampal AB;_4, levels (7.19 £ 0.82, 9.14 £ 0.53 ng/mg protein) than the AD-like untreated group and that treated
with DPL—Solution (BACE-1; 2.81 £ 0.17, 7.58 + 0.63 fold change, AB;_4»; 11.35 £ 0.68, 12.79 + 1.04 ng/mg protein).
Group treated with DPL/AST-Solution showed significantly lower cortical and hippocampal BACE-1 expression (1.96 +
0.25, 5.32 + 0.49 fold change) and A4, levels (6.15 + 0.49, 8.16 + 0.42 ng/mg protein) than the untreated group and
that treated with DPL—Solution, and there was no significant difference between groups treated with DPL/AST—Solution
and DPL-NLCs in amyloidogenic parameters. Group treated with DPL/AST-NLCs showed significantly lower cortical
and hippocampal BACE-1 expression (1.14 + 0.29, 2.60 + 0.22 fold change) and AB;_4, levels (2.62 + 0.72, 3.90 + 0.25
ng/mg protein) than the AD-like untreated rats and groups treated with DPL-NLCs, DPL/AST—Solution, or DPL—
Solution in the cortex and hippocampus, and also DPL/AST-NLCs completely normalized the cortical BACE-1
expression, and the cortical and hippocampal AP 4, levels.

Amyloid beta (AP;_42) peptides are cleavage products derived from amyloid precursor protein (APP). APP is cleaved
via two major pathways. In the non-amyloidogenic pathway, APP is processed by a- and y-secretases into easily
removable fragments, while in the amyloidogenic pathway, it is cleaved by p- and y-secretases into AP peptides.
BACE-1 is the major B-secretase in the brain and its expression is upregulated in AD, resulting in increased production
of APy_4».5**° Excessive production of A, 4, in the brain produces senile plaques that are involved in AD pathogenesis.
AB;.4> peptides increase phosphorylation of tau, production of pro-inflammatory cytokines and mitochondrial reactive
oxygen species, and neuronal vulnerability to glutamate excitotoxicity, resulting in neuronal cell death. AB;_4, binds to
nicotinic acetylcholine receptors that causes impairment of cholinergic system, memory loss and cognitive deficits.®**’

Astaxanthin downregulates the amyloidogenic BACE-1 and y-secretase, and upregulates the non-amyloidogenic a-
disintegrin and metalloproteinases (ADAM-10) that form a-secretase, which increases production of soluble APP-a,
attenuates AP production, and enhances AP clearance.”®®® Chen et al’® indicated that astaxanthin reduced AP and p-tau.

Han et al® investigated that astaxanthin downregulated B-secretase, reduced AP;_4, inflammatory cytokines and
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oxidative stress, and ameliorated memory loss. Accumulation of AP oligomers decreases the expression of type-2
ryanodine receptors (RyR2) that are crucial for synaptic plasticity and increases production of mitochondrial reactive

oxygen species (ROS), which leads to synaptotoxicity. Lobos et al”

reported that astaxanthin inhibited downregulation
of RyR2 mRNA levels promoted by A oligomers and mitochondrial ROS and protected nerve cells against their harmful
effects. Previous studies have demonstrated that insulin resistance in the brain could lead to the accumulation of AP and
increase the levels of mitochondrial ROS and pro-inflammatory cytokines.”’ Rahman et al’® found that astaxanthin
attenuated central insulin resistance indicators, reduced the levels of AP, AChE, inflammation and oxidative stress.
Babalola et al’” reported that astaxanthin enhanced insulin sensitivity and improved AB degradation. Huang et al”®
reported that astaxanthin upregulated AB-degrading enzymes, reduced AP levels, and activated mammalian target of
rapamycin (mTOR), which is involved in the hippocampal-dependent memory functions. Alghazwi et al®* reported that
astaxanthin inhibited AB;_4, toxicity and aggregation. In our previous study, the developed AST-NLCs significantly
decreased BACE-1 gene expression and AP;_4, levels in AD-like rats.*

AChE has been shown to promote the AP aggregation. Donepezil reduced AP formation and deposition in the brain in
previous studies by inhibiting AChE, decreasing [-secretase activity, and activating muscarinic ACh receptors that can
activate the non-amyloidogenic processing of APP, suggesting that donepezil may exert a neuroprotective effect and slow
disease progression.”” Ye et al’® indicated that donepezil decreased AP levels and attenuated AB-associated mitochondrial
dysfunction in isolated mitochondria and AD-like mice. Dong et al®’ reported the protective effects of donepezil against
AB in AD-like mouse model. Takada-Takatori et al’® reported that donepezil stimulated the expression of sorting nexin
protein-33 (SNX-33), which increases the non-amyloidogenic processing of APP and decreased AB. Donepezil sig-
nificantly reduced AB-induced neurotoxicity in rat septal neurons.”” Zhang and Gordon'®
reduced the levels of AP and tau.

Glycogen synthase kinase-33 (GSK-3p) plays an important role in amyloidogenesis, as it increases BACE-1-mediated

reported that donepezil

cleavage of APP and downregulates a-secretase activity, thereby increasing AP production. Interestingly, AP prevents
inhibitory phosphorylation of GSK-3p and therefore increases its activity that leads to increased p-degradation pathway
of APP and AP formation.'”"'%% AP,,, contributes to tau hyperphosphorylation and formation of tau fibrils and
neurofibrillary tangles, and tau is involved in AB-induced toxicity.'®> GSK-3p regulates tau hyperphosphorylation
involved in the formation of neurofibrillary tangles, and hyperphosphorylated tau activates GSK-3p.'** GSK-38 over-
expression has been observed in AD, resulting in increased BACE-1-mediated cleavage of APP, Ap production, Ap-
induced neurotoxicity, tau hyperphosphorylation, microglial activation, neuronal death, impaired adult hippocampal
neurogenesis and maturation of newborn neurons, cholinergic dysfunction and synaptic loss, resulting in increased
cognitive impairment.'®"'** Protein phosphatase 2A (PP2A) dephosphorylates tau, and there is a balance between GSK-
38 and PP2A actions to control tau phosphorylation. Decreased PP2A activity in AD by AP increases tau
phosphorylation.'” Consistent with this, inhibition of GSK-3B activity has been shown to reduce AP and tau
hyperphosphorylation.'®* Koh et al'® reported that inhibition of GSK-3p reduced neurotoxicity induced by APp.
Rahman et al’® and Wen et al'®” demonstrated that astaxanthin attenuated GSK-3B activity. Noh et al'®*!'% reported

that donepezil inhibited GSK-3 activity and enhanced PP2A activity. Yoshiyama et al''®

reported that donepezil reduced
tau and synaptic loss.

In the present study, AICl; induced the upregulation of BACE-1 gene expression in rats, which resulted in increased
AP.42 levels in the cortex and hippocampus. Treatment of rats with DPL-NLCs significantly decreased the hippocampal
BACE-1 expression, and the cortical and hippocampal AB;_4, levels compared to the AD-like untreated group. Treatment
with DPL/AST-NLCs significantly decreased the cortical and hippocampal BACE-1 expression and AP;_4, levels
compared to DPL-NLCs and the AD-like untreated rats and completely normalized the cortical BACE-1 expression
and the cortical and hippocampal AB;4, levels. Treatment with DPL/AST-NLCs showed significantly higher anti-
amyloidogenic activity than DPL-NLCs, which may be due to the anti-amyloidogenic activity of both astaxanthin and
donepezil through downregulation of BACE-1 expression that leads to a significant decline in AB;_4, levels and may also

be mediated by reducing GSK-3 activation.
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Oxidative Stress Markers: Malondialdehyde and Reduced Glutathione

As illustrated in Figures 9 and 10, the AD-like untreated group showed significantly higher levels of malondialdehyde
(MDA) (6.46 £ 0.57, 0.57 £ 0.07 nmol/g tissue) and significantly lower levels of reduced glutathione (GSH) (2.19 + 0.33,
2.41 £+ 0.23 nmol/mg protein) than the control group (MDA; 2.10 = 0.21, 0.22 + 0.04 nmol/g tissue, GSH; 4.60 + 0.34,
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Figure 9 The cortical and hippocampal levels of malondialdehyde (MDA) in different groups. Data are presented as mean + standard deviation, n = 6. In the same tissue (the cortex
or hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a—c) are significantly different at p < 0.05.
Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.
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Figure 10 The cortical and hippocampal levels of reduced glutathione (GSH) in different groups. Data are presented as mean * standard deviation, n = 6. In the same tissue
(the cortex or hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a - c) are significantly
different at p < 0.05.

Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.
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6.64 £ 0.33 nmol/mg protein) in the cortical and hippocampal tissues, respectively. Group treated with DPL-NLCs
showed significantly lower cortical and hippocampal MDA levels (4.50 + 0.37, 0.43 + 0.03 nmol/g tissue), non-
significantly higher cortical GSH level (2.66 + 0.21 nmol/mg protein) and significantly higher hippocampal GSH level
(3.68 £ 0.27 nmol/mg protein) than the AD-like untreated group and that treated with DPL—Solution (MDA; 5.97 + 0.64,
0.51 + 0.04 nmol/g tissue, GSH; 2.41 + 0.21, 2.74 £ 0.25 nmol/mg protein). Group treated with DPL/AST—Solution
showed significantly lower MDA levels (3.98 + 0.48, 0.41 + 0.03 nmol/g tissue) and significantly higher GSH levels
(3.78 £ 0.43, 3.96 £ 0.33 nmol/mg protein) than the untreated group and that treated with DPL—Solution in the cortex and
hippocampus. No significant difference was observed between groups treated with DPL/AST—Solution and DPL-NLCs
in the cortical and hippocampal MDA levels and the hippocampal GSH levels, whereas the cortical GSH level was
significantly higher in DPL/AST—Solution-treated group than the DPL-NLC-treated group. Group treated with DPL/
AST-NLCs showed significantly lower MDA levels (2.31 £ 0.44, 0.24 + 0.02 nmol/g tissue) and significantly higher
GSH levels (4.43 + 0.51, 6.12 £ 0.42 nmol/mg protein) than the AD-like untreated rats and groups treated with DPL—
NLCs, DPL/AST—Solution, or DPL—Solution in the cortex and hippocampus, and also treatment with DPL/AST-NLCs
completely normalized the cortical and hippocampal MDA and GSH levels.

Oxidative stress refers to an imbalance between the free radical generation and the endogenous antioxidant protective
capacity. This balance is disrupted in AD and oxidative stress accumulates. The brain is especially susceptible to the
effects of oxidative stress because of its high oxygen demand and abundance of peroxidation-susceptible lipid cells.''""!'?
Oxidative stress disturbs the mitochondrial dynamics and accelerates mitochondrial dysfunction, resulting in the
production of highly reactive oxygen/nitrogen species (ROS/RNS), which cause peroxidation of lipids and proteins,
DNA damage, cell death, and increased oxidative stress in the brain.''? Lipid peroxides can accelerate free radical chain
reactions, and they are mediators of neuronal inflammation. Extensive oxidative stress in the brain degenerates
cholinergic neurons, decreases synaptic activity and cholinergic neurotransmission, increases A} accumulation and
neuroinflammation, and contributes to reduced dendritic spine density, leading to neurodegeneration and cognitive
impairment in AD."'*!!3

Antioxidants exert obvious neuroprotective effects in AD by alleviating oxidative stress and neuroinflammation in the
brain.''® Pena-Bautista et al''” reported that antioxidant supplementation in AD especially in the early stages could
prevent disease progression. Carotenoids are used in AD management as they have high antioxidant effect.''® In this
regard, astaxanthin is a potent antioxidant carotenoid because of its unique molecular structure that contains a polyene
chain (consists of 13 conjugated double bonds) at its center, which is responsible for the strong antioxidant activity of
astaxanthin, in addition to hydroxyl and ketonic groups at its periphery that increase the polarity of astaxanthin and
enhances its cell membrane penetration capacity, making it a strong antioxidant.''® Astaxanthin inhibits the production of
mitochondrial ROS and lipid peroxidation, can maintain the integrity of the cell membrane and has the ability to reverse
cellular damage caused by free radicals. These unique chemical properties give astaxanthin powerful antioxidant
qualities; astaxanthin shows higher free radical inhibitory capacity than a-, p-carotene and a-tocopherol.'?%!?!

Astaxanthin can suppress oxidative stress by its direct radical scavenging activity, in addition to an indirect
mechanism through the activation of nuclear factor erythroid 2-related factor (Nrf2).'**!* Astaxanthin activates the
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway that facilitates the dissociation of Nrf2 from
the chaperone Kelch-like ECH-associated protein 1 (Keapl) and increases its nuclear translocation. Nrf2 activates the
antioxidant response element (ARE) pathway and upregulates the expression of Nrf2-regulated antioxidant enzymes,
such as glutathione peroxidase-4, catalase, glutathione-S-transferase-al, superoxide dismutase, and heme oxygenase-1,
which can antagonize intracellular oxidative stress. In addition, activation of the PI3K/Akt/Nrf2 pathway by astaxanthin
can enhance cell survival, protect neuronal cells from A toxicity, and improve cholinergic neurotransmission, resulting
in the improvement of cognitive impairment.'**'*> GSK-3p is a downstream target of the PI3K/Akt signaling pathway.
GSK-3p increases Nrf2 phosphorylation and degradation via p-transducing repeat-containing protein (B-TrCP).'2%!?’
Astaxanthin activates the PI3K/Akt pathway that inhibits the GSK-3B/B-TrCP pathway and enhances the stability of
Nrf2.'97!22 Fyrthermore, astaxanthin is a potential mitochondrial regulator, and it can restore the mitochondrial
membrane potential.'*® Astaxanthin significantly reduced the mitochondrial ROS and malondialdehyde levels while

increasing the endogenous antioxidant activity and glutathione levels.>*!'?%!3°
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Several studies have shown that donepezil exhibited antioxidant activity. Umukoro et al'*' examined the antioxidant
effect of donepezil that significantly decreased the levels of MDA and ROS and increased glutathione level in the mouse
brain. Atukeren et al'>? reported that the antioxidant effect of donepezil in patients with AD was medicated through its

1'*3 studied the in vitro antioxidant effect of donepezil, and they found that

AChE inhibitory activity. Munishamappa et a
the percentage of inhibition of nitric oxide and free radicals by donepezil was increased with an increase in donepezil
concentration. Jiang et al'** reported that donepezil attenuated inflammation and oxidative stress in mice. Obafemi
et al'*> demonstrated that donepezil and metformin combination decreased the levels of MDA and increased superoxide
dismutase levels in rats. Keshk et al”> demonstrated that treatment with donepezil and losartan combination decreased

1'3® reported that donepezil and resveratrol combina-

MDA levels and increased glutathione-S-transferase levels. Rao et a
tion resulted in higher superoxide dismutase activity than resveratrol alone.

MDA is a lipid degradation product, and it is commonly used as a marker for the quantification of lipid
peroxidation.''> GSH is used as a marker to measure the endogenous antioxidant activity. An increased GSH content
may reduce lipid peroxidation and decrease the MDA levels.'*’ In the present study, oxidative stress was induced in rats
by AICl;, as indicated by the significantly higher MDA levels and significantly lower GSH levels in the cortex and
hippocampus of the AD-like untreated rats than the normal group. Treatment with DPL-NLCs showed significantly
lower cortical and hippocampal MDA levels and significantly higher hippocampal GSH levels than the untreated rats.
Treatment with DPL/AST-NLCs showed significantly lower MDA levels and significantly higher GSH levels than DPL—
NLCs and the AD-like untreated rats in the cortex and hippocampus, and also DPL/AST-NLCs completely normalized
the cortical and hippocampal MDA and GSH levels. The significantly higher antioxidant potential of DPL/AST-NLCs
compared to DPL-NLCs may be due to the antioxidant effect of both astaxanthin and donepezil as they reduced the
oxidative stress, inhibited free radicals and enhanced the antioxidant activity of the brain.

Inflammation Marker: Nuclear Factor-Kappa B

As illustrated in Figure 11, the AD-like untreated rats showed significantly higher cortical and hippocampal levels of
nuclear factor-kappa B (NF-kB) (55.78 + 6.15, 55.36 + 3.95 pg/mg protein) than the control group (7.93 + 1.16, 6.36 £
1.37 pg/mg protein). Group treated with DPL-NLCs showed significantly lower NF-«xB levels (33.38 + 2.02, 32.48 +
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Figure |1 The cortical and hippocampal levels of nuclear factor-kappa B (NF-kB) in different groups. Data are presented as mean * standard deviation, n = 6. In the same
tissue (the cortex or hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a - d) are significantly
different at p < 0.05.

Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.
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2.63 pg/mg protein) than the AD-like untreated group and that treated with DPL—Solution (47.47 £ 3.50, 51.37 + 3.30 pg/
mg protein) in the cortex and hippocampus. Group treated with DPL/AST—Solution (NF-xB; 29.15 + 3.33, 30.20 = 2.31
pg/mg protein) showed similar results to DPL-NLCs, with no significant difference between them in the levels of NF-«xB.
Group treated with DPL/AST-NLCs showed significantly lower cortical and hippocampal NF-kB levels (11.30 + 2.90,
14.68 + 2.52 pg/mg protein) than the AD-like untreated rats and groups treated with DPL-NLCs, DPL/AST—Solution, or
DPL—Solution in the cortex and hippocampus, and also treatment with DPL/AST-NLCs completely normalized the
cortical NF-xB level.

Abnormal microglial and astrocytic activation induces neuroinflammation in AD.'*® Lipopolysaccharides bind to
Toll-like receptor-4 (TLR-4) and activate p38-mitogen activated protein kinases (MAPK-p38) and Myeloid differentia-
tion primary response-88/nuclear factor-kappa B/signal transducer and activator of transcription-3 (MyD-88/NF-kB/
STAT-3) signaling pathways that increases the expression and activity of cyclooxygenase-2 (COX-2), NADPH oxidase,
and inducible nitric oxide synthase (iNOS), and increases the production of ROS, nitric oxide (NO), inflammatory
chemokines, and pro-inflammatory cytokines, such as interleukin-1f (IL-1p), interleukin-6 (IL-6), and tumor necrosis
factor-alpha (TNF-a), which trigger inflammatory responses and increase oxidative stress and microglial activation,
resulting in neurological impairment.'**'*® TNF-o increases the expression of iNOS and antagonizes the BDNF
stimulatory signals, which causes neuronal excitotoxicity, alteration of synaptic plasticity, and increased dendritic
spine damage, resulting in neuronal loss and memory impairment.m’142 Neuroinflammation induces mitochondrial
dysfunction that also increases inflammation and oxidative stress.'**'** Like lipopolysaccharides, Ap has been shown
to bind to TLR-4 and activate the MAPK and NF-«B signaling pathways, activate microglia and astrocytes, and increase
the levels of pro-inflammatory cytokines.ms’l% Regulation of neuroinflammation and microglial activation is a critical
target for treating AD.'*” NF-xB is a used as a marker of inflammation, it is a prototypical mediator of inflammation and
its blocking reduces inflammatory responses.'*®

Astaxanthin has strong anti-inflammatory action that has been reported in different studies.'**"'*® Astaxanthin reduces
the production of mitochondrial ROS and AP, inhibits NF-xB signaling pathway and activation of microglia and
astrocytes, and suppresses the levels of iNOS, COX-2, and pro-inflammatory cytokines.'"'>* Choi et al'> reported
that astaxanthin inhibited the synthesis of NO and inflammatory mediators. Astaxanthin suppressed the activation of
NLRP-3 (NOD-, LRR-, and pyrin domain-containing protein-3) inflammasome.'>* Astaxanthin can reduce inflammation
by activation of the PI3K/AKT/Nrf2 pathway that increases heme oxygenase-1, which catalyzes heme degradation into
carbon monoxide that inhibits NF-kB.'>>!'°® Han et al® reported that astaxanthin reduced neuroinflammation through
inactivation of STAT-3. AP activates calcineurin that activates nuclear factor of activated T cells (NFAT), which produces
inflammation, dendritic spine loss and synaptic plasticity deficits.'>”'>® Lobos et al’® reported that astaxanthin inhibited
the calcineurin/NFAT pathway, neuroinflammation and improved synaptic plasticity deficits. ROS/RNS increase the BBB
permeability to peripheral inflammatory cells causing brain inflammation and neuronal injury.'>*'®® Astaxanthin inhibits
peripheral inflammation, protects and maintains the BBB integrity, modulates neuroinflammation and alleviates oxidative
stress.'*” ROS accumulation during oxidative stress is a crucial trigger for microglial polarization.'** Zhou et al'®'
reported that astaxanthin suppressed neuroinflammation by inhibiting microglial M1 activation and increased microglial
M2 polarization. In our previous study, the developed AST-NLCs significantly suppressed NF-«B levels and reduced

neuroinflammation in AD-like rats.>°

1162 1163

Donepezil showed anti-inflammatory activity in previous studies. Kim et a and Guo et a reported that
donepezil inhibited microglial activation. Donepezil can inhibit the NF-kB and MAPK pathways and reduce the
production of pro-inflammatory mediators.'®* Kim et al'®® reported that donepezil suppressed inflammation by inhibiting
microglia activation, MAPK, NF-kB/STAT-3, NLRP-3 inflammasome, reducing mitochondrial dysfunction, the produc-
tion of ROS and pro-inflammatory cytokines and improved memory impairment. Haraguchi et al'® indicated that
donepezil activated the PI3K/Akt pathway that suppressed the NF-kB activity and Ca®" elevation induced by TNF-a and
decreased inflammation. Donepezil suppressed the production of NO that is involved in AP nitration and aggregation.'®’
There is an evidence of a correlation between the cholinergic and anti-inflammatory pathways.'®®!'%® Donepezil increased
the synaptic ACh levels and activated and upregulated a7-nicotinic ACh receptors (a7-nAChRs) that reduced inflamma-

tion through the cholinergic anti-inflammatory pathway.'”!”" Vagus nerve stimulation releases ACh, leading to
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dephosphorylation of NF-kB and STAT3 and suppression of the release of pro-inflammatory cytokines.'’”? De Simone
et al'” reported that ACh activated a7-nAChRs, inhibited microglial activation and TNF-a release. Donepezil inhibited
the NLRP-3 inflammasome by stimulating a7-nAChRs and the PI3K/AKT pathway and suppressing the NF-kB/STAT-3
pathway related to NLRP-3 inflammasome formation.'’*'”> Arikawa et al'’® demonstrated that donepezil decreased
inflammation through inhibition of NF-kB translocation, which was independent of its AChE inhibitory action. GSK-38
increases neuro-inflammation.'®! Activation of the PI3K/Akt pathway attenuates GSK-3B and reduces inflammation.
17 demonstrated the GSK-3p inhibitory effect of astaxanthin and Noh et al'*®
suppressed the GSK-3p activity.

Rahman et a reported that donepezil

In the present study, neuronal inflammation was induced in rats by AlCl;, as indicated by the significantly higher NF-
kB levels in cortex and hippocampus of the AD-like untreated rats than the normal group. Treatment with DPL-NLCs
showed significantly lower NF-kB levels than the untreated rats in the cortex and hippocampus. Treatment with DPL/
AST-NLCs significantly decreased the NF-kB levels in the cortex and hippocampus compared to DPL-NLCs, and
completely normalized the cortical NF-kB level. The significantly higher anti-inflammatory activity of DPL/AST-NLCs
compared to DPL-NLCs may be due to the anti-inflammatory action of both astaxanthin and donepezil that mediated
through inhibition of NF-«xB, increasing ACh levels, and activation of nAChRs.

Apoptosis Marker: Caspase-3

As illustrated in Figure 12, the AD-like untreated rats showed significantly higher cortical and hippocampal caspase-3
activity (18.11 £ 1.15, 19.50 = 1.24 U/mg protein) than the control group (2.28 = 0.13, 2.60 + 0.46 U/mg protein). Group
treated with DPL-NLCs showed significantly lower caspase-3 activity (11.78 £ 0.95, 11.86 + 0.67 U/mg protein) than the
untreated group and that treated with DPL—Solution (16.0 + 0.96, 17.99 + 1.23 U/mg protein) in the cortex and
hippocampus, respectively. Group treated with DPL/AST—Solution (11.06 + 0.92, 11.58 + 0.77 U/mg protein) showed
similar results to DPL-NLCs, with no significant difference between them in the activity of caspase-3. Group treated
with DPL/AST-NLCs showed significantly lower cortical and hippocampal caspase-3 activity (3.75 + 0.22, 6.55 £ 0.78
U/mg protein) than the AD-like untreated rats and groups treated with DPL-NLCs, DPL/AST-Solution, or DPL—
Solution, and also treatment with DPL/AST-NLCs completely normalized the cortical caspase-3 activity.
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Figure 12 The cortical and hippocampal caspase-3 activity in different groups. Data are presented as mean * standard deviation, n = 6. In the same tissue (the cortex or
hippocampus), means with any common letter are not significantly different, while means with completely different letters (from a - d) are significantly different at p < 0.05.
Abbreviations: DPL, donepezil; AST, astaxanthin; AD-like, Alzheimer’s disease-like; NLCs, nanostructured lipid carriers; Sol, solution.
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Accumulation of AP, oxidative stress, and neuroinflammatory reactions induce neuronal loss and apoptosis.'”” In AD,
the anti-apoptotic cytokines, such as Bcl-2 (B-cell lymphoma-2) and Bcl-xL (Bcl-extra large), were decreased, while the
pro-apoptotic cytokines, such as Bad (Bcl-2-associated death promoter) and Bax (Bcl-2-associated X), cytochrome-c
(Cyt-c) release and the activity of caspase-3 enzyme were increased. Bad and Bax accelerate apoptosis by stimulating the
release of Cyt-c from the mitochondria and activating caspases-3/9, whereas Bcl-2 and Bcl-xL inhibit apoptosis by
suppressing the release of Cyt-c and decreasing the activation of caspases-3/9. Excessive mitochondrial dysfunction
initiates the apoptotic cascade by promoting Bax expression.!”®!7® GSK-3p stimulates apoptosis by increasing the pro-
apoptotic cytokines and decreasing the anti-apoptotic cytokines. Stimulation of the neuroprotective PI3K/Akt pathway
inhibits GSK-3B, decreases Bad and Bax, and increases Bcl-2 and Bel-xL.'"!

Astaxanthin acts as a shield for cells from inflammatory responses and oxidative stress and reduces neuronal
apoptosis due to its ability to stimulate the PI3K/Akt/Nrf2/ARE pathway, inhibit NF-xB and GSK-3f, suppress the
production of ROS and pro-inflammatory cytokines, decrease the expression of Bad, Bax, and caspases-3/8/9, inhibit
Cyt-c secretion, and increase Bcl-2 level, resulting in suppression of apoptosis and stimulating proliferation of the
cells.""7 189181 1 our previous study, the developed AST-NLCs significantly reduced caspase-3 activity and suppressed
apoptosis in AD-like rats.*”

In AD, cholinergic depletion increases the activity of caspase-3, which leads to dendritic spine loss, alteration in
synaptic plasticity, and impaired working memory.'®? Previous studies have reported that donepezil reduced caspase-3
activity following cholinergic depletion.'® Donepezil induces functional upregulation and increases the expression of
nicotinic acetylcholine receptors (nAChRs), increases the level and binding of ACh with a7-nAChRs, which activate the
anti-apoptotic PI3K/Akt/Bcl-2 pathway.'®*'® Elbaz et al'®® demonstrated that donepezil decreased the expression of
caspase-3 and the Bax/Bcl-2 ratio and inhibited lipid peroxidation and inflammation.

Caspase-3 is used as a marker for apoptosis. In the present study, the induced neuronal degeneration and apoptosis in
rats by AICl; was approved by the significantly higher cortical and hippocampal caspase-3 activity in the AD-like
untreated rats than in the normal group. Treatment with DPL-NLCs showed significantly lower caspase-3 activity than
the untreated group in the cortex and hippocampus. Treatment with DPL/AST-NLCs significantly decreased the cortical
and hippocampal caspase-3 activity compared to DPL-NLCs, and completely normalized the cortical caspase-3 activity.
The significantly higher anti-apoptotic effect of DPL/AST-NLCs compared to DPL-NLCs may be due to the caspase-3
inhibitory effect of both astaxanthin and donepezil, their neuroprotective effects, and the increased levels of ACh, which
stimulate the anti-apoptotic a7-nAChR/PI3K/Akt/Bcl-2 pathway.

Several pathways are involved in neurodegeneration in AD, including the formation of AP and hyperphosphorylated
tau, glutamate excitotoxicity, inflammation, oxidative stress, and cholinergic depletion.” Astaxanthin has potent neuro-
protective properties due to its ability to reduce the production of AB;_4,, mitochondrial ROS, and pro-inflammatory
cytokines, restore cholinergic neurotransmission, increase the BDNF levels and nerve cell regeneration, inhibit NF-«B,
AChE, GSK-3B, and caspase-3 activity, activate the neuroprotective PI3K/Akt/Nrf2/ARE pathway, maintain the BBB
integrity, and decrease dendritic spine loss, the expression of N-methyl-D-aspartate (NMDA) receptors, glutamate
excitotoxicity, and peripheral inflammation, resulting in marked improvement in behavioral and cognitive deficits
in AD.22187.188

Previous studies have shown that donepezil might have disease modification or neuroprotective potential against Af-

and glutamate-induced neurotoxicity, neuroinflammation, and tau pathology, especially in early stages of AD.'%'®?

In AD, AB,_4 peptides decrease the levels of ACh and strongly bind to 04- and o7-nAChRs causing neurotoxicity.'*
A4, increases the release of glutamate and decreases y-aminobutyric acid (GABA) release, which causes excitation-
inhibition imbalance and induces glutamate excitotoxicity.'”""'"> Donepezil activates and upregulates a4- and
07-nAChRs that provide neuroprotection against AB- and glutamate-induced neurotoxicity.'”®> o4- and «a7-nAChRs
activate the neuroprotective PI3K/Akt pathway, which plays a central role in neuronal survival, via activation of Janus
kinase 2.'%*'%> Donepezil decreases glutamatergic excitotoxicity, the activation of NMDA receptors and apoptosis.'**'*7
Noh et al'%® reported that donepezil inhibited GSK-3p, stimulated PP2A, activated nAChRs and the PI3K/Akt pathway.
Yoshiyama et al''* reported that donepezil treatment ameliorated tau pathology, decreased tau insolubility and phosphor-

ylation, reduced neuroinflammation, synaptic loss, and neuronal loss. Sigma-1 (c-1) receptors are found in many areas of
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the brain, and they have anti-apoptotic and neuroprotective roles.'”® Solntseva et al'®® and Meunier et al*® reported that
donepezil had high binding capacity to o-1 receptors and provided neuroprotection against Af-toxicity. Donepezil
upregulated the BDNF levels in the brain, which increases synaptic plasticity, and it has neuroprotective
functions.”*'*%? Nakano et al’® reported that donepezil improved cerebral blood flow and enhanced the hippocampal
function, which has been associated with behavioral and cognitive improvement. Donepezil decreased the release of
lactate dehydrogenase, which is a marker of neuronal damage.?** Donepezil has been shown to slow the progression of

129 reported that donepezil

hippocampal atrophy, which is a reliable marker of disease progression.’”> Zimmermann et a
increased the ratio of the neuroprotective AChE-R (AChE read-through isoform) to the neurodegenerative AChE-S
(AChE-synaptic isoform), contributing to the neuroprotective effects of donepezil. Ongnok et al'® reported that donepezil
decreased the levels of MDA, ROS, A, and pro-inflammatory mediators in the brain, ameliorated brain apoptosis, and

reduced dendritic spine loss.

Histopathological Examination

As illustrated in Figures 13 and 14, histopathological assessment of rats using hematoxylin and eosin (H and E) staining
showed that the control rats had a normal histoarchitecture of the cortical and hippocampal tissues. Distorted cellular
morphology and various histopathological alterations (misaligned degenerated, shrunken darkly stained, pyknotic and
necrotic neurons with neuronophagia and satellitosis, more glial cells and pericellular spaces) were observed in the cortex
and hippocampus of the AD-like untreated group, which was consistent with the studies in the literature and was
consistent with AICl;-induced neurotoxicity.*’” Treatment of rats with DPL/AST-NLCs showed a marked improve-
ment in the cortical and hippocampal histopathological parameters compared to the AD-like untreated rats and groups
treated with DPL-NLCs or DPL/AST—Solution and almost normalized the histopathological changes in the cortex and
hippocampus. This may be due to the higher anti-amyloidogenic, anti-inflammatory, antioxidant, anti-
acetylcholinesterase, anti-apoptotic, and neuroprotective effects of both astaxanthin and donepezil, especially in NLCs,
as observed in the biochemical and behavioral testing. Wu et al® reported that astaxanthin significantly improved the
histopathological changes in the brain of aging rats. Pattanashetti et al’* reported that pretreatment of rats with
a combination of donepezil and quercetin improved the brain histopathology and had higher neuroprotective effects

than the individual therapy. Keshk et al”> demonstrated that pretreatment with a combination of donepezil and losartan
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Figure 13 Histology of the cortex stained with hematoxylin and eosin (X400) of (a) control rats, (b) Alzheimer’s disease (AD)-like untreated rats, (c) donepezil-
nanostructured lipid carriers (DPL-NLCs) treated rats, (d) donepezil and astaxanthin solution (DPL/AST-Solution) treated rats, and (e) the optimized donepezil and
astaxanthin-nanostructured lipid carriers (DPL/AST-NLCs) treated rats. Normal neurons (black arrow), necrotic neurons associated with satellitosis and neuronophagia
(red arrow), degenerated neurons (Orange arrow), and glial cells (yellow arrow).
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Figure 14 Histology of the hippocampus stained with hematoxylin and eosin (X400) of (a) control rats, (b) Alzheimer’s disease (AD)-like untreated rats, (c) donepezil-
nanostructured lipid carriers (DPL-NLCs) treated rats, (d) donepezil and astaxanthin solution (DPL/AST-Solution) treated rats, and (e) the optimized donepezil and
astaxanthin-nanostructured lipid carriers (DPL/AST-NLCs) treated rats. Normal neurons (black arrow), glial cells (yellow arrow), degenerated neurons (red arrow), and
pericellular space (Orange arrow).

improved the histopathological changes in rats and provided a better anti-amnestic effect than either treatment alone. The
combination of donepezil with other neuroprotective agents has beneficial therapeutic effects. Therefore, donepezil was
combined with astaxanthin in the present study.

Correlation Study
As illustrated in Table 5, Pearson correlation analysis showed that the markers of the amyloidogenic pathway (BACE-1
expression and AP; 4, content) were negatively correlated with GSH and ACh and positively correlated with caspase-3,
MDA, AChE, and NF-«B in the cortex and hippocampus. ACh levels were negatively correlated with NF-kB, caspase-3,
MDA, and AChE, and positively correlated with GSH. GSH showed a similar correlation pattern to ACh, whereas NF-
kB, caspase-3, MDA, and AChE showed opposite correlation patterns. The correlation data confirmed a possible link
between the cholinergic and inflammatory pathways, as there was a positive correlation between NF-kB and AChE and
a negative correlation between NF-kB and ACh. BACE-1 and A4, were negatively correlated with ACh and positively
correlated with AChE, confirming the link between the amyloidogenic pathway progression and disturbance in the
cholinergic pathway. There was a positive correlation between the amyloidogenic pathway progression and apoptotic cell
death, as BACE-1 and AB,_4, were positively correlated with caspase-3. NF-kB was positively correlated with MDA and
negatively correlated with GSH, confirming the link between the induction of oxidative stress and neuroinflammation.
Alzheimer’s disease is a devastating progressive neurodegenerative disorder.> Donepezil is a potent selective AChEI
that improves cognitive deficits in AD and might have a disease-modifying effect.'®!? Astaxanthin is a natural potent
antioxidant carotenoid with anti-amyloidogenic, anti-inflammatory, anti-acetylcholinesterase, anti-apoptotic, and neuro-
protective effects that have been proved in several studies including our previous study, and it has the ability to cross the
BBB.?**° Oral administration of donepezil produces gastrointestinal adverse events, and in addition it has poor ability to
penetrate the BBB as it is a hydrophilic drug, and it suffers from hepatic first-pass metabolism.*'® Astaxanthin shows
low oral bioavailability due to its high lipophilicity.?” The intranasal (IN) route was used in the present study as an
alternative non-invasive approach to restrict the limitations associated with oral administration of donepezil and
astaxanthin for better brain targeting of both drugs. The IN route allows direct delivery of drugs to the brain, which
has been proven in several previous studies, avoiding the BBB and hepatic first-pass metabolism, minimizing systemic
exposure, restricting the side effects associated with oral administration of donepezil, avoiding the problem of poor oral
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Table 5 Pearson Correlation Study Between the Different Biochemical Parameters in the AD-Like Untreated,
DPL-Sol, DPL/AST-Sol, Free NLCs, DPL-NLCs, and DPL/AST-NLCs Groups (n = 36) in the Cortex and
Hippocampus

Tissue ACh AChE | NF-kB | BACE-I GSH MDA | Caspase-3 Activity
ABi.4a2 Cortex —0.934% | 0.952* 0.952* 0.869* —0.867* | 0.921* 0.961*
Hippocampus | —0.958*% | 0.957* 0.979* 0.929* —0.934% | 0.912* 0.946*
ACh Cortex —0.952% | —0.955*% | —0.862* 0.852*% | —0.907* —0.958*
Hippocampus —0.929% | —0.942*% | —0.918* 0.958* | —0.914* —0.933*
AChE Cortex 0.950* 0.836* —0.826* | 0.946* 0.960*
Hippocampus 0.976* 0.901* —0.900* | 0.892* 0.946*
NF-kB Cortex 0.804* | —0.841* | 0.933* 0.952%*
Hippocampus 0.901* | —0.909* | 0.900* 0.957%*
BACE-I| Cortex —0.826% | 0.818* 0.860%*
Hippocampus —0.921* | 0.919* 0.888*
GSH Cortex —0.817* —0.870*
Hippocampus —0.918* —0.933*
MDA Cortex 0.928*
Hippocampus 0.907*

Note: *Statistically significant at p < 0.05.
Abbreviations: AB,_4, amyloid beta; MDA, malondialdehyde; AChE, acetylcholinesterase; BACE-|, B-site amyloid precursor protein cleaving
enzyme-|; GSH, reduced glutathione; NF-kB, nuclear factor-kappa B; ACh, acetylcholine.

bioavailability of astaxanthin, and enhancing drug distribution, absorption, and bioavailability in the brain.'*%

However, the IN drug delivery is affected by several factors, such as enzymatic drug degradation, mucociliary clearance,
short residence time, and small-administered volume.>*’

In the present study, nanostructured lipid carriers (NLCs) were used to overcome the IN limitations and improve the
nose to brain drug delivery, as they decrease the rapid removal of drugs from the nose due to mucociliary clearance,
increase the nasal residence time, protect the encapsulated drugs from enzymatic metabolism in the nasal cavity, and
improve the drug delivery to the brain and therapeutic outcomes in AD.>'” NLCs are safe, biocompatible and
biodegradable lipid-based nanosystems, and they are rapidly absorbed by the brain due to their natural lipid composition
and flexible nano-sized particles. NLCs can provide sustained release of drugs and site-specific targeting ability. The lipid
matrix in NLCs contains solid and liquid lipids, the incorporation of liquid lipid results in an imperfect crystal structure
and therefore provides more room for drug accommodation, allowing higher drug loading efficiency of NLCs, decreased
drug expulsion during storage, and increased the NLC stability.”'"*'? Furthermore, NLCs can accommodate both
hydrophilic and lipophilic drugs, and dual drug-loaded NLCs have been successfully prepared in previous
studies.**-**?!3 In previous studies, NLCs have been shown to successfully deliver hydrophilic donepezil'® or lipophilic
astaxanthin® individually to the brain through the IN route, and they showed sustained drug release and high
encapsulation efficiency and stability. In our previous study, astaxanthin was loaded alone in NLCs for IN delivery to
the brain, and we examined the different neuroprotective effects of astaxanthin in AD-like model.> In the present study,
we formulated NLCs co-loaded with donepezil and astaxanthin (DPL/AST-NLCs), for better management of AD, and
we examined their in vivo efficacy in AD-like rats 30 days after daily IN administration compared to donepezil alone in
NLCs (DPL-NLCs). Dual-drug targeting was significantly more beneficial than single-drug targeting. The results of the
behavioral MWM test and biochemical parameters showed that DPL/AST-NLCs had significantly better in vivo effects
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than DPL-NLCs and the free drug solution (DPL/AST-Solution). NLCs improve the nasal permeability of drugs more
than the free drug solution, reduce mucociliary clearance, and protect drugs from enzymatic degradation within the nasal
cavity, they are rapidly absorbed by the brain, and, therefore, they increase the bioavailability and therapeutic efficacy of
drugs in the brain more than the free drug solution.?'**'*

In the present study, AD was induced in rats by oral administration of AICl; that induced disturbance in the
cholinergic pathway, neuro-inflammation, activation of the amyloidogenic pathway, oxidative stress, and apoptosis,
which led to cortical and hippocampal histopathological alterations, memory and cognitive deficits as observed in the
MWM test.*” As observed in the biochemical testing, the AD-like untreated rats showed significantly higher levels of
ABi.42, BACE-1, caspase-3, AChE, MDA, and NF-«kB, and significantly lower levels of GSH and ACh in the cortex and
hippocampus than the control rats. Treatment of the AD-like rats with DPL-NLCs or DPL/AST-NLCs significantly
improved these changes, and combined treatment with donepezil and astaxanthin in NLCs (DPL/AST-NLCs) showed
significantly better in vivo effects than the individual therapy with DPL-NLCs. The results of the pharmacodynamics
study revealed that treatment of the AD-like rats with DPL/AST-NLCs showed significantly higher anti-amyloidogenic,
antioxidant, anti-anti-inflammatory, anti-apoptotic, and AChE inhibitory effects than DPL-NLCs. Treatment with DPL—
NLCs showed significantly lower cortical and hippocampal levels of AChE, AB;.4,, MDA, NF-«kB, and caspase-3,
significantly lower hippocampal BACE-1 expression, significantly higher cortical and hippocampal ACh levels, and
significantly higher hippocampal GSH levels than the AD-like untreated rats. Treatment with DPL/AST-NLCs showed
significantly higher levels of ACh and GSH, and significantly lower levels of AB;_4,, BACE-1, AChE, MDA, NF-kB, and
caspase-3 in the cortex and hippocampus than DPL-NLCs and the AD-like untreated group, and also completely
normalized the cortical and hippocampal levels of ACh, AChE, AB;_4,, GSH and MDA, the cortical BACE-1 expression,
NF-«B, and caspase-3 activity. The superiority of co-administration of donepezil and astaxanthin in NLCs for attenuation
of AlCl3-induced AD could be explained by higher neuroprotective actions of both astaxanthin and donepezil in NLCs
that may be mediated through the activation of the cholinergic pathway, suppression of inflammation, oxidative stress,
amyloidogenesis, and apoptosis. The results of the biochemical testing were related to the behavioral and histopatholo-
gical results. Treatment of rats with DPL/AST-NLCs showed significantly shorter escape latency time and significantly
higher percentage of retention time than DPL-NLCs, and also completely normalized the escape latency time in the
MWM test and the percentage of retention time in the probe trial test. Treatment with DPL/AST-NLCs resulted in
a marked improvement in the histopathology of the rat cortex and hippocampus compared to DPL-NLCs. This study
demonstrated a marked neuroprotective effect of the combination of donepezil and astaxanthin in NLCs after their daily
IN administration for 30 days in AD-like rats, and suggests that the nose-to-brain delivery of the developed DPL/AST-
NLCs is a promising strategy for the management of AD.

Conclusion

The use of the intranasal route together with nanostructured lipid carriers is advantageous for targeting drugs to the brain,
and it is a promising approach to manage Alzheimer’s disease. These lipid-based nanosystems encompass a great
potential to improve the bioavailability of drugs used to treat AD using the intranasal administration that allows drugs to
be transported directly from the nasal cavity to the brain, and they have demonstrated higher effectiveness upon nose-to-
brain delivery than the intranasal administration of solutions of free drugs. In this study, NLCs co-loaded with donepezil
and astaxanthin were successfully prepared, and they showed a small uniform particle size, optimum entrapment
efficiency, and in vitro sustained release pattern of both donepezil and astaxanthin for up to 24 h, and they were stable
for six months at 4-8 + 2°C. The intranasal treatment of the AD-like rats with the developed DPL/AST-NLCs for 30
days significantly decreased the production of AP, 4, inflammation, oxidative stress, and apoptosis, and significantly
increased the cholinergic neurotransmission, resulting in marked improvement in the histopathological parameters in the
rat cortex and hippocampus, and significantly attenuated cognitive impairment induced in rats by AlCls, as compared to
the AD-like untreated rats and that treated with either donepezil-NLCs or solution of free drugs. In this study, we
observed the beneficial role of the developed dual drug-loaded NLCs in several targets of AD pathology. The future
directions for the potential clinical use of the developed DPL/AST-NLCs include more extensive in vivo studies of
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animal models of AD, and translation to the clinic in order to play an essential role in the future management of AD and

improve patients’ quality of life.
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