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Background: Astaxanthin (AST) is a second-generation antioxidant with anti-inflammatory and neuroprotective properties and could 
be a promising candidate for Alzheimer’s disease (AD) therapy, but is shows poor oral bioavailability due to its high lipophilicity.
Purpose: This study aimed to prepare and evaluate AST–loaded nanostructured lipid carriers (NLCs), for enhanced nose-to-brain 
drug delivery to improve its therapeutic efficacy in rat model of AD.
Methods: AST–NLCs were prepared using hot high-pressure homogenization technique, and processing parameters such as total 
lipid-to-drug ratio, solid lipid-to-liquid lipid ratio, and concentration of surfactant were optimized.
Results: The optimized AST–NLCs had a mean particle size of 142.8 ± 5.02 nm, polydispersity index of 0.247 ± 0.016, zeta potential 
of –32.2 ± 7.88 mV, entrapment efficiency of 94.1 ± 2.46%, drug loading of 23.5 ± 1.48%, and spherical morphology as revealed by 
transmission electron microscopy. Differential scanning calorimetry showed that AST was molecularly dispersed in the NLC matrix in 
an amorphous state, whereas Fourier transform infrared spectroscopy indicated that there is no interaction between AST and lipids. 
AST displayed a biphasic release pattern from NLCs; an initial burst release followed by sustained release for 24 h. AST-NLCs were 
stable at 4–8 ±2°C for six months. Intranasal treatment of AD-like rats with the optimized AST–NLCs significantly decreased 
oxidative stress, amyloidogenic pathway, neuroinflammation and apoptosis, and significantly improved the cholinergic neurotransmis-
sion compared to AST-solution. This was observed by the significant decline in the levels of malondialdehyde, nuclear factor-kappa B, 
amyloid beta (Aβ1-42), caspase-3, acetylcholinesterase, and β-site amyloid precursor protein cleaving enzyme-1 expression, and 
significant increase in the contents of acetylcholine and glutathione after treatment with AST-NLCs.
Conclusion: NLCs enhanced the intranasal delivery of AST and significantly improved its therapeutic properties.
Keywords: Alzheimer’s disease, astaxanthin, nose-to-brain delivery, nanostructured lipid carriers

Introduction
Alzheimer’s disease (AD) is a chronic, neurodegenerative, multifactorial and progressive brain disorder, which is 
considered the most common cause of dementia worldwide.1,2 AD represents a public health problem, as the commonly 
prescribed medications are only symptomatic that do not stop the progressive pathology of the disease.3 At the 
pathological level, AD is characterized by the presence of extracellular amyloid plaques, formed by amyloid beta (Aβ) 
deposits, and intracellular neurofibrillary tangles (NFTs), formed by tau protein; these lesions induced neural cell death, 
which is reflected in memory impairment.4 In addition to the involvement of oxidative stress in the brain, which induces 
mitochondrial dysfunction, inflammatory activation of glial cells and dysfunction in neurotransmitters release such as 
acetylcholine, which is associated with cognitive deterioration.5
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Astaxanthin (AST) is a lipophilic second-generation antioxidant with anti-inflammatory and antiapoptotic properties, 
and has the potential to target multiple pathways, which play key roles in the development and progression of AD.6 AST 
(3,3−-dihydroxy-β,β−-carotene-4,4−-dione) has superior antioxidant activity compared to β-carotene and vitamin E.7,8 

AST has the ability to protect the tissues from oxidative stress, scavenge reactive oxygen species (ROS), inhibit lipid 
peroxidation, attenuate microglial activation, the release of pro-inflammatory cytokines, mitochondrial dysfunction, 
suppress the amyloidogenic pathway, protect neuronal integrity and exert antiaging effects.8,9 Astaxanthin has the 
capacity to cross the blood brain barrier (BBB) and research evidence suggested the neuroprotective potential of AST 
in neurodegenerative diseases.6,10 AST is a natural red xanthophyll carotenoid and is mainly derived from algae, yeast, 
and marine life such as lobster, shrimp, salmon and crab.11 The natural origin of AST used in this study is the green 
micro-alga Haematococcus pluvialis. All-trans-AST isomer is the predominant form of AST in nature, as it is more stable 
that cis-AST, 3S,3S−-AST is a more powerful antioxidant than the other stereoisomers, and it mostly occurs in fatty acid 
ester form.12,13 AST is commercially available as an antioxidant food supplement (4 mg daily) produced from 
Haematococcus pluvialis. The European Food Safety Authority (EFSA) advises an acceptable daily intake (ADI) of 
0.034 mg/kg/day astaxanthin (2.38 mg/day in a 70-kg human).14 Pharmacokinetic data of AST are available in the 
literature from several previous studies after administration of different doses of AST.15–17 It is reported that AST can 
accumulate in the brain of rats.18,19 In Iwamoto et al’s20 study, 24 healthy volunteers consumed AST at doses of 1.8, 3.6, 
14.4, and 21.6 mg/day for 14 days without any adverse events.20 Like other carotenoids, AST has low oral bioavailability 
due to its high lipophilicity.11

Intranasal (IN) administration is a convenient, highly vascular, and non-invasive alternative route for drug delivery to 
the brain. There is a significant evidence in the literature that drugs can be delivered directly from the nose to brain.21,22 

Therefore, the IN route was chosen in the present study to promote drug distribution into the brain. Better brain targeting 
can be done by IN delivery, as it facilitates direct drug transport to the brain through the nasal olfactory and trigeminal 
nerve pathways, by passing BBB, avoiding gastrointestinal inactivation and first pass metabolism found in some oral 
drugs, allowing rapid drug absorption with a faster onset of action, increasing drug concentration and bioavailability in 
the brain, and therefore reducing the drug dose, and systemic side effects.21 Despite these advantages, the IN route has 
some limitations including: short residence time of the administered formulation due to mucociliary clearance, drug 
degradation by enzymes in the nasal cavity that impair drug delivery to the brain and limit its bioavailability, and limited 
dosing in terms of volume (50–200 μL) administered in the nasal cavity.23 Many recent literatures, less than five years, 
have been published on nose to brain delivery using nanoparticles, to overcome the IN limitations, such as 
nanoemulsion,24 polymeric nanoparticles,25 liposomes,26 solid lipid nanoparticles (SLNs)27 or nanostructured lipid 
carriers (NLCs),28 which are effective nose-to-brain drug delivery systems that improve the nasal permeability and 
bioavailability of drugs for effective brain targeting by increasing drug solubility and permeation, reducing mucociliary 
clearance and enzymatic degradation.29

In particular, formulations based on nanostructured lipid carriers (NLCs) are interesting candidates for nose to brain drug 
delivery without any modification to the drug molecule due to their rapid uptake by the brain, bioacceptability, biodegrad-
ability and safety.30 NLCs have been proposed as a second-generation of lipid nanoparticles to overcome the drawbacks of 
solid lipid nanoparticles (SLNs) including low drug loading efficiency and the possibility of drug expulsion during storage 
owing to the crystalline structure of SLNs. The matrix of NLCs is composed of a blend of solid and liquid lipids with 
different spatial arrangements; the incorporation of liquid lipid to solid lipid produces NLCs with less organized crystalline 
structure, resulting in greater imperfections in the crystal lattice to accommodate more drug molecules than SLNs, leading to 
improved drug loading and minimized drug expulsion.31 Generally, the particle diameter ranges from 10 to 1000 nm of NLC. 
NLCs offer prolongation of drug release and higher stability compared to liposomes and nanoemulsions, and have less 
toxicity than polymeric nanoparticles.32 NLCs have distinct advantages for nose-to-delivery; as they can boost the 
nasomucosal permeability of drugs due to their lipophilic nature, flexibility, and nano-size, the encapsulation of drug in 
the lipid matrix protects it against chemical and enzymatic degradation, delay drug elimination by mucociliary clearance and 
improve nasal retention time, allowing drug to reach directly to the brain at therapeutic level. They have rapid onset of action, 
longer duration and higher brain levels as compared to that of solutions. NLCs can also be loaded into hydrogel systems or 
coated with mucoadhesive polymers to improve these effects, and they do not cause nasal irritation or damage, owing to their 
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natural lipid-based composition.33,34 Many formulations based on NLCs were developed for effective nose-to-brain drug 
delivery.35–37 Previous studies investigated the IN delivery of AST as SLNs38 or NLCs39 with the intention of improving 
brain targeting of AST for neurological disorders. Bhatt et al38 indicated, from biodistribution studies and gamma 
scintigraphy analysis, that higher AST concentration in the rat brain was achieved by IN administration of AST-SLNs, 
radiolabeled with technetium-99m (99mTc), as compared to the intravenous route. Pharmacokinetic studies of Gautam et al39 

showed better availability of AST in the brain on the rats treated with AST-NLC in-situ gel (IN) as compared to those treated 
with AST-in-situ gel (IN).39

In view of this, this study aimed to prepare, optimize, and evaluate AST–loaded NLCs, for enhancing nose-to- 
brain delivery to improve its therapeutic efficacy. The optimized AST–NLC formulation was characterized in 
terms of particle size, polydispersity index, zeta potential, entrapment efficiency, drug loading, in vitro drug 
release, transmission electron microscopy, Fourier transform infrared spectroscopy, differential scanning calori-
metry, and stability. We in vivo evaluated the therapeutic effects of the optimized formulation in AD-like rats after 
IN administration for 30 days, by pharmacodynamics studies, through measuring the levels of various biochemical 
parameters in the brain of rats such as; malondialdehyde, glutathione, nuclear factor-kappa B, caspase-3, acet-
ylcholine, acetylcholinesterase, amyloid beta (Aβ1-42), and β-site amyloid precursor protein cleaving enzyme-1 
expression, and we explored the possible neuroprotective mechanisms of action of AST. Histopathological 
examination of the cortex and hippocampus was carried out.

Materials and Methods
Materials
Astaxanthin was purchased from Carbosynth Limited (Berkshire, UK). Glyceryl palmitostearate (Precirol® ATO 5) was 
obtained as a gift sample from Gattefossé (Saint-Priest Cedex, France). Poloxamer 188 (Pluronic® F68) was purchased 
from BASF SE (Ludwigshafen, Germany). Polysorbate 80 (Tween® 80) and oleic acid were purchased from Lobachemie 
laboratory reagents and fine chemicals (Mumbai, India). Methanol and acetonitrile HPLC grades were purchased from 
Sigma Aldrich (Germany). Phosphoric acid and sodium dihydrogen phosphate were purchased from El-Nasr 
Pharmaceutical Chemicals Co. (Cairo, Egypt).

Methods
Preparation of AST– Loaded NLCs
Different formulations of AST–NLCs were prepared using hot high-pressure homogenization (HPH) technique.40 

Briefly, the solid lipid (glyceryl palmitostearate) was melted 5 ○C above its melting point, and then the liquid lipid 
(oleic acid) was added. Accurately weighed amount of AST was mixed in the above lipid melt. The aqueous phase 
was prepared by dissolving a surfactant mixture (consisted of poloxamer 188 and polysorbate 80, 50:50, %w/w) in 
10 mL deionized water and heated to the same temperature as that of the above melted lipid phase. The hot 
aqueous surfactant solution was added dropwise to the melted lipid phase under continuous magnetic stirring 
(Magnetic stirrer IKA Labortechnik, Staufen, Germany) at 1000 rpm for 15 min to form a coarse pre-emulsion that 
was homogenized using high shear homogenizer (IKA T25 digital ultra-TURRAX, Staufen, Germany) at 
15,000 rpm for 15 min. The formed nanoemulsion was cooled down to room temperature and stored at 4–8°C 
overnight to allow recrystallization of the lipid for NLCs formation.41 Processing variables such as total lipid-to- 
drug (L:D) ratio (ranging from 2:1 to 6:1,w/w), solid lipid-to-liquid lipid (SL:LL) ratio (ranging from 90:10 to 
60:40, %w/w of total lipid amount), and concentration of surfactant mixture (ranging from 0.5 to 2.5%w/v) were 
tested and optimized to obtain optimal AST-NLC formulation (as shown in Table 1).42

In vitro Characterization of the Prepared AST–NLCs
Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP) 
The mean PS, PDI, and ZP of the prepared AST–NLCs were measured based on dynamic light scattering (DLS) method, 
also known as photon correlation spectroscopy (PCS) using Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, 
UK). The dispersant (water) refractive index used for DLS measurement was 1.33 and the medium viscosity was 0.8872 
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cP. The material (lipid) refractive index was 1.40 and material absorbance was set at 0.01. The measurement using PCS is 
based on the light-scattering phenomena in which the statistical intensity fluctuations of the scattered light from the 
dispersed particles in the measuring cells are measured. An estimate for the mean size of the lipid particles, the intensity 
weighted mean diameter (often called z-average diameter or hydrodynamic diameter) and PDI were determined. ZP was 
measured by determining the electrophoretic mobility using the Malvern Zetasizer. Samples were diluted appropriately 
with filtered deionized water 10 times (1:10, v/v) prior to measurements to obtain suitable scattering intensity. 
Measurements were performed in triplicate at 25°C at a scattering angle of 173°, and results were reported as mean ± 
standard deviation (SD).43

Entrapment Efficiency (%EE) and Drug Loading (%DL) 
%EE of the developed AST–NLCs was determined by an indirect method, depending on the separation of the aqueous 
phase containing free drug from drug-loaded NLCs by centrifugation. 5 mL of the formulation was centrifuged at 
20,000 rpm for 30 min at 4°C using cooling ultracentrifuge (Sigma laborzentrifuge GmbH, Osterode, Germany). The 
supernatant containing free AST was analyzed by high performance liquid chromatography (HPLC, Agilent Technologies 
1200 Infinity Series, USA) at λmax of 480 nm on a reversed phase C18 column (250 mm×4.6 mm, 5 μm) at room 
temperature, using an isocratic mobile phase consisted of acetonitrile and methanol (80:20,%v/v) with a flow rate of 
1 mL/min, and the sample injection volume was 30 μL.

Standard solution of AST in methanol (100 µg/mL) was prepared and then diluted by the mobile phase solvents to 
obtain a series of AST solutions with known concentrations in the concentration range 0.39–100 μg/mL. The calibration 
curve was constructed by plotting peak areas against AST concentrations. A regression equation was obtained, and the 
coefficient of determination (R2) value was calculated. Unknown AST concentrations were calculated using the regres-
sion equation obtained. Measurements were done in triplicate. The method was validated for linearity, the limit of 
detection (LOD), limit of quantitation (LOQ) and specificity.44,45

%EE and %DL were calculated using the following equations:

Table 1 Formulation Parameters and Characterization of Different AST–NLC Formulations

F L: D Ratio 
(w/w)

SL: LL Ratio 
(%w/w)

Surfactant Conc. 
(%w/v)

PS (nm) PDI ZP (mV) EE (%)

F1 2:1 90:10 1.5 266.2cd ± 10.56 0.483cd ± 0.036 − 27.47a ± 5.93 61.2e ± 6.93

F2 3:1 90:10 1.5 287.6bc ± 11.04 0.514bc ± 0.043 − 27.85a ± 6.19 72.18de ±5.19

F3 4:1 90:10 1.5 233.5efg ± 9.63 0.374efg ± 0.028 − 28.36a ± 5.36 84.56abcd ± 3.42
F4 5:1 90:10 1.5 312.8ab ± 12.8 0.554abc ± 0.041 − 28.1a ± 4.43 79.4bcd ± 4.75

F5 6:1 90:10 1.5 335.1a ± 13.07 0.635a ± 0.049 − 27.13a ± 6.93 75.3cde ±5.43

F6 4:1 80:20 1.5 196.4hi ± 7.98 0.313fgh ± 0.031 − 30.8a ± 4.93 91.65ab ± 2.41
F7 4:1 70:30 1.5 258.4cde ± 10.05 0.453cde ± 0.039 − 32.9a ± 6.16 86.16abcd ± 5.26

F8 4:1 60:40 1.5 301.9b ± 11.72 0.598ab ± 0.051 − 33.4a ± 4.56 81.3abcd ± 6.15
F9 4:1 80:20 2 226.4fg ± 9.63 0.376defg ± 0.033 − 30.12a ± 5.84 85.26abcd ± 5.61

F10 4:1 80:20 2.5 247.6def ± 10.78 0.395def ± 0.035 − 28.46a ± 4.73 81.6abcd ± 4.84

F11 4:1 80:20 1.75 211.5gh ± 8.48 0.343fg ± 0.037 − 30.8a ± 5.56 88.96abc ± 4.58
F12 4:1 80:20 1.25 142.8j ± 5.02 0.247h ± 0.016 − 32.2a ± 7.88 94.1a ± 2.46

F13 4:1 80:20 0.5 205.7ghi ± 8.35 0.324fgh ± 0.029 − 23.13a ± 6.81 78.21bcd ± 3.63

F14 4:1 80:20 1 179.8i ± 7.62 0.271gh ± 0.019 − 29.4a ± 7.88 87.16abc ± 2.97

Notes: Data are presented as mean ± standard deviation, n = 3. In the same column, means with any common letter are not significantly different, while means with totally 
different letters (from a-j) are significantly different at p < 0.05. 
Abbreviations: F, formulation; L:D ratio, total lipid-to-drug ratio; SL:LL ratio, solid lipid-to-liquid lipid ratio; conc., concentration; PS, particle size; PDI, polydispersity index; 
ZP, zeta potential; EE, entrapment efficiency.
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Where; Wtotal is the weight of total drug used, Wfree is the weight of free drug in the supernatant, and WLipids is the 
weight of lipids used in AST-NLCs.45,46

Transmission Electron Microscopy (TEM)
The optimized AST–NLC formulation was examined morphologically by transmission electron microscope (TEM, 
model JEM-100CX, JEOL, Japan). One drop of diluted samples was placed on a copper grid, stained with saturated 
solution of uranyl acetate, and air-dried at room temperature before analysis.43

Differential Scanning Calorimetry (DSC)
DSC was conducted to determine the thermal characteristics and crystalline state of pure AST, solid lipid, and AST– 
NLCs, using differential scanning calorimeter (Thermal Analysis Instruments, SDT Q600, USA). The samples (10 mg) 
were placed, and hermetically sealed in aluminum pans and heated at a rate of 10°C/ min from 25°C to 350°C under inert 
nitrogen flow at 20 mL/min.47

Fourier Transform Infrared (FTIR) Spectroscopy
The compatibility between AST and lipids used in NLCs was identified by Fourier transform infrared (FTIR) spectro-
photometer (Perkin Elmer instruments, California, USA). FTIR spectra of pure drug, lipids, and AST–NLCs were 
scanned from 4000 cm−1 to 400 cm−1 and recorded.48

In vitro Drug Release and Release Kinetics Study
A dialysis bag diffusion technique was used to investigate the in vitro release of AST from the optimized AST–NLC 
formulation.49 Drug solution (10 mL) (in methanol/phosphate buffer pH 7.4) containing the same amount of AST (40 mg) in 
AST-NLCs (10 mL) was prepared as a control. 2 mL of AST–NLCs and AST–solution was placed into separate dialysis bags 
(VISKING molecular weight cutoff 12–14 KDa, London, UK), presoaked overnight in the release medium. The sealed bags 
were suspended in 100 mL of phosphate buffer (pH 7.4) and maintained at 37 ± 0.5°C in thermostatically controlled shaking 
water bath (Kottermann, type 3047, Hanigsen, Germany), at 100 rpm. Samples (5 mL) were withdrawn at designated time 
intervals up to 24 h, replaced with an equal volume of fresh medium to maintain sink condition, and analyzed by HPLC at 
λmax of 480 nm to determine the amount of AST released. Percent cumulative drug released versus time was plotted to 
illustrate the drug release pattern. Comparison between release profile of AST–NLCs and AST–solution was made by simple 
Student’s t-test at p < 0.05. In vitro release data of AST–NLCs were analyzed by various kinetic models such as zero order, 
first order, Higuchi, Hixon-Crowell, and Korsmeyer-Peppas models.50

Stability Study
The optimized AST-NLC formulation was stored at 4–8 ±2°C (refrigerator) and 25±2°C/60 ± 5% RH for six months. 
Samples were withdrawn after a period of 0, 1, 3 and 6 months and the effect on PS, PDI, and %EE was determined.49,51

In vivo Evaluation of the Optimized AST–NLC Formulation
Animals
The in vivo study was conducted on 30 male albino rats (150–200 gm) three months old purchased from the animal 
house of Medical Research Institute, Alexandria, Egypt. All rats had free access to food and water with 12:12 h light/dark 
cycle and constant environmental conditions before experimentation and thereafter. All procedures were performed in 
accordance with the Institutional Animal Care And Use Committee (IACUC)-Alexandria University, Egypt (Approval 
number: AU062019518251).

Induction of Alzheimer’s Disease
AD-like model was induced in rats using hydrated aluminum chloride (AlCl3.6H2O) solution that was given orally at 
a dose of 75 mg/kg body weight daily for 6 weeks.52 The Morris water maze (MWM) test was carried out at the end of 
the 6 weeks to evaluate the spatial memory and confirm the cognitive impairments in the rats.53
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Experimental Design
Animals were divided into two main groups: Group I (Control group): consisted of 6 healthy male rats, and Group II 
(AD-like group): consisted of 24 AD-like rats that subdivided into 4 subgroups (6 rats each): Group IIA: untreated AD- 
like rats, Groups IIB, IIC, and IID: AD-like rats that received, by IN route, 20 µL (10 µL in each nostril) of AST– 
Solution (equivalent to 0.4 mg/Kg body weight), the optimized AST–NLC formulation (equivalent to 0.4 mg/Kg body 
weight), and free NLCs, respectively, daily for 30 days.38

After the last day of treatment, animals were subjected to the behavioral MWM test, then sacrificed by cervical 
dislocation under deep anesthesia by isoflurane and the brain was dissected. The cortex and hippocampus were excised 
from one hemisphere for tissue homogenate preparation and total RNA extraction for quantitative real-time polymerase 
chain reaction (qPCR). The other hemisphere was used for histopathological observation.

Tissue Homogenate Preparation
The excised cortex and hippocampus tissues were rinsed with saline and then homogenized in phosphate buffer saline 
(PBS) pH 7.4 in the ratio of 1:9. The homogenates were centrifuged at 10,000 rpm for 20 min at 4°C. The supernatants 
were divided into aliquots and stored at −20°C for subsequent determination of different biochemical parameters; 
amyloid beta (Aβ1-42), acetylcholine, acetylcholinesterase, reduced glutathione, malondialdehyde, nuclear factor-kappa 
B, caspase-3, and β-site amyloid precursor protein cleaving enzyme-1 expression.

Behavioral Test: Morris Water Maze (MWM) Test
Morris water maze (MWM) test was used to evaluate the spatial memory function in rats after AlCl3 induction and after 
the last day of IN treatments.53 The water maze consisted of a dark circular pool, 100 cm in diameter and 55 cm in 
height, filled with water (about 22 ± 2°C) to a depth of 20 cm, and made opaque by the addition of powdered starch. 
A submerged circular black platform (10 cm in diameter) was placed 20 cm away from the edge in a fixed location and 
1 cm below the water surface. The pool was divided into 4 quadrants: north, south, east, and west (N-S-E-W) and several 
cues were placed outside the maze in a fixed position relative to the pool to help the rat locate the position of the escape 
platform hidden below the water surface. Each rat was placed in the water facing the wall of the pool and allowed to 
swim and find the hidden platform located in the northeast (NE) quadrant (target quadrant) of the maze. All rats were 
trained in the water maze for 4 consecutive days and the single training session consisted of four trials. During each trial, 
each rat was given 120 s to find the hidden platform. After mounting the platform, the animals were allowed to remain 
there for 20s, and were then placed in a holding cage for 30s until the start of the next trial. The time required for 
reaching the hidden platform (latency) was measured manually by using a stopwatch. After completion of training, the 
animals returned to their home cages.

On the fourth day, a probe trial (retention testing) was done which consisted of 60s of a free-swimming period for 
each rat with the hidden platform removed from the pool. The time spent in the target quadrant (expressed as a percent of 
the time spent in the pool) was calculated.

Biochemical Assays
Assays of Rat Amyloid Beta (Aβ1-42), Acetylcholine (ACh), Acetylcholinesterase (AChE), and Nuclear Factor- 
Kappa B (NF-κB; a Marker for Neuroinflammation) Contents
The cortical and hippocampal contents of Aβ1-42, ACh, AChE, and NF-κB were assayed according to the manufacturer’s 
instructions using Aβ1-42, ACh, AChE, and NF-κB rat ELISA kits, respectively, from Chongqing Biospes Co., Ltd., 
China.

Determination of Reduced Glutathione (GSH)
The enzymatic method described by Griffith et al54 was used to measure the reduced glutathione (GSH) content in the 
cortical and hippocampal tissues. This is a sensitive and specific enzymatic method that depends on the oxidation of GSH 
by 5,5ˋ-dithiobis-(2-nitrobenzoic acid) (DTNB) to yield GSSG and 5-thio-2-nitrobenzoic acid (TNB). Oxidized GSSG is 
reduced enzymatically by the action of glutathione reductase and Nicotinamide adenine dinucleotide phosphate 
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(NADPH) to regenerate GSH that reacts again. The rate of TNB formation is monitored at 412 nm and is proportional 
with the GSH content of the sample.

Determination of Malondialdehyde (MDA, a Marker for Lipid Peroxidation)
Malondialdehyde (MDA) in the whole homogenate was determined according to the colorimetric method of Draper and 
Hadley.55 Briefly, the sample under test is heated with thiobarbituric acid (TBA) at low pH and the resulting pink 
chromogen has a maximal absorbance at 532 nm and proportional with the MDA content of the sample.

Determination of Caspase-3 Activity (a Marker for Apoptotic Cell Death)
Caspase-3 has a specificity for cleavage at the terminal side of aspartate residue of the amino acid sequence DEVD (Asp- 
Glu-Val-Asp). The caspase-3 enzymatic activity was assayed using caspase-3 assay Kit (Elabscainces, USA). This kit is 
used to conjugate caspase-3 sequence-specific peptides acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) to 
yellow groups p-nitroaniline (pNA). When the substrate is cleaved by caspase-3, the yellow group pNA is dissociated, 
which can be quantitated spectrophotometrically at 405 nm. The level of caspase enzymatic activity in the tissue 
homogenate is directly proportional to the color reaction. The final caspase-3 activity was normalized relative to the 
total protein content of each sample.

Gene Expression Analysis
Expression of β-Site Amyloid Precursor Protein Cleaving Enzyme-1 (BACE-1) Gene by Quantitative Real 
Time-Polymerase Chain Reaction (qRT-PCR)
Total RNA was isolated from the cortical and hippocampal tissues using RNeasy Mini Kit (Qiagen, Germany) according 
to the manufacturer’s instructions, and the concentration and integrity of extracted RNA were checked using nanodrop. 
Reverse transcription was performed using miScript II RT Kit (Qiagen, Germany) according to the manufacturer’s 
instructions. The tissue expression of BACE-1 was quantified in the obtained cDNA using Rotor Gene SYBR Green PCR 
Kit (Qiagen, USA). The PCR amplification conditions were adjusted as an initial denaturation at 95°C for 10 min and 
then 45 cycles of PCR for amplification as follows: denaturation at 95°C for 20s, annealing at 55°C for 20s, and 
extension at 70°C for 15s. The relative expression of BACE-1 was quantified relative to the expression of the reference 
gene (18S rRNA) in the same sample by calculating and normalizing the threshold cycles (Ct) values of target BACE-1 
to that of 18S using 2−ΔΔCt method.56 The primers used for the determination of rat genes are: BACE-1 (NM_019204.2) 
forward: 5’-GCATGATCATTGGTGGTATC-3’, and reverse: 5’-CCATCTTGAGATCTTGACCA-3’, and 18S rRNA 
(NR_046237.2) forward: 5’-GTAACCCGTTGAACCCCATT-3’, and reverse: 5’-AAGCTTATGACCCGCACTT-3’.

Histopathological Examination
Sample Preparation 
The hemispheres were fixed with 10% para-formaldehyde and embedded in paraffin for making brain hemisphere blocks. 
Then, serial sections of the blocks were cut at 5 μm thick in a rotary microtome for hematoxylin and eosin (H and E) 
staining.

Hematoxylin and Eosin (H and E) Staining 
In brief, after the paraffin sections were dewaxed, hematoxylin staining was performed for 3 s, followed by eosin staining 
for 3 min, and then the sections were dehydrated with alcohol, cleared with xylene, and sealed. The histopathological 
lesions were investigated under a light microscope and photographed using a digital camera (Nikon Corporation Co., 
Ltd., Japan).57

Statistical Analysis
Data were analyzed using IBM SPSS software package version 20.0 (Armonk, NY: IBM Corp). The data were expressed 
as mean ± standard deviation (SD) and analyzed using one-way analysis of variance (ANOVA) followed by Tukey 
multiple comparison post-hoc tests to compare between different groups and Pearson for correlation study. The P-value 
was assumed to be significant at p < 0.05.
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Results and Discussion
Preparation and Optimization of AST-NLCs
Different AST-NLC formulations were prepared using hot high-pressure homogenization (HPH) technique, which is 
simple, quick at laboratory scale and there is no use of organic solvents during the development of the formulation.58

Different processing variables such as total lipid-to-drug (L:D) ratio, solid lipid-to-liquid lipid (SL:LL) ratio, and 
concentration of surfactant mixture were tested and optimized, as they affect the physicochemical properties of the 
prepared formulations such as the mean particle size (PS), polydispersity index (PDI), zeta potential (ZP), and entrap-
ment efficiency (%EE).58,59 From the results obtained in Table 1, the average PS of the prepared formulations of AST- 
NLCs ranged from 142.8±5.02 nm to 335.1±13.07 nm, and PDI ranged from 0.247±0.016 to 0.635± 0.049. All 
formulations exhibited negative ZP, which was in the range of –23.13± 6.81 to –33.4±4.56 mV, and EE was in the 
range of 61.2± 6.93 to 94.1±2.46% due to the variation in formulation parameters.

Effect of Formulation Variables on PS, PDI, and ZP of AST-NLCs
From the results obtained in Table 1, it was observed that the mean PS and PDI of the prepared AST-NLCs significantly 
decreased with increasing total lipid amount relative to drug (L:D ratio) from 3:1 (F2) to 4:1,w/w (F3) and significantly 
increased with further increase of L:D ratio to 5:1 (F4) or 6:1,w/w (F5). This can be explained in terms of tendency of 
lipid to coalesce at high lipid concentration, due to the decreased surfactant emulsifying efficiency to coat all lipid 
droplets and increase dispersion viscosity that result into higher surface tension, aggregation of particles and thus higher 
PS and PDI.60 At a constant L:D ratio, an initial increase in the amount of liquid lipid to 20% with respect to solid lipid, 
changing solid lipid-to-liquid lipid (SL:LL) ratio, from 90:10 (F3) to 80:20, %w/w (F6) significantly decreased PS and 
decreased PDI but not significantly. At SL:LL ratio of 80:20,%w/w, there is a perfect blend of solid and liquid lipids and 
no oil expulsion from the lipid blend was detected. Liquid lipid can decrease the viscosity and surface tension of the 
system that offers NLCs with higher surface area, smaller PS and PDI. Further increase in the amount of liquid lipid more 
than 20% with respect to solid lipid, changing SL:LL ratio from 80:20 (F6) to 70:30 (F7) or 60:40, %w/w, (F8), 
significantly increased PS and PDI. Higher liquid lipid amount could facilitate lipid coalescence and increase the size of 
the produced vesicles through swelling and disruption of the NLC wall that may result in increased NLC size, and the 
solid and liquid lipids will not to be well mixable.61 At constant L:D and SL:LL ratios, an initial increase of surfactant 
concentration from 0.5%w/v (F13) to 1.25%w/v (F12) significantly decreased PS and increased ZP but not significantly, 
as it was sufficient to reduce the interfacial tension, cover the surface of nanoparticles effectively, and prevented their 
agglomeration. Once the surfactant concentration reaches saturation point, further increase in surfactant concentration 
above 1.25%w/v (F6, F11, F9 and F10), significantly increased PS and decreased ZP but not significantly, due to 
deposition of excess surfactant molecules on the NLC surface and agglomeration of particles. The negative charge in all 
formulations is attributed to their lipid composition due to the presence of free fatty acids at the surface of the particles. 
Primary emulsion was better stabilized by the surfactant mixture of poloxamer 188 and polysorbate 80, being safe, 
biodegradable and non-ionic surfactants with good emulsification efficacy that stabilize the system by steric stabilization 
that does not allow particles to come closer to each other and thus particle agglomeration is prevented.62,63

Effect of Formulation Variables on %EE of AST-NLCs
It was observed that %EE of the prepared formulations significantly increased with increasing L:D ratio from 2:1 (F1) to 
4:1,w/w (F3), due to solubilization of the lipophilic drug in the lipid and reduced drug escaping into the external phase. 
Further increase in L:D ratio (F4 & F5) promoted the expulsion of already entrapped drug and decreased EE.62 An initial 
increase in the amount of liquid lipid to 20% with respect to solid lipid, changing SL:LL ratio from 90:10 (F3) to 80:20, 
%w/w (F6) increased %EE but not significantly. The addition of liquid lipid (oil) to the solid lipid in the NLC matrix 
causes distortion of crystalline structure of the lipid which is favourable for achieving higher EE and increase the amount 
of liquid lipid enhances the solubilization capacity of total lipid phase thus entrapping more drug during formulation. 
Further increase in the amount of liquid lipid more than 20% with respect to solid lipid, changing SL:LL ratio from 80:20 
(F6) to 70:30 (F7) or 60:40, %w/w, (F8), decreased %EE. This may be due to lipid precipitation, which occurs during 
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particle production. After NLC formulation, when it was cooled, recrystallization of lipids occurs resulting into a drug- 
free core or a core with reduced drug content.61 An initial increase of surfactant concentration from 0.5%w/v (F13) to 
1.25%w/v (F12), significantly increased %EE, as the increase in surfactant concentration could enhance the drug 
partitioning and facilitate its solubilization in the lipid phase and stabilize the system. Once the lipid matrix get saturated, 
a further increase of surfactant concentration above 1.25%w/v (F6, F11, F9 and F10), a reduction of %EE was observed. 
This may be attributed to drug expulsion from the lipid matrix, due to entrapment of surfactant molecules into the NLCs 
at higher surfactant concentration and increased drug escaping into the external phase.64,65

From the results obtained, it could be suggested that formulation (F12) was selected as the optimal AST-NLC 
formulation, as it had a significant smaller mean PS than other formulations, lower PDI, the highest %EE and high ZP.

In the optimized formulation (F12); L:D ratio was 4:1 (w/w), the amount of AST = 40 mg, and total lipid amount = 
160 mg; SL:LL ratio was 80:20 (%w/w total lipid amount), the amount of solid lipid = 128 mg (80% of total lipid 
amount) and liquid lipid amount = 32 (20% of total lipid amount), concentration of surfactant mixture was 1.25% w/v 
and volume of deionized water was 10 mL.

In vitro Characterization of the Optimized AST–NLC Formulation (F12) Particle Size 
(PS), Polydispersity Index (PDI) and Zeta Potential (ZP)
The mean PS is a crucial parameter for nanocarriers, as it has a significant impact on their biopharmaceutical characteristics 
including release pattern, absorption, and distribution in the biological system. The smaller size may lead to a more efficient 
permeation of the drug via the nasal mucosa directly to the brain, rapid absorption and improves drug distribution and 
bioavailability in the brain. It was reported that nanoparticles having average diameter up to 200 nm could be easily transported 
transcellularly via intranasal route directly to the brain.66,67 The optimized AST–NLC formulation (F12) had a mean PS of 142.8 
± 5.02 nm (less than 200 nm), which was found to be suitable for brain targeting through IN route. PDI is an indicator of the 
quality of dispersion, ensures the mono- or polydispersity of dispersions, and plays an important role to predict the chance of 
agglomeration. The smaller value of PDI is considered ideal for nanoparticle homogeneity and to ward off aggregation. Lower 
PDI value might be associated with a high homogeneity in the particle population, whereas high PDI values suggest a broad size 
distribution.67 PDI value of the optimized formulation was found to be 0.247 ± 0.016 (less than 0.3), indicating narrow particle 
size distribution. ZP characterizes the electrical charge on the NLC surface and gives an idea about the aggregation tendency and 
long-term physical stability of NLCs. A suitable high value of ZP (less than −30 mV or greater than +30 mV) confers stability 
because particles resist aggregation.63,68 The optimal formulation had high ZP (–32.2 ± 7.88 mV), indicated high stability.

Entrapment Efficiency (%EE) and Drug Loading (%DL)
%EE and %DL of the optimized formulation were 94.1 ± 2.46% and 23.5 ± 1.48%, respectively. The high %EE may be attributed 
to the incorporation of liquid lipid to solid lipid in the NLC matrix, resulting in crystal lattice defects, which provides enough 
space to accommodate more molecules of lipophilic drug (AST) in the matrix. It may be also due to the affinity and solubility of 
the lipophilic drug in the lipid nanoparticle matrix, the decreased solubility of the drug in the external phase, the small mean PS, 
the uniform size distribution, and stability of the prepared formulation that minimized drug leakage from nanoparticles.61,62

The concentration of free drug was determined using a simple, rapid, and validated HPLC method.45 Under the 
chromatographic conditions applied, sharp symmetric peak was obtained for AST with a retention time of 4.1 min. The 
resulting chromatogram showed no interfering peaks indicating specificity of the method. Linearity was checked in the 
concentration range 0.39 to 100 μg/mL by plotting peak areas against AST concentrations to obtain the calibration curve. 
The coefficient of determination (R2) was 0.9991, revealed a good linearity and indicating good correlation between peak 
area and drug concentration within the concentration range tested. The limits of detection (LOD) and quantitation (LOQ) 
were 0.26 μg/mL and 0.79 μg/mL, respectively.

Transmission Electron Microscopy (TEM)
The morphological study of the optimized AST-NLC formulation using TEM (Figure 1) revealed that the nanoparticles 
are nonaggregated and spherical in shape with a smooth surface and uniform particle size distribution. PS measured by 
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TEM was smaller than that determined by PCS using Malvern Zetasizer, as PCS measured the hydrodynamic diameter, 
whereas TEM measured the true size of dried particles.43

Differential Scanning Calorimetry (DSC)
DSC was employed to investigate the melting and crystallization behavior of the solid lipid and drug. The DSC 
thermograms (Figure 2) showed that pure AST had a sharp melting endothermic peak at 221.14°C and a small broad 

Figure 1 Transmission electron microscopy (TEM) photograph of the optimized AST–NLC formulation (40,000X magnification).

Figure 2 Differential scanning calorimetry (DSC) thermograms of (a) glyceryl palmitostearate, (b) astaxanthin, and (c) astaxanthin-nanostructured lipid carriers (AST– 
NLCs).
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endothermic peak at 273.78°C, while solid lipid (glyceryl palmitostearate) alone showed an endothermic peak at 
62.75°C, indicating their crystalline nature. The melting peaks of AST completely disappeared in the DSC thermogram 
of AST-NLCs, indicating that the drug was molecularly dispersed in the NLC matrix and converted to an amorphous 
state, and pinpointing complete solubilization of AST inside the lipid matrix. There was a slight shift in the melting peak 
of glyceryl palmitostearate (from 62.75°C to 59.78°C), a reduction of the melting onset (from 55.42°C to 50.01°C) and 
enthalpy (from 191.1 J/g to 123.4 J/g) in AST-NLCs. This could be attributed to the presence liquid lipid, which creates 
distortion in the lipid matrix, resulting in less ordered crystals with decreased enthalpy.47,69

Fourier Transform Infrared (FTIR) Spectroscopy
FTIR was used to evaluate the molecular interaction between AST and the lipid matrix of NLCs. It was observed from 
FTIR spectra (Figure 3) that the characteristic peaks of pure AST were found in FTIR spectrum of AST–NLCs in the 
same position without any distinct shift and have an almost equal intensity, indicating no chemical interaction occurred 
between AST and lipids used in NLCs.48

In vitro Release and Release Kinetics Study
The in vitro release of AST from the optimized AST–NLC formulation (Figure 4) demonstrated a biphasic release pattern 
with an initial burst release of 17.4% in the first hour, followed by slow and sustained release up to 24 h. The biphasic 
release behavior of NLCs might be due to the imperfect arrangement of the solid and liquid lipid blend of the NLC 
matrix. The drug embedded in the solid lipid crystals might provide slow and prolonged release, while the immediate 
release could be attributed to the drug present in the liquid lipid, as the drug diffusion through the liquid lipid phase was 
faster than that via the solid lipid phase. Some drug might also present in the outer shell as free moiety, which also 
contributed to the burst release in the first hour. The melted blend of solid and liquid lipids increased the viscosity of the 
particle matrix, leading to a slower drug release rate.34 On the other hand, AST–solution showed immediate release of 
81.3% in the first hour and almost all the drug content (99.1%) released in 4 h. The later slow release from the solution 
might be due to the lack of concentration gradient between donor and receptor compartment, AST was present in solution 
form inside the dialysis bag. AST solution was used as a control to ensure dialyzability of the drug and to demonstrate the 
in vitro release difference between drug in solution form and drug entrapped in NLCs. The permeation of the drug across 
the dialysis membrane was the controlling step for the drug presence in the receiving compartment of the dialysis bag. 
This could be explained that the dialysis membrane might have hindered drug release. Also, the release depends on the 
diffusion coefficient of the drug.70

Figure 3 Fourier transform infrared (FTIR) spectra of (a) oleic acid, (b) glyceryl palmitostearate, (c) astaxanthin, and (d) astaxanthin-nanostructured lipid carriers (AST– 
NLCs).
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A significant difference (p < 0.05) was marked between AST–solution and AST–NLCs after 4 hr. Korsmeyer-Peppas 
model was the best fitted model for AST release from NLCs, as it had the highest correlation coefficient (r2 = 0.9959) 
(Table 2), and the release mechanism involved diffusion and matrix erosion, as the value of release exponent “n” was 
0.476 (between 0.45 and 0.89).71

Stability Study
Slight non-significant change was observed in the mean PS, PDI, and %EE of AST-NLCs when they were stored at 4–8 
±2°C (refrigerator) for six months (Table 3). PS and PDI of AST-NLCs increased significantly after storage at 25±2°C/60 
± 5% RH for six months, as the kinetic energy of particles increases at higher temperature leads to particle aggregation, 
and %EE was reduced with time but not significantly. Therefore, storage of AST–NLCs was preferred to be at 4–8 ±2°C.

In vivo Evaluation of the Optimized AST–NLC Formulation
Behavioral Test: Morris Water Maze (MWM) Test
Latency Time 
The results of the time required for reaching the hidden platform (latency) during 4 days of training trials before and after 
treatment are presented in Table 4. At the baseline (before treatment), on the first day, there was a significant difference 
between the normal control rats and all AD-like rats in the latency time to reach the hidden platform with no significant 
differences between the AD-like groups. As training proceeds, the control rats showed a decline in the latency time. 
However, the AD-like rats showed no significant difference during the 4 days of training trials. After treatment, as 

Figure 4 In vitro release profile of astaxanthin from (a) astaxanthin–solution (AST–Sol), and (b) astaxanthin-nanostructured lipid carriers (AST–NLCs) for 24 h using dialysis 
method in phosphate buffer (pH 7.4) at 37 ± 0.5°C. Data are presented as mean ± standard deviation, n = 3.

Table 2 In vitro Release Kinetics Models for the Optimized AST–NLC Formulation

Zero Order First Order Higuchi Hixon-Crowell Korsmeyer-Peppas

K 3.523 0.082 15.611 0.022 16.587

r2 0.6402 0.9188 0.9945 0.8483 0.9959

n 0.476

Abbreviations: K, release rate constant; r2, correlation coefficient; n, release exponent in Korsmeyer-Peppas 
model.
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training proceeds, there was a significant difference in the latency time to reach the hidden platform between AD-like 
untreated and treated rats with AST-NLCs or AST-solution, and rats treated with AST-NLCs showed a significant decline 
in the latency. It was observed that there was no significant difference in the latency time between control rats and AD- 
like rats treated with AST-NLCs, but a significant difference in the latency time was observed between control rats 
and AD-like rats treated with AST-solution, during the 4 days of training trials. The AD-like rats treated with AST-NLCs 
showed significantly less latency time to reach the hidden platform compared to AST-solution on the 2nd and 4th days.

Probe Trial 
Before treatment, all AD-like rats showed a significant decline in the percentage of the time spent in the target quadrant 
of the pool in the probe trial as compared to the control rats, with no significant differences between the AD-like groups 
(Table 4). After treatment, AD-like rats treated with AST-NLCs or AST-solution showed a significant increase in the 
percentage of time spent in the target quadrant as compared to the control and untreated AD-like rats. The rats treated 
with AST-NLCs showed significantly higher percentage of time spent in the target quadrant than AST-solution.

In the present study, the non-genetic AD-like model was induced in rats by oral administration of AlCl3 for 6 weeks.52 

This model mimics to large extent the pathophysiology of AD in humans including long-term exposure to aluminum 
(Al). Aluminum is neurotoxic even in small amounts, accumulates in the brain over a lifetime, and contributes to the 
development of AD. In the present study, the established AD-like rat model showed cognitive impairment and behavioral 
changes as indicated by the long latency period during the four days of MWM and probe trial experiments.

AST is a natural lipid-soluble xanthophyll carotenoid with neuroprotective potential due to its antioxidant, anti- 
inflammatory and anti-apoptotic properties, and it has the ability to cross the BBB.6 The results indicated that AD-like 
rats treated intranasally with the optimized AST-NLC formulation showed significantly better performance in the MWM 
than the untreated rats and rats treated with free drug solution, as NLCs could improve the nasal permeability and nose to 
brain drug delivery. Taksima et al10 indicated that rats with AD treated with AST decreased their escape latency time, 
increased the time spent in the target quadrant in the MWM test and decreased Aβ protein and neurodegeneration. 
Rahman et al72 found that AST reversed the cognitive and memory impairment, assessed by MWM test and Novel object 
Recognition test in Aβ infused rats, and significantly attenuated Aβ (1–42) level.

Table 3 The Characteristic Parameters of AST–NLCs After a 6-Month Stability Study at 
Different Storage Conditions

Storage Conditions Sampling (Months) PS (nm) PDI EE (%)

4–8 ±2°C (Refrigerator) 0 142.8c ± 5.02 0.247c ± 0.016 94.1a ± 2.46

1 145.7c ± 4.47 0.252c ± 0.021 93.7a ± 1.32

3 147.4c ± 3.45 0.257c ± 0.026 93.4a ± 2.51

6 151.3bc ± 4.63 0.272c ± 0.029 93.2a ± 1.98

25±2°C/60 ± 5% RH 0 142.8c ± 5.67 0.247c ± 0.018 94.1a ± 1.46

1 151.7bc ± 4.72 0.292bc ±0.025 93.2a ± 3.26

3 162.2b ± 6.23 0.365b ±0.036 91a ± 2.17

6 181.3a ± 5.56 0.492a ± 0.049 88.3a ± 3.56

Notes: Data are presented as mean ± standard deviation, n = 3. In the same column, means with any common letter are 
not significantly different, while means with totally different letters (from a–c) are significantly different at p < 0.05. 
Abbreviations: PS, particle size; PDI, polydispersity index; EE, entrapment efficiency.
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Table 4 Morris Water Maze (MWM) Test During 4 Days of Training and Probe Trail Before and After Treatment

MWM Groups Latency Time to Reach the Hidden Platform (Sec)

Before Treatment After Treatment

Day 1 Control 20.27b ± 0.95 17.83c ± 3.13

AD-like 32.67a ± 4.76 38.67a ± 3.98

AST-Sol 31.0a ± 2.10 31.83ab ± 14.30

NLCs 35.17a ± 4.79 37.0a ± 1.26

AST-NLCs 35.33a ± 6.06 23.83bc ± 3.60

F (p) 13.189* (<0.001*) 9.603* (<0.001*)

Day 2 Control 13.17b# ± 1.94 14.83c ± 2.56

AD-like 30.50a ± 6.98 36.17a# ± 4.79

AST-Sol 28.67a ± 1.75 28.0b ± 3.74

NLCs 31.67a ± 5.85 33.67ab ± 2.73

AST-NLCs 35.67a ± 3.72 19.67c# ± 3.08

F (p) 21.626* (<0.001*) 40.914* (<0.001*)

Day 3 Control 10.67c ± 0.82 10.33c# ± 1.63

AD-like 27.0ab ± 4.47 31.67a# ± 5.99

AST-Sol 26.83b ± 2.23 18.33b# ± 1.75

NLCs 29.67ab ± 5.09 30.67a# ± 2.88

AST-NLCs 32.67a ± 2.50 16.0cb# ± 2.83

F (p) 38.001* (<0.001*) 45.662* (<0.001*)

Day 4 Control 8.33b ± 1.51 8.67c# ± 1.21

AD-like 25.33a ± 4.46 29.67a# ± 5.43

AST-Sol 24.17a# ± 2.32 16.50b# ± 1.97

NLCs 27.0a# ± 4.73 28.33a# ± 3.14

AST-NLCs 29.50a# ± 2.95 11.17c# ± 2.14

F (p) 35.846* (<0.001*) 57.116* (<0.001*)

Probe trail 
(Day 4)

Groups Percentage of time spent in the target quadrant (%)

Before treatment After treatment

Control 31.67a ± 5.82 31.33a ± 2.94

AD-like 16.0b ± 0.89 17.67d ± 2.42

AST-Sol 16.0b ± 1.67 22.0c ± 1.90

NLCs 15.17b ± 1.72 16.50d ± 1.87

AST-NLCs 15.17b ± 1.33 26.0b ± 2.28

F (p) 36.902* (<0.001*) 41.839* (<0.001*)

Notes: Data presented as Mean ± standard deviation, n = 6. F: F for One-way ANOVA test, pairwise comparison between each 2 groups 
was done using Post Hoc Test (Tukey). p: p value for comparing between the studied groups. *Statistically significant at p < 0.05. 
#Significantly different from previous day at p < 0.05. In the same column, means with any common letter are not significantly different, 
while means with totally different letters (from a–d) are significantly different at p < 0.05. 
Abbreviations: MWM, Morris water maze; AD-like, Alzheimer’s disease-like; AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid 
carriers.
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Biochemical Assays
Amyloidogenic Pathway
Amyloid Beta (Aβ1-42) Content and β-Site Amyloid Precursor Protein Cleaving Enzyme-1 (BACE-1) Expression 
The AD-like untreated rats showed significantly higher Aβ1-42 content than control rats by about 3.5-fold in both cortex 
and hippocampus (Figure 5), and a significant upregulation of BACE-1 expression compared to control rats by about 
1.37-fold and 6.5-fold in the cortex and hippocampus, respectively (Figure 6); the upregulation of BACE-1 expression in 
the hippocampus was higher than the cortex. The rats treated intranasally with AST in NLCs or solution showed 
significantly lower cortical and hippocampal Aβ1-42 content and BACE-1 expression than the untreated rats. The rats 
treated with AST-NLCs had significantly lower cortical and hippocampal Aβ1-42 content and lower hippocampal BACE-1 
expression compared with drug solution, while there is no significant difference in the cortical BACE-1 expression 
between AST-solution and AST-NLCs. Treatment with AST-NLCs completely normalized the cortical Aβ1-42 content and 
BACE-1 expression, while in the hippocampus, they are still significantly higher than control rats.

In the present study, AlCl3 induced neurochemical alterations in the cortex and hippocampus of AD-like rats.52 

Regarding the amyloidogenic pathway, the AD-like rats showed significant upregulation in BACE-1 gene expression and 
have a marked increase in Aβ1-42 contents in both the cerebral cortex and hippocampus, which may confirm the 
metabolic shifting toward β-degradation of amyloid precursor protein (APP). Aβ1-42 aggregates (senile plaques) cause 
cellular damage in the brain, as they have been shown to contribute to the formation of neurofibrillary tangles (NFTs), 
oxidative damage, excitotoxicity, neuro-inflammation, and cell death. BACE-1 is the major β-secretase present in the 
brain and considered to be the rate-limiting step in the production of neurotoxic Aβ. Since BACE-1 catalyzes the 
cleavage of APP to produce the soluble APP and the membrane-bound C-terminal fragment (C99), it plays a significant 
role in the amyloidogenic pathway. The latter peptide is then cleaved by γ-secretase to produce the neurotoxic amyloid 
peptide fragment (Aβ1-42), which can aggregate and form the senile plaques, which are one of the hallmarks of AD. 
Therefore, inhibitors of BACE1, which is seen as a key therapeutic target, may be used to treat AD.73,74 The results 
clearly indicated the potential anti-amyloidogenic effect of AST especially in NLCs through downregulating BACE-1 
expression and subsequent inhibition of Aβ1-42 production.

Previous studies have demonstrated the neuroprotective role of AST against Aβ oligomers both in vitro and in vivo. 
The probable reason for the anti-amyloidogenic action of AST can be due to its potent antioxidant effects and reduction 

Figure 5 Amyloid beta (Aβ1-42) content in the cortex and hippocampus of the studied groups. Data are presented as mean ± standard deviation, n = 6. In the same tissue (cortex or 
hippocampus), means with any common letter are not significantly different, while means with totally different letters (from a - d) are significantly different at p < 0.05. 
Abbreviations: AD-like, Alzheimer’s disease-like; AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid carriers.
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of mitochondrial ROS production or maybe via significant reduction in BACE-1 and γ-secretase expression, which leads 
to the attenuation of Aβ production and formation of Aβ plaques.10,72 Elham et al75 found that AST downregulated 
transcription and activity of amyloidogenic BACE-1, reduced Aβ oligomers, enhanced Aβ clearance, and upregulated the 
disintegrin and metalloproteinase domain-containing protein 10 (ADAM 10) and α-secretase, responsible for the non- 
amyloidogenic processing of APP, and increased soluble APPα production.76

Cholinergic Pathway
Acetylcholine (ACh) Content and Acetylcholinesterase (AChE) Activity
The AD-like untreated rats showed significantly lower ACh content (by 57.83% and 64.35%), and significantly higher 
AChE activity (by 146.8% and 122.7%) than control rats in the cortex and hippocampus, respectively (Table 5). 
Treatment with AST in NLCs or solution showed a significant increase in the cortical and hippocampal ACh level 
compared to the untreated rats. The rats treated with AST-solution showed no significant difference in the cortical AChE 
activity compared to the untreated rats. In the cortex, no significant difference was observed in ACh level between AST 
in NLCs or solution, while AST-NLCs showed a significant decline in AChE activity compared with AST-solution. In the 
hippocampus, the rats treated with AST-NLCs had significantly higher ACh content and a significant decline in AChE 
activity compared to AST-solution.

Aβ1-42 had direct and indirect deleterious effects on neurotransmission, organelle function, signaling cascades, axonal 
transport, and immunological response that result in synaptic loss and dysfunctions in neurotransmitter release such as 
acetylcholine (ACh), which is fundamental in many aspects of cognition.73 The cholinergic pathway is affected in AD- 
like rats as the cerebral cortex and hippocampus showed significantly lower ACh level and higher AChE activity 
compared to control rats. These results are in line with Hafez et al77 and Yassin et al,78 who found decreased ACh levels 
in rats with AlCl3-induced AD. ACh is one of the brain’s main excitatory neurotransmitters. AChE activity responsible 
for the hydrolysis of ACh to terminate its excitatory action and the increased AChE activity in AD may be the cause for 
rapid destruction of ACh and declining its levels.79 A 2-day exposure to Aβ1-42 decreased the intracellular ACh 
concentration in the cholinergic hybrid SN56 cell line, suggesting that the rise in Aβ1-42 levels may be responsible for 
the fall in ACh levels.80 The suppression of the amyloidogenic pathway in AD-like rats treated with AST-NLCs was 

Figure 6 β-site amyloid precursor protein cleaving enzyme-1 (BACE-1) expression in the cortex and hippocampus of the studied groups. Data are presented as mean ± 
standard deviation, n = 6. In the same tissue (cortex or hippocampus), means with any common letter are not significantly different, while means with totally different letters 
(from a-d) are significantly different at p < 0.05. 
Abbreviations: AD-like, Alzheimer’s disease-like; AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid carriers.
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associated with significant correction of ACh and AChE contents in both cortex and hippocampus, indicating the anti- 
acetylcholinesterase potential of AST. Rahman et al72 found that AST significantly attenuated AChE level in the rat 
hippocampus and reversed the cognitive and memory impairment.

Redox Parameters
Reduced Glutathione (GSH) and Malondialdehyde (MDA) Contents
The AD-like untreated rats showed significantly lower GSH level (by 29.53% and 41.5%), and significantly higher MDA 
level (by 166.97% and 95.83%) than control rats in the cortex and hippocampus, respectively (Table 6). The rats treated 
with AST in NLCs or solution showed a significant elevation of the GSH level and a significant decline in the MDA level 
in both cortex and hippocampus compared to the untreated rats. In the cortex, the rats treated with AST-NLCs showed 
a significant decline in the MDA level and non-significant difference in the GSH level compared to AST-solution. In the 
hippocampus, AST-NLCs showed a significant increase in the GSH level and a significant decline in the MDA level 
compared to AST-solution. Treatment with AST-NLCs completely normalized the cortical GSH and the hippocampal 
MDA levels, while the hippocampal GSH level is still significantly lower and the cortical MDA level is still significantly 
higher than control rats.

Patients with AD showed a significant degree of oxidative damage in the brain.5 The brain is a target for oxidative 
stress due to the presence of high levels of unsaturated fatty acids. In AD, overproduction of reactive oxygen species 
(ROS) can result in protein and lipid oxidation, DNA and cell damage, and mitochondrial dysfunction, that drive the 
formation of additional Aβ1-42, which ultimately leads to neuron death.81 Considering the role of oxidative stress in 
neurodegenerative disorders, there is a growing interest in antioxidant therapies. Astaxanthin is a natural potent 
antioxidant compared to β-carotene and Vitamin. AST has a polar region (hydroxyl and ketone moieties) at each end 
of the molecule’s ionone rings and central nonpolar zone made up of 13 conjugated double bonds (polyene chain) that 
enable AST to scavenge and quench ROS, terminate free radical chain reactions by either donating or accepting 
electrons, and without being destroyed or becoming a pro-oxidant in the process, and inhibiting lipid peroxidation 
within the cell membrane as well as at the surface, and prevent oxidative DNA damage.82

Previous researches conducted in animal models have also identified a potential for astaxanthin to indirectly 
upregulate the endogenous antioxidant defense system including; superoxide dismutase (SOD), catalase, glutathione 
peroxidase, thiobarbituric acid reactive substances (TBARS), heme oxygenase-1 (HO-1), NAD(P)H quinone 

Table 5 Acetylcholine (ACh) Content and Acetylcholinesterase (AChE) 
Activity in the Cortex and Hippocampus of the Studied Groups

Groups ACh (pg/mg Protein) AChE (ng/mg Protein)

Cortex Hippocampus Cortex Hippocampus

Control 22.79a ± 1.01 35.19a ± 1.0 7.27c ± 0.90 9.71d ± 0.79

AD-like 9.79d ± 1.12 12.55d ± 2.02 17.94a ± 0.90 21.62a ± 2.39

AST-Sol 16.85b ± 0.45 15.49c ± 0.92 16.30a ± 0.42 17.03b ± 0.40

NLCs 13.70c ± 0.44 14.72c ± 0.53 16.93a ± 1.45 20.09a ± 1.66

AST-NLCs 17.77b ± 0.73 22.15b ± 1.02 12.79b ± 1.12 14.43c ± 0.96

F 219.479* 351.037* 110.541* 66.190*

p <0.001* <0.001* <0.001* <0.001*

Notes: Data are presented as mean ± standard deviation, n = 6. F: F for One-way ANOVA test, 
pairwise comparison between each 2 groups was done using Post Hoc Test (Tukey). p: p value for 
comparing between the studied groups. *Statistically significant at p < 0.05. In the same column, 
means with any common letter are not significantly different, while means with totally different letters 
(from a–d) are significantly different at p < 0.05. 
Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; AD-like, Alzheimer’s disease-like; 
AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid carriers.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S402447                                                                                                                                                                                                                       

DovePress                                                                                                                       
1647

Dovepress                                                                                                                                                         Shehata et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


oxidoreductase-1 (NQO-1), and glutathione-S-transferase-α1 (GST-α1), by increasing expression of redox sensitive 
transcription factors, such as nuclear factor erythroid 2-related factor 2 (Nrf2) through activation of the phosphoinositide 
3-kinase (PI3K)/protein kinase B (Akt) pathway and the mitogen-activated protein kinase (MAPK)/extracellular signal- 
regulated protein kinase (ERK) pathway.83,84 Nrf2 activation promotes the re-establishment of balance between oxidants 
and endogenous antioxidants after oxidative insult. Also, the increase in Nrf2 level increases the expressions of genes 
implicated in repair/removal of damaged DNA/proteins that enhance cell survival and potently protects neuronal cultures 
from Aβ toxicity.85 Nakagawa et al86 found that AST supplementation resulted in improved erythrocyte antioxidant 
status, reduced phospholipid hydroperoxides (PLOOH) levels, that resulted from lipid peroxidation, and reduced 
oxidative DNA damage in N-methyl-D-aspartate (NMDA)-induced excitotoxicity model, suggesting that astaxanthin 
may contribute to the prevention of dementia.

Malondialdehyde (MDA) formed by free radicals during ionization events in the body, and the level of MDA in the 
brain increases during oxidative stress and it is used as a marker of lipid peroxidation. Reduced glutathione (GSH) is 
a vital endogenous protective antioxidant against oxidative stress, which is oxidized to oxidized glutathione (GSSG), the 
total GSH level and GSH/GSSG ratio are indices of the protective ability of cells under oxidative stress. In the present 
study, the oxidative stress in the brain of AD-like rats is indicated by the decline of the GSH level and marked elevation 
in the MDA level in both cortex and hippocampus.87 Treatment with AST, especially in NLCs, was associated with 
potent antioxidant potential as indicated by the significant increased GSH and decreased MDA levels. In accordance with 
the present work, Akkoyun et al88 found that AST administration attenuated elevated MDA level and increased lower 
GSH level and superoxide dismutase (SOD) activity in rat brain due to cadmium (Cd) administration.

Nuclear Factor-Kappa B (NF-κB): A Marker for Neuroinflammation
The AD-like untreated rats showed marked higher NF-κB level compared to control rats by 581.36% and 699.1% in the cortex 
and hippocampus, respectively (Figure 7). Treatment with AST in NLCs or solution significantly decreased the cortical and 
hippocampal NF-κB level compared with the untreated rats. There was non-significant difference in the cortical NF-κB level 
after treatment with AST in NLCs or solution, while AST-NLCs showed significantly lower hippocampal NF-κB level 
compared to AST-solution.

Table 6 Reduced Glutathione (GSH) and Malondialdehyde (MDA) Contents 
in the Cortex and Hippocampus of the Studied Groups

Groups GSH (nmol/mg Protein) MDA (nmol/g Tissue)

Cortex Hippocampus Cortex Hippocampus

Control 4.30a ± 0.33 5.88a ± 0.29 2.18d ± 0.25 0.24c ± 0.03

AD-like 3.03d ± 0.36 3.44d ± 0.28 5.82a ± 0.51 0.47a ± 0.06

AST-Sol 3.60bc ± 0.31 4.69c ± 0.26 3.93b ± 0.47 0.38b ± 0.03

NLCs 3.31cd ± 0.21 3.77d ± 0.21 5.46a ± 0.76 0.46ab ± 0.07

AST-NLCs 3.87ab ± 0.36 5.15b ± 0.24 3.07c ± 0.35 0.28c ± 0.03

F 14.370* 91.564* 57.693* 27.496*

p <0.001* <0.001* <0.001* <0.001*

Notes: Data presented as Mean ± standard deviation, n = 6. F: F for One-way ANOVA test, 
pairwise comparison between each 2 groups was done using Post Hoc Test (Tukey). p: p value for 
comparing between the studied groups. *Statistically significant at p < 0.05. In the same column, 
means with any common letter are not significantly different, while means with totally different 
letters (from a–d) are significantly different at p < 0.05. 
Abbreviations: GSH, reduced glutathione; MDA, malondialdehyde; AD-like, Alzheimer’s disease- 
like; AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid carriers.
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In AD, oxidative stress and high Aβ level activate the body’s immune response, resulting in neuro-inflammation. The 
nuclear factor-kappa Beta (NF-κB) signaling pathway is an important and ubiquitous nuclear transcription pathway that 
serves important roles in inflammatory and immune responses. Excessive activation of the NF-κB signaling pathway is 
related to inflammatory changes in neurological disorders, like AD. In unstimulated conditions, NF-κB remains inactive 
in the cytoplasm and interacts with the inhibitory (IκB) family (IκB-α). In AD, NF-κB is activated through dissociation of 
IκB, which is phosphorylated by the IκB kinase complex (IKKα and IKKβ). Dissociated NF-κB enters the nucleus and 
binds to κB regulatory elements that produce the pro-inflammatory cytokines; interleukin-1 β (IL-1β), interleukin-6 (IL- 
6), and tumor necrosis factor-α (TNF-α). Therefore, blocking the NF-κB signaling pathway is important for the mediation 
of inflammatory diseases.89 Astaxanthin can block excessive NF-κB signaling by downregulating the phosphorylation of 
IκB-α or increasing the cellular expression of IκB-α mRNA and protein, and downregulate the expression of pro- 
inflammatory cytokines.90,91

In the present study, the induced oxidative stress in AD-like rats was associated with induction of neuroinflammation 
as indicated by marked elevation of the cortical and hippocampal NF-κB contents.92 Treatment of AD-like rats with AST- 
NLCs was associated with anti-neuroinflammatory potential as indicated by the decreased NF-κB content. Park et al93 

reported astaxanthin reduced the DNA oxidative damage biomarker inflammation, thus enhancing immune response. 
Rahman et al72 found that AST significantly attenuated TNF-α level in the rat hippocampus. Kim et al,94 study in 
PM2.5-induced neuroinflammation model, demonstrated that AST treatment decreased the expression of M1 pro- 
inflammatory cytokines (IL-1β, TNF-α and IL-6) and increased the expression of M2 anti-inflammatory cytokines (IL- 
10 and arginase-1). AST also exhibits anti-inflammatory effects by inhibiting cyclooxygenase-2 (COX-2) and inducible 
nitric oxide synthase (iNOS) through the regulation of multiple genes. Han et al95 investigated that AST administration 
ameliorated lipopolysaccharide (LPS)-induced memory loss, reduced LPS-induced expression of inflammatory proteins, 
production of ROS, nitric oxide (NO), cytokines and chemokines, and also reduced LPS-induced B-secretase and Aβ 1–42 

generation through the down-regulation of amyloidogenic proteins both in vivo and in vitro. Furthermore, AST 
suppressed the DNA binding activities of the signal transducer and activator of transcription 3 (STAT3) that plays 
critical roles in inflammatory diseases, including AD. Che et al96 found that AST is effective in controlling oxidative 
stress, inflammasome production and activation, and reducing Tau hyper-phosphorylation.

Figure 7 Nuclear factor-kappa B (NF-κB) content in the cortex and hippocampus of the studied groups. Data are presented as mean ± standard deviation, n = 6. In the same 
tissue (cortex or hippocampus), means with any common letter are not significantly different, while means with totally different letters (from a - d) are significantly different 
at p < 0.05. 
Abbreviations: AD-like, Alzheimer’s disease-like; AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid carriers.
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Caspase-3 Activity: A Marker for Apoptotic Cell Death
The AD-like untreated rats showed significantly higher caspase-3 activity than control rats by 513.1% and 546.45% in 
the cortex and hippocampus, respectively (Figure 8). The rats treated with AST in NLCs or solution significantly 
decreased the cortical and hippocampal caspase-3 level compared to the untreated rats. AST-NLCs result in a significant 
decline in caspase-3 level compared to AST-solution in both cortex and hippocampus.

The apoptotic pathway is regulated by the anti-apoptotic cytokines like Bcl-2 (B-cell lymphoma-2), and the pro- 
apoptotic cytokines like Bax (BcL2-Associated X). Under apoptotic stimulation, the pro-apoptotic cytokines promote the 
release of cytochrome c (Cyt c) from the mitochondria into the cytoplasm. A complex comprising Cyt c, apoptotic 
protease activator-1 and caspase-9 then activates caspase-3, which triggers apoptosis. Bcl-2 inhibits the release of Cyt 
c and reduces apoptosis.97 In the present study, AlCl3-induced neurotoxicity is due to its ability to induce oxidative stress, 
ROS generation, mitochondrial dysfunction, and cytoskeleton changes that resulted in cell death necrosis or apoptosis, 
which is approved by significant activation of caspase-3 as a marker of apoptosis. Caspase-3 is an intracellular cysteine 
protease that exists as a pro-enzyme, becoming activated during the cascade of events associated with apoptosis.98,99 

Treatment of AD-like rats with AST-NLCs was associated with anti-apoptotic activity as indicated by the decreased 
caspase-3 activity. Zhang et al100 showed that AST serves an important role in upregulation of Bcl-2 levels and 
downregulation of the activation of Cyt c, caspase-3, and Bax. Fan et al101 found that AST supplementation protects 
rats from homocysteine-related apoptosis through upregulation of Bcl-2 levels.

Some studies have shown that treatment using AST can promote nerve cell regeneration and increase gene expression 
of proteins important for brain recovery, such as glial fibrillary acidic protein (GFAP), microtubule associated protein 2 
(MAP-2), brain-derived neurotrophic factor (BDNF) and growth-associated protein 43 (GAP-43). GFAP serves sig-
nificant roles in the repair of CNS injury, promotion of cell communication and alleviation of BBB damage. MAP-2 can 
regulate microtubule growth and neuronal regeneration. BDNF is responsible for neuronal survival and growth and the 
differentiation of new neurons, whereas upregulation of GAP-43 stimulates the protein kinase pathway and promotes 
neurite formation, regeneration and plasticity.102 Wu et al103 showed that AST significantly enhanced the expression of 
BDNF in the brain of aging rats.

AD appears to be a consequence of several convergent factors including oxidative stress, inflammation, activation of 
amyloidogenic pathway, accumulation of toxic protein aggregates (Aβ 1–42), disturbed brain neurotransmitters, 

Figure 8 Caspase-3 activity in the cortex and hippocampus of the studied groups. Data are presented as mean ± standard deviation, n = 6. In the same tissue (cortex or 
hippocampus), means with any common letter are not significantly different, while means with totally different letters (from a-e) are significantly different at p < 0.05. 
Abbreviations: AD-like, Alzheimer’s disease-like; AST, astaxanthin; Sol, solution; NLCs, nanostructured lipid carriers.
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neurodegeneration. The commonly prescribed medications for AD, are only symptomatic that do not stop the progressive 
pathology of the disease.104 Given the fact of worldwide spread of AD, the search for protective and effective disease- 
modifying treatments against the development of AD is of great importance. From the results obtained in the present 
study, the neuroprotective mechanisms of action of AST could be conferred upon its anti-amyloidogenic, anti- 
cholinesterase, antioxidant, anti-neuroinflammatory and anti-apoptotic properties and it could be a promising candidate 
for prevention and management of neurological disorders like AD. AST has low oral bioavailability due to its high 
lipophilicity, low solubility in gastrointestinal tract fluids, and suffers from hepatic first pass metabolism leading to poor 
oral absorption.10 Therefore, the intranasal (IN) route was used in this study for direct brain targeting. IN administration 
avoids first pass metabolism and gastrointestinal inactivation, achieves direct nose to brain drug delivery via olfactory 
and trigeminal nerve pathways bypassing BBB, and indirectly into the systemic circulation before crossing the BBB to 
reach the brain, increases distribution and bioavailability of drugs in the brain, and therefore it could reduce the drug dose 
to be administered.23 AST has the ability to bypass the BBB. In this study, astaxanthin was loaded in lipid nanoparticles, 
NLCs, to improve the intranasal permeability and enhance the brain targeting.

It was observed from the results of pharmacodynamics study that AD-like rats treated intranasally with AST in the 
optimized NLC formulation showed significantly better in vivo effects compared with free drug solution (IN). This could 
be due to rapid clearance of the administered AST-solution from the nasal cavity by the mucociliary clearance 
mechanism, short contact time with nasal mucosa and enzymatic degradation of free drug in nasal cavity. NLCs offered 
significant enhancement in nose-to-brain delivery of AST, as they can reduce mucociliary clearance, increase the nasal 
mucosal contact due to the occlusive nature of lipids in NLCs, the incorporation of the drug in NLCs reduces enzymatic 
drug degradation within the nasal cavity better than free drug solutions, and they improve the drug’s nasomucosal 
permeability greater than free drug solutions due to their flexible nano-sized (mean PS = 142.8 nm, less than 200 nm) 
lipophilic particles that can easily squeeze through intercellular spaces between olfactory cells and transported directly to 
the brain, increase drug bioavailability in the brain.33,66 Several studies reported the direct nose to brain transport and the 
significant enhancement of drug delivery to the brain following IN administration of drug loaded NLCs.28,105,106

Astaxanthin was encapsulated in NLCs in two recent studies. Gautam et al39 developed AST-NLCs and incorporated 
in an in situ thermoreversible nasal gel for better neuronal uptake and efficacy for management of Parkinson’s disease. 
The average PS, ZP, and EE of the optimized AST-NLC formulation were 225.6 ± 3.04 nm, −52.64 mV, and 65.91 ± 
1.22%, respectively. Pharmacokinetic studies showed better availability of AST in the brain on the rats treated with IN 
AST-NLC in-situ gel as compared to those treated with IN free AST-in-situ gel. AST-NLC gel (IN) had higher Cmax,brain 

(9.5-fold) and AUCbrain (7.79-fold) values than the free drug gel (IN). In haloperidol-treated rats, the AST-NLC gel (IN) 
improved rat behavior in the rotarod test and akinesia measurements as compared with the free drug gel (IN). Geng 
et al107 formulated AST-NLCs to improve its stability, water solubility, skin permeability and retention and reduce drug- 
related side effects.56 The optimized AST-NLC formulation had a mean PS of 67.4 ± 2.1 nm and 94.3 ± 0.5% EE. AST- 
NLCs were found to be nonirritating, homogenous, and with excellent stability and water solubility, and higher 
cumulative skin permeability and retention. This study concluded that NLCs serve as a promising carrier for site- 
specific targeting of AST with better stability and skin penetration.

Histopathological Analysis: Hematoxylin and Eosin (H and E) Staining
As shown in Figure 9, the histological analysis of the brain tissues of control rats revealed nearly normal cortical nerve 
cells. The cortical tissue of the AD-like untreated rats showed degenerated shrunken darkly stained neurons with 
increased pericellular spaces, necrotic neurons associated with satellitosis and neuronophagia, and increased glial cells. 
The histoarchitecture of the cortical tissues of the AD-like rats was markedly improved after IN treatment with AST in 
NLC formulation, associated with few numbers of degenerated and necrotic neurons.

In Figure 10, the control rats showed normal hippocampal nerve cells. The hippocampal tissue of AD-like untreated 
rats showed distorted cellular morphology with increased pericellular space, misaligned degenerated neurons, pyknotic 
neurons, necrotic neurons associated with satellitosis, and neuronophagia and glial cells. The hippocampal nerve cell 
morphology showed marked improvement with AST-NLCs which was associated with a few numbers of degenerated and 
necrotic neurons.
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Various histopathological alterations (neuronal degeneration and necrosis and diffuse gliosis) were observed in the 
cerebral and hippocampal tissues of AD-like untreated group were reliable with AlCl3-induced neurotoxicity and 
memory dysfunction which may be attributed to the ability of AlCl3 to induce oxidative stress, ROS generation, 
mitochondrial dysfunction, disruption of vital cellular processes and cytoskeleton changes which resulted in cell death 

Figure 9 Histology of cerebral cortex stained with hematoxylin and eosin (X400) of (a) control rats, (b) Alzheimer’s disease (AD)-like untreated rats, (c) astaxanthin- 
solution (AST-Sol) treated rats, and (d) astaxanthin-nanostructured lipid carriers (AST–NLCs) treated rats. Normal neurons (black arrow), degenerated neurons (Orange 
arrow), necrotic neurons associated with satellitosis and neuronophagia (red arrows), and glial cells (yellow arrow).

Figure 10 Histology of hippocampus stained with hematoxylin and eosin (X400) of (a) control rats, (b) Alzheimer’s disease (AD)-like untreated rats, (c) astaxanthin- 
solution (AST-Sol) treated rats, and (d) astaxanthin-nanostructured lipid carriers (AST–NLCs) treated rats. Normal neurons (black arrow), degenerated neurons (red 
arrow), glial cells (yellow arrow), and pericellular space (Orange arrow).
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necrosis.108 The cerebral and hippocampal lesions are consistent with those reported by Sumathi et al.109 The observed 
ameliorative effects of AST on histopathological lesions were associated with similar effects on the behavioral test and 
biochemical results. AD-like rats treated with AST-NLCs showed significant improvement in cognitive performance in 
MWM test and neuroprotective role as indicated in biochemical parameters in the brain of treated rats.

Treatment with AST-NLCs had anti-amyloidogenic effects that caused a significant decline in Aβ1-42 content in the 
cortex and hippocampus. The anti-amyloidogenic effect of AST may be mediated via a significant reduction in β- 
secretase (BACE-1) expression as the present data indicated or may be due to its potent antioxidant effects mediated by 
stimulation of endogenous antioxidant system. The present study indicated that AST-NLC treatment significantly 
corrected the MDA and GSH in the rat brain. Wu et al103 showed that AST significantly ameliorated the histopathological 
changes in the hippocampus and enhanced the expression of brain derived neurotrophic factor (BDNF) in the brain of 
aging rats.

Correlation Study
The Pearson correlation study (Table 7) indicated the following relationships: the cortical and hippocampal Aβ1-42 

contents were positively correlated with AChE, NF-kB, BACE-1 expression, MDA, and caspase-3 activity and nega-
tively correlated with ACh and GSH. The ACh contents were positively correlated with GSH and negatively correlated 
with AChE, NF-kB, MDA, caspase-3, and BACE-1 expression. The GSH content showed similar correlation pattern to 
ACh, while AChE, NF-kB, caspase-3, MDA, and BACE-1 expression showed opposite correlation patterns.

The correlation data confirmed the possible link between the amyloidogenic pathway progression and the distur-
bances in the cholinergic pathway; as the markers of amyloidogenic pathway (BACE-1 and Aβ1-42) were negatively 
correlated with ACh level and positively correlated with AChE activity, and also between the induced oxidative stress 
and induction of neuroinflammation as indicated by the positive correlation between MDA and NF-kB levels. Based on 

Table 7 Pearson Correlation (r) Study Between Different Parameters in AD-Like, AST-Sol, NLCs and AST- 
NLCs Groups (n = 24) in the Cortex and Hippocampus

Tissue ACh AChE NF-kB BACE-1 GSH MDA Caspase-3 activity

Aβ1-42 Cortex −0.907* 0.759* 0.928* 0.766* −0.706* 0.874* 0.915*

Hippocampus −0.861* 0.934* 0.954* 0.859* −0.892* 0.840* 0.924*

ACh Cortex −0.676* −0.727* −0.672* 0.776* −0.817* −0.843*

Hippocampus −0.816* −0.823* −0.789* 0.772* −0.810* −0.789*

AChE Cortex 0.686* 0.616* −0.564* 0.816* 0.788*

Hippocampus 0.899* 0.851* −0.832* 0.740* 0.851*

NF-kB Cortex 0.771* −0.575* 0.798* 0.852*

Hippocampus 0.829* −0.876* 0.848* 0.906*

BACE-1 Cortex −0.562* 0.629* 0.788*

Hippocampus −0.797* 0.744* 0.769*

GSH Cortex −0.645* −0.693*

Hippocampus −0.740* −0.911*

MDA Cortex 0.885*

Hippocampus 0.738*

Note: *Statistically significant at p < 0.05. 
Abbreviations: Aβ1-42, amyloid beta; BACE-1, β-site amyloid precursor protein cleaving enzyme-1, ACh; acetylcholine; AChE, acetylcholi-
nesterase; GSH, reduced glutathione; MDA, malondialdehyde; NF-κB, nuclear factor-kappa B.
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the above results and discussion, it is strongly suggested that AST could be a promising candidate for management 
of AD.

Conclusion
In this study, an optimized AST–NLC formulation was successfully prepared and showed a small mean particle size, high 
entrapment efficiency with biphasic release pattern; an initial rapid release followed by slow and sustained release for 24 
h, and were stable when stored at 4–8 ±2°C. DSC indicated that AST existed in an amorphous state in the NLC matrix. 
Nose-to-brain delivery of AST-NLCs in AD-like rats showed anti-amyloidogenic, anti-cholinesterase, antioxidant, anti- 
neuroinflammatory and anti-apoptotic effects through targeting multiple pathways involved in AD progression including 
induced amyloidogenic pathway, impaired cholinergic neurotransmission, oxidative stress, neuroinflammation, and 
apoptosis, and correcting the cortical and hippocampal histopathology. Our results suggest that intranasal delivery of 
AST in NLCs could be a promising treatment for AD and circumvent its poor oral bioavailability.
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