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Abstract  

Background: In recent years, scientists have discovered that nanoparticles can effectively aid in 

the treatment of neurodegenerative diseases. This study aimed to explore the effects of ascorbic 

acid (AA) encapsulated in chitosan nanoparticles on neuroprotection in a rat model of Alzheimer's 

disease. We employed biochemical, molecular, histological, and behavioral methods to achieve 

this purpose.  
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Methods: Alzheimer's disease was induced in the rats through an intracerebroventricular injection 

of amyloid beta (Aβ)1-42. After the induction, the animals received either AA or nano-AA at a 

dosage of 100 mg/kg orally for one month.  

Results: Both treatments effectively prevented the decrease in superoxide dismutase activity and 

the increase in malondialdehyde levels in the hippocampus of the Aβ-injected rats. In addition, 

both AA and nano-AA inhibited the elevation of monocyte chemoattractant protein-1 and beta-

secretase-1 expression. They also reduced amyloid plaque deposition and neuronal death in the 

hippocampal cornus ammonis 1 area. Moreover, the treatments led to improvements in spatial 

learning and memory. AA and nano-AA prevented the rise in indoleamine 2,3-dioxygenase-1 

expression in the hippocampus, reduced kynurenine levels, and increased serotonin levels. 

Notably, nano-AA demonstrated greater effectiveness than AA across all observed factors, except 

for memory improvement.  

Conclusion: In conclusion, encapsulating AA in chitosan nanoparticles enhances the antioxidant's 

ability to reduce oxidative stress and inflammation, improve histological damage, and regulate 

serotonin metabolism in the hippocampus of rats modeled for Alzheimer's disease. 

Keywords: Ascorbic acid, Chitosan, Amyloid beta peptide, Serotonin, Hippocampus, Spatial 

learning 

 

1. Introduction  

Alzheimer's disease (AD) is the most common cause of dementia. Biologically, it is characterized 

by the buildup of amyloid-β (Aβ) outside of neurons and the presence of neurofibrillary tangles 

inside neurons, which consist of aggregated hyperphosphorylated tau protein. Specifically, Aβ1-42, 
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produced by β-site amyloid precursor protein cleaving enzyme 1 (BACE1) and gamma-secretase, 

plays a role in the hyperphosphorylation of tau. Research has shown that the deposition of Aβ is 

necessary for the progression of tau pathology, and Aβ can also lead to dysfunctions in synaptic 

transmission independently of tau, resulting in cognitive impairment. Aβ disrupts the transmission 

of neurotransmitters such as acetylcholine, glutamate, γ-aminobutyric acid, dopamine, and 

serotonin in various brain regions, including the hippocampus, which is crucial for cognitive 

function. 1-3 

Evidence shows that Aβ oligomers significantly contribute to oxidative stress and 

neuroinflammation in the brain. Aβ oligomers generate reactive oxygen species (ROS) that can 

damage proteins, lipids, and DNA. Additionally, Aβ promotes synaptotoxicity and neurotoxicity 

by activating astrocytes and microglia. 4  Finding effective therapies for AD remains challenging 

for researchers. Despite progress in this field, we still lack a treatment that can effectively stop the 

disease from advancing. Because of Aβ's crucial role in AD development and progression, 

targeting Aβ production and improving its clearance are key therapeutic goals. 5 In this context, 

antioxidants have attracted considerable interest from researchers. 6 

Ascorbic acid (AA; C6H8O6) is a water-soluble organic compound that is commonly found in fruits 

and vegetables. It is a powerful antioxidant that scavenges ROS and inhibits pro-inflammatory 

cytokines. 7, 8 Studies indicate that patients with AD have lower levels of AA in their plasma 

compared to healthy individuals. 9 Research has demonstrated that AA can prevent the aggregation 

of Aβ1-42 
10, and there are also reports of its protective effects in animal models of AD. 11, 12 AA 

enters the brain via the choroid plexus but cannot cross the blood-brain barrier (BBB) due to the 

tight junctions between endothelial cells, which restrict paracellular transport. 13 
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In recent years, nanoparticles have emerged as promising tools for treating chronic diseases of the 

central nervous system (CNS) due to their ability to cross the BBB and provide controlled drug 

release. 14 Among these, chitosan-based nanoparticles are recognized as biodegradable yet stable 

carriers for delivering medications targeting the CNS. These nanoparticles possess several 

beneficial characteristics, including biocompatibility, sustained drug release, low toxicity, low 

immunogenicity, flexibility in surface modification, and antibacterial activity. The degradation 

products of chitosan nanoparticles are non-toxic, non-immunogenic, and non-carcinogenic. 

Remarkably, chitosan itself has a very high lethal dose 50 (LD50) value, comparable to that of 

common substances like salt or sugar. Additionally, chitosan nanoparticles can be produced easily 

and rapidly, with both material and production costs being low. 15, 16 

This study aimed to investigate how the loading of AA in chitosan nanoparticles affects its 

neuroprotection in a rat model of AD. To achieve this, we compared the effects of AA alone and 

chitosan nanoparticles containing AA on various parameters, including oxidative stress, 

neuroinflammation, amyloid plaque deposition, neuronal death, tryptophan metabolism in the 

hippocampus, and memory changes induced by Aβ1-42.   

 

2. Materials and Methods 

2.1. Synthesis and characterization of nanoparticle 

AA (0.176 kDa), chitosan (100 kDa, 75% deacetylated), and sodium tripolyphosphate (TPP) 

(367.86 kDa) were purchased from Sigma-Aldrich (USA). Chitosan served as a carrier, while TPP 

acted as a crosslinking agent. Chitosan powder was dissolved in 1% acetic acid at a concentration 

of 1 mg/ml. Next, 10 mg of AA was dissolved in distilled water at a concentration of 1 mg/ml and 
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added to the chitosan solution. A TPP solution (0.2 mg/ml, prepared in distilled water) was then 

added dropwise to the mixture. After one hour, nanoparticles formed and were centrifuged at 

10,000 rpm for one hour to separate them. Formulation trials were carried out 3 times to optimize 

the nanoparticle characteristics. The resulting precipitate was dissolved in water and stored at -70 

°C for future use. 

The morphology of the nanoparticle was analyzed using field-emission scanning electron 

microscopy (FESEM), and its size was measured using dynamic light scattering (DLS). 

2.2. Animals and experimental design   

Sixty male Wistar rats, each weighing between 200 and 220 g, were maintained under standard 

laboratory conditions, which included a temperature variation of 24±1 °C and a 12-hour light/dark 

cycle, with unlimited access to food and water.  

The practices for animal handling and experimental methods strictly follow the ARRIVE 

guidelines. 18 Ethics approval was obtained by the Animal Care and Use Committee at Islamic 

Azad University - Science and Research Branch (Approval number: IR.IAU.SRB.REC.1402.338). 

The rats were divided into six groups, with ten rats in each group: 

1. Control group: These animals did not undergo surgery and did not receive any treatment. 

2. PBS group: During stereotaxic surgery, these rats received phosphate-buffered saline (PBS) 

intracerebroventricularly (ICV) and were given distilled water (the solvent for AA) by gavage for 

one consecutive month. 

3. Aβ group: During stereotaxic surgery, these rats received Aβ1-42 at a dose of 10 μg per rat via 

ICV injection and were given distilled water by gavage for one consecutive month. 19 Aβ1-42 
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(Sigma-Aldrich, USA) was dissolved in 0.1 M sterile PBS at a concentration of 2.5 μg/μl, and 2 

μl of this solution was injected into each lateral ventricle. 

4. Aβ.C group: Following ICV injection of Aβ1-42, these rats received chitosan (200 mg/kg) by 

gavage daily for one consecutive month. 20  

5. Aβ.AA group: After ICV injection of Aβ1-42, these rats were given AA (100 mg/kg) by gavage 

for one consecutive month. 12 

6. Aβ.nAA group: Following ICV injection of Aβ1-42, these rats received nano AA (100 mg/kg) by 

gavage for one consecutive month. 12  

On Day 0, stereotaxic surgery was performed. One day later, treatments with distilled water, 

chitosan, AA, or nano AA were started and continued for one month. Spatial learning and memory 

were assessed using the Morris water maze (MWM) test from days 26 to 30. At the end of this 

treatment period, rats were anesthetized with ketamine and xylazine 22, and their hippocampi were 

removed for analysis. The hippocampi from five rats were used to measure levels of 

malondialdehyde (MDA), serotonin, kynurenine, and superoxide dismutase (SOD) activity. The 

right hippocampus from another five rats was used to examine the expression of the genes BACE1, 

indoleamine 2,3-dioxygenase 1 (IDO1), and monocyte chemoattractant protein-1 (MCP-1) using 

real-time polymerase chain reaction (PCR). Meanwhile, the left hippocampus of these animals was 

analyzed for neuronal death through Nissl staining and for amyloid plaque deposition using 

thioflavin staining. 

2.3. Stereotactic surgery 

Rats were anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg). The coordinates for 

injecting Aβ1-42 (5 μg/2 μl) or PBS (2 μl) were chosen based on brain stereotaxic coordinates. 23 

The specific injection site coordinates were: anteroposterior (AP): -0.8 mm, lateral (L): ±1.5 mm, 
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and vertical (V): 3.8 mm. Injections were performed using a Hamilton microsyringe (Hamilton, 

USA) at a rate of 1 μl every 2 min into both lateral ventricles. 

2.4. MWM test 

The MWM test is a commonly used method for assessing animal learning and memory. This 

procedure consists of two phases. The first phase lasted four days, from days 26 to 29, during 

which each animal swam in a water tank for four 90 s periods per day. The goal was for the animal 

to find a hidden platform located 2 cm below the water’s surface. The average time (s) that each 

rat took to locate the platform each day was recorded and served as a measure of learning. On day 

30, the platform was removed, and a test known as the probe trial was conducted. In this trial, each 

animal swam in the tank for 60 s without the platform. The time (s) that each rat spent in the target 

quadrant was recorded and served as an indicator of memory. The movements of the animals in 

the tank were recorded using a video tracking system positioned above the maze apparatus. 24 The 

data was then analyzed by EthoVision software (Noldus, Netherlands).  

2.5. Biochemical assessment 

For biochemical studies, hippocampi were homogenized in a Tris buffer at pH 7.5. The samples 

were then centrifuged at 12,000 g for 20 min, and the protein concentration in the supernatant was 

measured using the Lowry method. 25  

MDA levels in the hippocampus were assessed using the Nalondi™ Lipid Peroxidation Assay Kit 

(Navand Salamat, Iran), following the provided instructions. In summary, MDA reacts with 

thiobarbituric acid when heated, producing a pink compound. The absorbance of this compound 

is measured at 550 nm.  
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SOD activity was evaluated using the Nasdox™ Assay Kit (Navand Salamat, Iran). This kit works 

by inhibiting the oxidation of pyrogallol and measuring its oxidation half-life at a specific 

concentration. The SOD activity in an unknown sample was determined at 405 nm by comparing 

the inhibition of pyrogallol oxidation over time with that of a SOD control concentration.  

Serotonin and kynurenine levels were assessed using ELISA kits (MyBioSource, USA) following 

the manufacturer's instructions. The optical density was measured at 450 nm. 

For biochemical experiments, each sample was measured three times.  

2.6. Survey of gene expression  

RNA was extracted using a SinaClon kit (Iran). The quality of the extracted RNA was assessed at 

260 nm, and the A260/A280 ratio was determined. Complementary DNA (cDNA) was synthesized 

with the Sinnaclon First Strand cDNA Synthesis Kit (SinaClon, Iran). Real-time PCR was 

conducted to evaluate gene expression. Each reaction mixture included 1 μl of primers, 2 μl of 

cDNA, 6 μl of double-distilled water, and 10 μl of qPCRBIO SyGreen Mix Lo-ROX. To 

standardize the expression levels of the target genes, we used the reference gene glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), as its expression remains stable in AD brains. 26 All 

experiments were performed in triplicate, and the relative expression of each gene was calculated 

using the 2–∆∆Ct method. 27 Primer 3 software was utilized to design and verify primers, using the 

NCBI BLAST for confirmation. The primer sequences are provided in Table 1. 

2.7. Histological investigations 

The samples were first fixed in 4% paraformaldehyde. After processing, they were embedded in 

paraffin, and 5-μm sections were prepared from the hippocampus, specifically from 2.7 mm to 3.7 
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mm posterior to bregma. Then, the sections were stained with 0.1% cresyl violet (Merck, 

Germany) for Nissl staining. 24  

For thioflavin-S staining, sections were deparaffinized and hydrated. After that, they were 

incubated for 10 to 15 min at room temperature in 1% aqueous thioflavin-S (Sigma-Aldrich, USA). 

Then, the sections were washed three times with distilled water, glycerol, and PBS solution. 

Finally, a coverslip was placed on the sample for fluorescent photography. 28 

Ten sections from the CA1 region of the hippocampus of each rat were examined microscopically 

after being stained with cresyl violet to assess neuronal death. Additionally, an equal number of 

sections stained with thioflavin were studied to determine the percentage of amyloid plaque 

deposition. 

2.8. Statistical analysis 

Data analysis was performed using SPSS version 26. A one-way analysis of variance (ANOVA) 

was conducted, followed by Tukey’s post-hoc test for multiple comparisons. A p-value of less than 

0.05 was considered statistically significant. Results are expressed as mean ± standard error (SE). 

 

3. Results  

3.1. Characterization of nano AA 

The image of nano AA, prepared using FESEM, is presented in Figure 1A. The image shows that 

the nanoparticles are nearly spherical and aggregated, with diameters of less than 0.2 μm. The 
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results from the DLS test further confirm this finding, reporting a diameter of 125 nm for the AA 

nanoparticles (Figure 1B). 

3.2. Oxidative stress indicators 

ICV injection of Aβ1-42 significantly reduced SOD activity in the hippocampus of the Aβ group 

compared to the Control group (p < 0.001). However, SOD activity was extremely high in both 

the Aβ.AA and Aβ.nAA groups compared to the Aβ group (p < 0.001). Moreover, the SOD activity 

in the Aβ.nAA group was significantly greater than that in the Aβ.AA group (p < 0.001) (Figure 

2A).  

Additionally, MDA levels were significantly elevated in the Aβ group compared to the Control 

group (p < 0.001). Both AA and nano AA treatments effectively prevented the rise in MDA levels; 

consequently, MDA levels in the Aβ.AA and Aβ.nAA groups were remarkably lower than the Aβ 

group (p < 0.001). Furthermore, MDA levels in the Aβ.nAA group were significantly lower than 

those in the Aβ.AA group (p < 0.001) (Figure 2B).  

It is noteworthy that the Aβ.C group did not show significant differences from the Aβ group 

regarding any of these factors. 

3.3. MCP-1 gene expression 

The results of real-time PCR indicated that the expression of MCP-1 in the hippocampus of the 

Aβ group was significantly higher than in the Control group (p < 0.001). However, the expression 

of MCP-1 significantly decreased in both the Aβ.AA and Aβ.nAA groups compared to the Aβ 

group (p < 0.001). Additionally, the mRNA level of MCP-1 in the Aβ.nAA group was extremely 
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low than that in the Aβ.AA group (p < 0.001). There was no significant difference in MCP-1 

expression between the Aβ and Aβ.C groups (Figure 3). 

3.4. BACE-1 expression and amyloid plaque deposition 

BACE-1 expression was significantly higher in the Aβ group compared to the Control group (p < 

0.001). However, its expression decreased significantly in the Aβ.AA and Aβ.nAA groups 

compared to the Aβ group (p < 0.01 and p < 0.001, respectively). Additionally, the Aβ.nAA group 

exhibited a considerable decrease in BACE-1 expression compared to the Aβ.AA group (p < 0.05). 

There was no significant difference observed between the Aβ and Aβ.C groups (Figure 4A). 

ICV injection of Aβ1-42 resulted in the deposition of amyloid plaques in the CA1 region of the 

hippocampus, as indicated by thioflavin staining shown in Figure 3B. The percentage of amyloid 

plaque deposition in the Aβ group was remarkably higher than in the Control group (p < 0.001). 

Both the AA and nano AA treatments were effective in reducing the amyloid deposition in Aβ1-42-

injected animals (p < 0.001). However, there was a significant difference between the Aβ.AA and 

Aβ.nAA groups (p < 0.001). The percentage of amyloid plaques in the Aβ.C group did not differ 

significantly from that in the Aβ group (Figure 4B, C). 

3.5. Neuronal death 

Microscopic examination of photomicrographs from Nissl-stained sections revealed a reduction in 

the thickness of the pyramidal neuron layer and significant neuronal death in the CA1 region of 

the hippocampus in the Aβ group. The percentage of viable neurons in the Aβ.AA and Aβ.nAA 

groups was significantly higher than in the Aβ group (p < 0.001). Furthermore, neuronal viability 

in the Aβ.nAA group was notably greater compared to the Aβ.AA group (p < 0.001) (Figure 5). 
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However, there was no significant difference in neuronal viability between the Aβ.C group and 

the Aβ group. 

3.6. Tryptophan metabolism 

IDO-1 expression in the hippocampus of Aβ group was significantly higher than that in the Control 

group (p < 0.001). However, it was significantly lower than the levels observed in the Aβ group 

when comparing the Aβ.AA and Aβ.nAA groups (p < 0.001). Additionally, there was a notable 

decrease in IDO-1 expression in the Aβ.nAA group compared to the Aβ.AA group (p < 0.05) 

(Figure 6A). 

Injection of Aβ1-42 resulted in a significant decrease in serotonin levels and a considerable increase 

in kynurenine levels in the hippocampus of rats (p < 0.001). Serotonin levels in the Aβ.AA and 

Aβ.nAA groups were significantly higher than those in the Aβ group (p < 0.001). Conversely, the 

kynurenine levels in these groups were significantly lower than those in the Aβ group (p < 0.001). 

The Aβ.nAA group exhibited higher serotonin levels (p < 0.01) and lower kynurenine levels (p < 

0.001) compared to the Aβ.AA group (Figure 6B). 

The Aβ.C group did not show any meaningful differences from the Aβ group in any of these 

parameters (Figure 5). 

3.7. Spatial learning and memory 

In the MWM test, animals in the Aβ group spent significantly more time swimming to locate the 

hidden platform on the third and fourth days (p < 0.01 and p < 0.001, respectively). In contrast, 

the Aβ.AA and Aβ.nAA groups needed less time to reach the platform compared to the Aβ group 

on the fourth day (p < 0.01) (Figure 7A).  
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During the probe test, which was conducted without the platform, the Aβ group spent significantly 

less time in the target quadrant (the platform's location during training) compared to the Control 

group (p < 0.001). Conversely, both the Aβ.AA and Aβ.nAA groups spent more time in the target 

quadrant than the Aβ group (p < 0.01) (Figure 7B). 

Throughout this portion of the study, there were no significant differences observed between the 

Aβ.AA and Aβ.nAA groups. Additionally, no substantial differences were found between the Aβ 

and Aβ.C groups (Figure 7). 

 

4. Discussion  

The results of the current study indicate that ICV injection of Aβ1-42 resulted in oxidative stress, 

neuroinflammation, the deposition of amyloid plaques, neuronal death, and altered tryptophan 

metabolism in the hippocampus of rats. Additionally, the learning and spatial memory abilities 

were impaired. These findings align with previous studies regarding the induction of AD by Aβ1-

42. 
29, 30 

The brain's vulnerability to oxidative stress plays a critical role in the development of AD, as there 

is a bidirectional relationship between Aβ and oxidative stress, where each factor exacerbates the 

other. Consequently, antioxidant therapy has been proposed as a potential therapeutic strategy for 

AD. 31 

AA serves not only as a free radical scavenger but also interacts with small-molecule antioxidants 

like tocopherol and glutathione. It stimulates the synthesis and activation of antioxidant enzymes 

such as SOD, catalase, and glutathione peroxidase. Additionally, AA enhances the activity of 
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transcription factors, including nuclear factor erythroid 2-related factor 2 (Nrf2), which is crucial 

for the expression of genes that encode antioxidant proteins. 32 AA does not cross the BBB; instead, 

the sodium vitamin C transporter 2 (SVCT2) is the primary transporter of AA in the brain, with 

high expression levels found in neurons. 33 The concentration of AA varies across different brain 

regions, with the highest levels identified in the hippocampus and hypothalamus. 34 As plasma AA 

levels decline, the brain is one of the last tissues to lose AA because astrocytes in the brain recycle 

it. However, an increase in ROS levels within the CNS impairs AA recycling, leading to increased 

oxidative damage in neurons. 33 Conversely, reduced expression of SVCT2 in AD model mice 

contributes to greater oxidative stress in the brain and increases the deposition of Aβ1-42 in the 

hippocampus and cortex. 35 In this study, a one-month treatment with AA and nano AA prevented 

the decrease in SOD activity and the rise in MDA production in the hippocampus of AD model 

rats, with nano AA proving to be more effective than AA in this regard.  Given that chitosan-based 

nanomaterials allow for continuous drug release 15, it is possible that chitosan nanoparticles 

carrying AA, which can cross the BBB through a mechanism independent of SVCT2, may help 

maintain AA levels in the brains of AD animal models by gradually releasing AA. It is important 

to emphasize that AA levels are crucial for its antioxidant function in the brain. For instance, when 

the hippocampus is exposed to ozone, AA reduces lipid peroxidation in a dose-dependent manner; 

however, its ability to mitigate lipid peroxidation diminishes at both low and very high doses.  13 

One limitation of this study is the lack of measurement of AA levels in the hippocampus of animals 

across the different treatment groups. Additionally, examining SVCT2 expression is 

recommended, as its levels may be altered in the Aβ-AA and Aβ.nAA groups. 

Research on the pathobiology of various diseases has demonstrated a bidirectional relationship 

between oxidative stress and MCP-1. 36 MCP-1 has been identified in senile plaques (amyloid 
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deposits) within the brains of patients with AD. 37  It has been proposed that among inflammatory 

factors, MCP-1 is the most reliable predictor of AD. 38  Given the ability of AA and nono AA to 

reduce oxidative stress in the hippocampus of AD model rats, a decrease in MCP-1 expression can 

also be anticipated. Furthermore, previous studies have shown that AA can lower the expression 

of inflammatory factors such as MCP-1. 39  

MCP-1 plays a significant role in the development of inflammation. Research indicates that MCP-

1-deficient mice (MCP-1-/-) exhibit reduced neuroinflammation following lipopolysaccharide 

injections compared to normal mice. 40 In AD, the interaction between astrocytes and microglia is 

crucial for the accumulation of Aβ and neuroinflammation. Astrocytes recruit microglia to areas 

of Aβ deposition by releasing chemokines such as MCP-1. Subsequently, astrocytes secrete 

cytokines that activate microglia, inducing a reactive state. Activated microglia also release 

cytokines, creating a feedback loop that exacerbates neuroinflammation. This bidirectional 

signaling can sustain a chronic inflammatory state that hinders Aβ clearance and promotes amyloid 

deposition. 41 Moreover, increased inflammatory factors enhance the activity of beta-secretase and 

gamma-secretase in the hippocampus and prefrontal cortex. 42 Microscopic examinations of 

thioflavin-stained hippocampal slices revealed that amyloid plaque deposition in AD model rats 

treated with AA and nano AA was significantly reduced. This reduction was anticipated due to 

decreased expression of MCP-1 and BACE-1, as well as a decline in oxidative stress in these 

animals. Supporting these findings, a study by Sampaio et al. 10 demonstrated that there is 

competition between AA and Aβ1-42 monomers for binding to oligomers; notably, AA can 

destabilize small oligomers and may even reverse amyloid fibrillation. The present study indicated 

that nano AA was more effective than AA in reducing the expression of MCP-1 and BACE-1, 

thereby inhibiting the deposition of amyloid plaques. 
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One of the key events in AD is the widespread death of neurons in various brain regions, 

particularly the hippocampus. This neuronal death can occur through several mechanisms, 

including apoptosis, necroptosis, autophagy, pyroptosis, and ferroptosis. Several factors, including 

Aβ, hyperphosphorylated tau, oxidative stress, and inflammation, contribute to this process. 43 

Based on in vitro and in vivo studies, MCP-1 can induce neurotoxicity by activating microglia. As 

a result, mice lacking MCP-1 exhibit greater resistance to neuronal death. 44 Therefore, both nano 

AA and AA, by reducing MCP-1 expression and preventing Aβ deposition in the hippocampus, 

also help protect pyramidal neurons from death. One study demonstrated that AA reduced Aβ-

induced neuronal death in SH-SY5Y neuroblastoma cells and even decreased the basal generation 

of endogenous Aβ. 45 In another study involving rats fed a high-fat, high-fructose diet, AA chitosan 

nanoparticles, at a concentration one-tenth that of AA, demonstrated similar efficacy in protecting 

cortical and hippocampal neurons. 46 Similarly, in the present study, neuronal death was lower in 

the Aβ.nAA group compared to the Aβ.AA group. 

Research has demonstrated that tryptophan metabolism may serve as a potential therapeutic 

candidate for AD. Certain metabolites of tryptophan function as neuroprotective agents, while 

others may contribute to the progression of AD. The primary metabolic pathway for tryptophan is 

the kynurenine pathway, in which the enzyme IDO-1 plays a crucial role. Patients with AD exhibit 

elevated kynurenine/tryptophan ratios, and IDO-1 activity is increased in the brains of animal 

models of AD. This heightened activity leads to neuroinflammation, Aβ accumulation, and 

neuronal death. Both neurons and glial cells appear to be sources of IDO-1, and they enhance IDO-

1 activity by releasing inflammatory factors. 47, 48 Also, Coptisine, an uncompetitive inhibitor of 

IDO-1, prevents neuronal loss, reduces the formation of amyloid plaques, and improves cognitive 

function in AD model mice. 49  Another pathway of tryptophan metabolism leads to the production 
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of serotonin. Studies indicate that higher levels of serotonin are linked to increased volume in the 

hippocampus and enhanced cognitive function in patients with AD. 50 In addition, the use of 

serotonin or even selective serotonin reuptake inhibitors has been found to decrease Aβ deposition 

in the brains of both AD patients and animal models. 51 Consequently, the ability of AA and nano 

AA to lower IDO-1 expression, decrease kynurenine levels, and increase serotonin in the 

hippocampus of AD model rats played a critical role in reducing neuroinflammation, minimizing 

amyloid plaque deposition, and decreasing neuronal death in this brain region. Research has also 

indicated that AA has an antidepressant effect in mice by raising serotonin levels in the brain. 52 

Furthermore, AA chitosan nanoparticles are more effective than AA in enhancing serotonin 

turnover in the cortex and hippocampus 46, which is consistent with our findings. 

Memory impairment due to synaptic dysfunction is one of the earliest symptoms observed in 

patients with AD. The accumulation of Aβ and hyperphosphorylation of tau proteins disrupts 

synaptic function, ultimately leading to synapse loss. Additionally, impairments in the 

neurotransmission of acetylcholine, glutamate, serotonin, dopamine, and noradrenaline, along with 

the disruption of proteins involved in synaptic structure and function, contribute to memory 

deficits in these patients. 2, 53 In the present study, spatial learning and memory in the Aβ-AA and 

Aβ-nAA groups showed significant improvement compared to the Aβ group. One study indicated 

that the memory improvement induced by AA in an AD model of mice occurs through the 

reduction of Aβ oligomerization, a significant decrease in brain oxidative damage, increased 

expression of synaptophysin, and decreased phosphorylation of tau at Ser396. 54 In our study, while 

nano AA was more effective than AA in preventing Aβ deposition and increasing serotonin levels, 

its ability to enhance memory was similar to that of AA. Since various neurotransmitters are 

involved in memory formation, it is necessary to consider their contributions. The lack of 
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examination of these neurotransmitter levels in the hippocampus across different groups can be 

viewed as a limitation of this study. 

Aβ oligomers inhibit the long-term potentiation of glutamate-dependent N-methyl-D-aspartate 

(NMDA) receptors. 55 Aβ also increases the expression of the NMDA receptor subunit 2B (NR2B) 

in the hippocampus, which is associated with enhanced calcium release and reduced neuronal 

survival. 56 Among acetylcholine receptors, the alpha-7-nicotinic acetylcholine receptor (α7-

nAChR), which is abundantly expressed in the hippocampus and cortex, is affected in AD. 

Therefore, agonists of this receptor have been considered for their potential to reduce Aβ 

production and improve cognitive functions in AD. 57 In a study conducted by Kara et al. 58, 

ascorbic acid treatment (250 mg/kg) for 10 weeks did not impact the expression of α7-nAChR or 

NR2B in the hippocampus of rats, nor did it alter spatial memory. However, it is important to note 

that the expression of these receptors is altered in AD, as previously mentioned. One limitation of 

this study is the lack of examination of the expression and activity of cholinergic and glutamatergic 

receptors across different experimental groups. 

Current mechanistic approaches to developing AD therapies using nanoparticles focus on several 

key strategies. These include the clearance of Aβ fibrils and aggregates, the creation of 

nanoparticles loaded with acetylcholinesterase inhibitors to improve cholinergic system function, 

the reduction of neuroinflammation, the inhibition of tau hyperphosphorylation, and the 

development of anti-Aβ peptide antibodies delivered via circulating nanoparticles. This last 

strategy initiates a "sink mechanism," effectively removing soluble Aβ peptides from the brain 

into the bloodstream. 59 In the present study, AA loaded in chitosan nanoparticles demonstrated 

greater effectiveness in reversing the molecular, biochemical, and histological changes caused by 
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Aβ in the hippocampus compared to AA alone, although both produced similar behavioral 

outcomes. These positive effects are likely attributed to the increased levels of AA in the brain, 

facilitated by the ability of chitosan nanoparticles to pass easily through the BBB. Future studies 

should explore the impact of nano AA on other therapeutic targets, such as tau, and investigate 

different dosages of this nanoparticle over both shorter and longer periods. 

In summary, incorporating ascorbic acid into chitosan nanoparticles boosts the vitamin's 

effectiveness in reducing oxidative stress, lowering neuroinflammation, and preventing neuronal 

death. This approach also aids in regulating tryptophan metabolism and decreases the deposition 

of amyloid plaques in a rat model of AD. However, it does not produce any changes in memory 

improvement. 
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Table 1. Primer sequences for real-time PCR. 

Reverse Primers Sequence (5'–3') Forward Primers Sequence (5'–3') Gene 

GACCCATTCCTTATTGGGGTCAG CTCACCTGCTGCTACTCATTCA MCP-1 

ATTCCCGAGCCCACCCATA ATTTCTCCTGCCCACTCTC BACE1 

CACGAAGTCACGCATCCTC GCATCAAGACCCGAAAGCAC IDO1 

TGTAGACCATGTAGTTGAGGTCA AGGTCGGTGTGAACGGATTTG GAPDH 

 

Figure legends 

Figure 1. (A) FESEM image of AA loaded chitosan nanoparticles. The red square represents the 

nanoparticle. (B) Average size distribution of nanoparticles obtained by DLS.  

Figure 2. (A) SOD activity, and (B) MDA levels in the hippocampus. Values are presented as 

means ± SE from 5 animals per group (analyzed using one-way ANOVA and Tukey's post hoc 

test). ***p < 0.001 versus the Control group; ###p < 0.001 versus the Aβ group; and &&&p < 

0.001 versus the Aβ.AA group. 

Figure 3. MCP-1 expression in the hippocampus. Values are shown as means ± SE from 5 animals 

per group (analyzed using one-way ANOVA and Tukey's post hoc test). ***p < 0.001 versus the 

Control group; ###p < 0.001 versus the Aβ group; and &&&p < 0.001 versus the Aβ.AA group. 

https://doi.org/10.1016/j.etap.2014.02.019
https://doi.org/10.3390/ijms22031102
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Figure 4. (A) BACE-1 expression, (B) photomicrographs of sections from the CA1 region of the 

hippocampus stained with thioflavin, and (C) comparison of the percentage of amyloid plaque in 

the CA1 region across different groups. Yellow arrows indicate amyloid plaques. Values are 

expressed as means ± SE from 5 animals per group (analyzed using one-way ANOVA and Tukey's 

post hoc test). ***p < 0.001 versus the Control group; ##p < 0.01, ###p < 0.001 versus the Aβ 

group; and & p < 0.05, &&&p < 0.001 versus the Aβ.AA group. 

Figure 5. (A) Photomicrographs of sections from the CA1 region of the hippocampus stained with 

cresyl violet, and (B) comparison of the percentage of viable neurons in the CA1 region across 

different groups. Black arrows indicate a decrease in the thickness of the neuronal layer. ***p < 

0.001 versus the Control group; ###p < 0.001 versus the Aβ group; and &&&p < 0.001 versus the 

Aβ.AA group. 

Figure 6. (A) IDO-1 expression, and (B) levels of serotonin and kynurenine in the hippocampus. 

Values are expressed as means ± SE from 5 animals per group (analyzed using one-way ANOVA 

and Tukey's post hoc test). ***p < 0.001 versus the Control group; ###p < 0.001 versus the Aβ 

group; and & p < 0.05, && p < 0.01, &&&p < 0.001 versus the Aβ.AA group. 

Figure 7. (A) Mean time spent reaching the hidden platform during training days, and (B) time 

spent in the target quadrant during the probe test in the Morris Water Maze. Values are expressed 

as means ± SE from 10 animals per group (analyzed using one-way ANOVA and Tukey's post hoc 

test). **p < 0.01 and ***p < 0.001 versus the Control group; ##p < 0.01 versus the Aβ group. 
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Figure 3.  
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Figure 4.  
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Figure 5.  
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Figure 6.  
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Figure 7.  
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