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Background: Given the complexity of pathological mechanisms behind Alzheimer’s disease (AD), there is a pressing need for novel multi-targeting therapeutic agents. Astaxanthin, a natural compound with diverse biological effects, has emerged as a potential candidate in neuronal diseases.Purpose: This study aimed to evaluate the neuroprotective effects of astaxanthin in a scopolamine-induced rat model of AD.Materials and methods: In total, 36 male Wistar rats were divided into six groups, including a control group receiving normal saline, a negative control group treated with scopolamine (1 mg/kg), and two groups receiving astaxanthin at doses of 5 and 10 mg/kg. Additionally, two groups were pre-treated with naloxone (0.1 mg/kg) or flumazenil (0.5 mg/kg) to block opioid and benzodiazepine receptors, respectively, followed by receiving the most effective dose of astaxanthin (i.e., 10 mg/kg). Treatments were administered via intraperitoneal injection for 14 consecutive days and behavioral tests were done. Biochemical analyses, zymography, Western blotting, and histopathological examinations were also performed.Results and discussion: Astaxanthin treatment significantly improved cognitive function, enhanced plasma antioxidant capacity by increasing catalase and glutathione levels, and reduced nitrite levels. It also increased serum activity of matrix metalloproteinase 2 (MMP-2), while decreasing MMP-9, increasing the expression of nuclear factor erythroid 2–related factor 2 (Nrf-2) and decreasing nuclear factor kappa B (NF-κB) in hippocampal tissue. Histopathological findings indicated reduced hippocampal damage after astaxanthin administration. The aforementioned protective effects of astaxanthin were reversed by naloxone and flumazenil.Conclusion: Astaxanthin demonstrates protective effects against scopolamine-induced AD through its neuroprotective, antioxidant, and anti-inflammatory properties, potentially involving interactions with opioid and benzodiazepine receptors.Keywords: astaxanthin, Alzheimer’s disease, neuroinflammation, NF-κB, matrix metalloproteinase, oxidative stress, Nrf2
1 INTRODUCTION
Alzheimer’s disease (AD) is the leading cause of dementia worldwide and presents a significant public health challenge due to its complex biology and the lack of effective treatments. Progressive cognitive decline, memory deficits, and behavioral changes primarily characterize the disease. AD is multifactorial, involving various pathways that lead to synaptic dysfunction and neuronal death (Scheltens et al., 2021). Key contributors to this pathology include the accumulation of amyloid-β (Aβ) plaques, hyperphosphorylation of tau protein, neuroinflammation (Smirnov and Galasko, 2022), and oxidative stress (Bai et al., 2022). These processes disrupt critical neuronal networks, particularly in the cerebral cortex and hippocampus, which are vital for memory and learning (Eichenbaum, 2004). Oxidative stress is an important factor in the pathophysiology of AD. The brain experiences an imbalance between pro-oxidants and antioxidants due to the excessive synthesis of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which is often caused by Aβ aggregation (Zhao and Zhao, 2013). This imbalance contributes to the gradual neurodegeneration seen in AD by aggravating neuronal damage, promoting lipid peroxidation, and accelerating the creation of neurofibrillary tangles. The antioxidant defense mechanisms act through combating ROS and enzymes of stages I and II of biotransformation. Considerable increase in catalase activity further reveals the effects of drugs in combating oxidative stress (Ishak et al., 2024). Age is a significant risk factor for AD, and the reduced ability of the body to produce antioxidants makes neurons even more susceptible to oxidative damage (Moneim, 2015). Furthermore, research has shown that despite elevated levels of oxidative stress markers in the brains of individuals with AD, the nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) is often impaired. This impairment contributes to decreased expression of antioxidant genes, further worsening oxidative damage (Khan et al., 2020; Davies et al., 2021).
Neuroinflammation is another critical factor in AD pathology. It involves the activation of nuclear factor kappa B (NF-κB) and the release of pro-inflammatory cytokines, which can exacerbate oxidative stress and neuronal injury (Sun et al., 2022; Thakur et al., 2023). Neuroinflammatory responses can disrupt the blood-brain barrier (BBB), allowing peripheral immune cells to infiltrate the central nervous system (CNS), thereby intensifying neuroinflammation. MMPs are involved in this process; they can degrade extracellular matrix components and facilitate inflammatory cell migration into the brain (Duits et al., 2015; Behl et al., 2021; Zarneshan et al., 2025).
On the other hand, opioid receptors (µ, δ, and κ) play a significant role in cognitive functions, including learning and memory. In individuals with AD, dysregulation of these receptors has been noted, especially in brain regions vital for cognition, such as the hippocampus and cortex (Klenowski et al., 2015; Tanguturi and Streicher, 2023). Studies have shown that signaling pathways that pass through opioid receptors can affect the expression of β-secretase and γ-secretase enzymes, which are essential for the production of Aβ peptides, as a key factor in the development of AD (Teng et al., 2010; Pellissier et al., 2018). This indicates that opioid receptors may influence amyloidogenic pathways and contribute to the neurodegenerative processes associated with AD. Besides, gamma-aminobutyric acid type A (GABA-A) receptors are integral to maintaining the balance between excitatory and inhibitory signals in the brain. These receptors are also involved in synaptic plasticity, which is essential for learning and memory (Sakimoto et al., 2021). Given these insights, enhancing brain antioxidant mechanisms and modulating neuroinflammatory processes, as well as opioid/benzodiazepine receptors appears to be a suitable therapeutic approach for AD. It urges the need for finding novel multi-targeting agents in combating AD.
Astaxanthin, a naturally occurring carotenoid pigment abundant in algae and shellfish, has garnered significant interest due to its potent antioxidant properties (Fakhri et al., 2021b). What distinguishes astaxanthin from many other antioxidants is its unique chemical structure, which allows it to effectively cross the blood-brain barrier and provide direct protection to the CNS (Galasso et al., 2018; Fakhri et al., 2021a; Medoro et al., 2023). Preclinical studies have demonstrated that astaxanthin can reduce oxidative stress, inhibit inflammatory responses, and prevent neuronal apoptosis in models of neurodegenerative diseases (Fakhri et al., 2019a; Fakhri et al., 2019b). Its ability to neutralize ROS and enhance mitochondrial function makes it a promising candidate for countering oxidative damage associated with AD (Taksima et al., 2019). Moreover, research in animal models of AD has shown that astaxanthin’s neuroprotective and anti-inflammatory effects are correlated with improved cognitive performance, further highlighting its potential therapeutic benefits (Rahman et al., 2019; El Sayed and Ghoneum, 2020).
While the existing evidence supports the neuroprotective potential of astaxanthin, a detailed understanding of its major effects on oxidative stress and neuroinflammation, along with interactions with the GABA-A and opioid receptor systems, is crucial for developing effective treatment strategies for AD. The objective of this study was to explore the antioxidant and anti-inflammatory effects of astaxanthin in a rat model of AD induced by scopolamine, with a particular emphasis on its interactions with GABA-A and opioid receptors.
2 MATERIALS AND METHODS
2.1 Chemicals
Astaxanthin was purchased from Sigma-Aldrich Company (St. Louis, MO), and naloxone (Nal), an opioid antagonist, was sourced from Caspian Tamin Pharmaceutical Company (Gilan, Iran). Flumazenil (Flu), a benzodiazepine receptor antagonist obtained from Hameln (Hameln, Germany). Scopolamine, an anticholinergic agent, and astaxanthin were procured from Merck Company (Darmstadt, Germany).
2.2 Animals
Four-week-old male Wistar rats weighing 200–250 g were used in this research. The animals were kept in a controlled environment with a 12-h light/dark cycle, a steady temperature of 22°C ± 2°C, and a relative humidity of 65% ± 2%. To guarantee a constant intake of nutrients, the rats were given free access to water and a regular laboratory chow diet. In total, 36 rats were used in the investigation; they were divided into six experimental groups at random (n = 6/group). Under the ethical approval number IR.KUMS.REC.1400.546, the Institutional Animal Care and Use Committee (IACUC) of Kermanshah University of Medical Sciences authorized all animal handling, care, and experimental methods.
2.3 Experiment design
Male Wistar rats were divided into six groups and treated for 14 days. The control group (received only sodium chloride, i.p.), Scop (negative control group, received scopolamine 1 mg/kg/day, i.p.), two groups of AST 5 (receiving scopolamine 1 mg/kg/day + astaxanthin 5 mg/kg/day, i.p.) and AST 10 (receiving scopolamine 1 mg/kg/day + astaxanthin 10 mg/kg/day, i.p.). Groups V, Nal (receiving scopolamine 1 mg/kg/day + naloxone 0.1 mg/kg/day + astaxanthin 10 mg/kg/day, i.p.) and group VI Flu (receiving scopolamine 1 mg/kg/day + flumazenil 0.5 mg/kg/day + astaxanthin 10 mg/kg/day, i.p.). Astaxanthin was administered 30 min before scopolamine, while Flu and Nal were injected 15 min before the administration of astaxanthin. This treatment protocol was maintained for 14 days.
2.4 Behavioral tests
Behavioral evaluations were carried out on days 6, 7, 13, and 14.
2.4.1 Open field test
The open field test is a valuable behavioral assessment for evaluating locomotor activity and anxiety-like behaviors in rats. The open field box was divided into equal squares. During the test, each rat was placed in the center square of the apparatus. Several key behavioral metrics, including the total number of crossings, as an indicator of exploratory behavior, the frequency of rearing (standing on their hind legs, which reflects curiosity and exploration), and grooming (cleaning itself, which can indicate stress levels or comfort) are recorded for 5 min (Prut and Belzung, 2003). After each trial test, the apparatus was thoroughly cleaned with 70% ethanol to eliminate residual odors that could influence the rats’ behavior. The study incorporated acclimation sessions on days 6 and 13 of the treatment protocol. These sessions were designed to familiarize the rats with the open field box and reduce potential anxiety or novelty effects during the evaluation sessions that occur on days 7 and 14 (Gould et al., 2009).
2.4.2 Passive avoidance test
One well-known technique for assessing memory and learning in mouse models of neurological diseases is the passive avoidance test (Ghafarimoghadam et al., 2022). The experimental apparatus consists of two equal-sized compartments: a light compartment and a dark compartment, separated by a gate. Both compartments have stainless steel floors that are electrically wired. On days 6 and 13, rats were placed in front of the open gate leading to the dark compartment. Upon entering the dark compartment, an electric shock (1.5 mA for 3 s) is administered. The time taken for the rat to move from the light compartment to the dark compartment is recorded as the initial transfer latency (ITL). On Days 7 and 14, the test was repeated to assess memory retention. The time taken for the rat to enter the dark compartment on these days was referred to as the step-through latency (STL). A longer delay in entering the dark compartment indicates better memory recall of the unpleasant experience associated with the electric shock (Zarneshan et al., 2025).
2.4.3 Elevated plus maze
The elevated plus maze is a commonly used experimental device for evaluating anxiety-related behaviors and cognitive abilities in animal models. Its structure consists of a cross-shaped platform elevated 50 cm above the ground, featuring two enclosed arms (50 cm × 10 cm × 40 cm) and two orthogonal open arms (10 cm × 40 cm), connected by a central platform (10 cm × 10 cm). During the learning session on day 6, rats were placed in an unprotected open arm, and the duration until they entered an enclosed arm was measured as the ITL. The experiment was conducted again on days 7 and 14 to assess memory retrieval, and the duration taken to transition from the open arm to the enclosed arm is documented as transfer latency (TL). A longer TL suggests improved memory recall and reduced anxiety (Danduga and Kola, 2024).
2.5 Biochemical analysis
2.5.1 Measurement of catalase level
The catalase activity was evaluated by the Aebi method, a recognized approach for quantifying the enzyme’s action. For the experiment, 20 µL of serum was incorporated into a solution of 65 mM hydrogen peroxide. The reaction mixture was incubated at 25°C for 4 min. Subsequently, 100 µL of 4.32 mM ammonium molybdate was added to halt the process. The absorbance of the resultant solution was quantified at 405 nm with an ELISA reader. The percentage difference in optical absorbance between the experimental groups and the control group was determined to evaluate the levels of catalase (Aebi, 1984).
2.5.2 Measurement of glutathione level
The glutathione level was measured using Ellman’s technique, which involves the interaction of thiol groups with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) to produce a yellow-colored product quantifiable by spectrophotometry (Ellman, 1959). For the experiment, 50 µL of phosphate buffer (pH 7.4) and 60 µL of the sample were introduced into each well. Subsequently, 100 µL of DTNB reagent was added, and the mixture was incubated at 37°C for 10 min to facilitate the reaction. The absorbance of the reaction product was then quantified at 412 nm using an ELISA reader. The differences in OD expressed as a percentage between the normal control and other groups (sample) were calculated using the following formula (Fakhri et al., 2022b).
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2.5.3 Measurement of nitrite
The nitrite levels were assessed by the Griess reagent technique, a commonly used colorimetric test for identifying nitrite concentrations. Nitrate was first reduced to nitrite, which then reacted with the Griess reagent to produce a chromophoric azo molecule. The procedure commenced with deproteinization using zinc sulfate, followed by centrifugation at 10,000 rpm for 10 min. Next, 100 µL of vanadium chloride solution was added to the serum supernatant to convert nitrates into nitrites. The resulting mixture was then combined with Griess reagent (sulfanilamide and ethylene diamine dihydrochloride) and incubated for 30 min at 37°C. Finally, the color intensity was measured at a wavelength of 540 nm (Berkels et al., 2004).
2.6 Zymography
To assess gelatinase activity, serum samples containing 100 μg of total protein were loaded onto SDS-PAGE gels supplemented with 0.1% gelatin. The gel was electrophoresed at 150 V. Following this, the gel was washed with a buffer solution containing 2.5% Triton X-100 in 50 mM Tris-HCl for 1 h. The washed gel was then incubated at 37°C for 18 h in a buffer containing 10 mM calcium chloride (CaCl2), 0.02% NaN3, and 0.15 M sodium chloride (NaCl) in 50 mM HCl. After incubation, the gel was stained with Coomassie blue, which binds to proteins and allows the visualization of protein bands. To enhance the contrast between the stained protein bands and the clear areas, excess dye was removed from the gel using a solution of 5% acetic acid and 7% methanol. Finally, the bands were quantified using ImageJ software (Hashemi et al., 2024).
2.7 Western blot analysis
For Western blotting, hippocampal tissues were lysed in RIPA buffer and centrifuged at 14,000 rpm for 20 min at 4°C. According to the manufacturer’s instructions, protein concentrations were determined using the Bradford Protein Quantification kit (DB0017, DNAbioTech, Iran). A total of 40 μg of lysate was loaded onto SDS-PAGE. The proteins were transferred to a PVDF membrane (Bio-Rad Laboratories, CA, United States) and blocked with 5% BSA (Sigma Aldrich, MO, United States) in 0.1% Tween 20 for 1 h. Membranes were then incubated overnight at 4°C with anti- NF-κB (1:1,000, Abcam), anti-Nrf2 (1:1,000, Biorbyt), and anti-β-actin antibodies (1:2500, Abcam). After washing with TBST, the membranes were incubated for 1 h with goat anti-rabbit IgG H&L (HRP) secondary antibody (1:10,000, Abcam). The protein bands were visualized using a chemiluminescence kit and X-ray films. Densitometric analysis was then conducted using ImageJ software (NIH, United States) (Fakhri et al., 2019b).
2.8 Histology
On the 14th day, whole brains were fixed in 10% formalin and subsequently dehydrated using ethanol at varying concentrations before being embedded in paraffin. Thin sections (5 µm) of the hippocampus were stained with hematoxylin and eosin (H&E). An Olympus CX23 light microscope, a Dino-Lite camera, and DinoCapture 2.0 software were used for imaging. The histopathological evaluation was performed by a blinded experimenter (El-Missiry et al., 2018).
2.9 Statistical analysis
Statistical analyses were performed using GraphPad Prism software (version 8.4.3). To assess the normality distribution of the data, the Shapiro test was conducted. One-way or two-way analysis of variance (ANOVA), followed by Tukey or Bonferroni post hoc tests, was employed. A P-value of less than 0.05 (P < 0.05) was considered statistically significant, and results are presented as mean ± standard error of the mean (SEM).
3 RESULTS
3.1 Open-field test
The exploratory behavior of rats was assessed by the open-field test, focusing on the frequency of crossings (Figures 1A,B), grooming (Figures 1C,D), and rearing (Figures 1E,F) activities. Administration of scopolamine, a drug known to induce cognitive and motor impairments, led to significant reductions in all measured behaviors throughout the experiment in the Scop group (P < 0.001). Conversely, administration of astaxanthin, particularly at 10 mg/kg, significantly improved impairments induced by scopolamine (P < 0.05). Pre-treatment with Flu (GABA-A receptor antagonist) and Na1 (opioid receptor antagonist), significantly reduced the therapeutic effects of astaxanthin on the test days (P < 0.05).
[image: Figure 1]FIGURE 1 | Effect of astaxanthin and co-administration with Flu and Nal on open field test in a rat model of AD. Day 6 and day 13: (A) number of crossings, (C) number of grooming, and (E) number of rearing. Day 7 and day 14: (B) number of crossings, (D) number of grooming, and (F) number of rearing. In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine. ***P < 0.001 compared with control group, +P < 0.05, ++P < 0.01, +++P < 0.001 compared with Scop group. ^P < 0.05, ^^P < 0.01, ^^^P < 0.001 compared with astaxanthin. Data are reported as mean ± SEM (n = 6).
3.2 Passive avoidance test
The results from the shuttle test indicated that the negative control group (Scop group) showed a significant increase in ITL (P < 0.001, Figure 2A). Treatment with both doses of astaxanthin (5 and 10 mg/kg) resulted in a significant reduction in ITL on days 6 and 13 (P < 0.001). Furthermore, scopolamine treatment significantly decreased STL (P < 0.001). In contrast, astaxanthin treatment resulted in a significant increase in STL compared to the scopolamine group on days 7 and 14 (P < 0.001). Additionally, a significant reversal of the effects of astaxanthin (10 mg/kg) was observed in groups pre-treated with Flu and Nal (P < 0.01).
[image: Figure 2]FIGURE 2 | Effect of astaxanthin and co-administration with Flu and Nal on passive avoidance learning and memory in a rat model of AD. (A) Initial transfer latency (ITL-Day 6 and day 13) and (B) step-through latency (STL-Day 7 and day 14). In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine. ***P < 0.001 compared with control group, +++P < 0.001, compared with Scop group, ^^P < 0.01, ^^^P < 0.001 compared with astaxanthin. Data are reported as mean ± SEM (n = 6).
3.3 Elevated plus maze
The results indicated that scopolamine treatment resulted in a notable increase in ITL in the scopolamine group compared to the control group (P < 0.01, Figure 3A), suggesting an increased anxiety or poor memory retention. In contrast, the administration of astaxanthin, especially at a dosage of 10 mg/kg, led to a significant reduction in ITL (P < 0.01), demonstrating its cognitive-enhancing properties. Notably, pre-treatment with the antagonists Flu and Nal reversed these positive effects. Furthermore, rats treated with scopolamine exhibited significant increases in TL on days 7 and 14 (P < 0.001, Figure 3B), indicating poor memory retention. In contrast, the astaxanthin-treated group showed significant decreases in TL, effectively counteracting the memory impairments caused by scopolamine (P < 0.001). Pre-treatment with the antagonists Flu and Nal diminished the positive effects of astaxanthin on TL, and the effects of Flu were statistically significant (P < 0.05).
[image: Figure 3]FIGURE 3 | Effect of astaxanthin and co-administration with Flu and Nal on elevated plus maze and memory in a rat model of AD. (A) initial transfer latency (Day 6) and (B) transfer latency (Day 7 and day 14). In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine. **P < 0.01, ***P < 0.001 compared with control group, ++P < 0.01, +++P < 0.001 compared with Scop group, ^P < 0.05 compared with astaxanthin. Data are reported as mean ± SEM (n = 6).
3.4 Determination of antioxidant markers
Compared to the control group, the Scop group demonstrated a significant increase in serum nitrite levels (P < 0.001, Figure 4A), suggesting enhanced nitrite production. Furthermore, the Scop group displayed markedly lower levels of serum catalase (P < 0.001, Figure 4B) and glutathione (P < 0.001, Figure 4C). In contrast, treatment with astaxanthin, particularly at a concentration of 10 mg/kg, led to significant restoration of these biochemical markers. However, pre-treatment with the antagonists Flu and Nal reduced the beneficial effects of astaxanthin (P < 0.05).
[image: Figure 4]FIGURE 4 | Effect of astaxanthin and co-administration with Flu and Nal on oxidative stress in a rat model of AD. (A) Nitrite, (B) catalase, and (C) GSH. In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine. ***P < 0.001 compared with control group, +P < 0.05, ++P < 0.01, +++P < 0.001 compared with Scop group, and ^P < 0.05, ^^^P < 0.001 compared with astaxanthin. Data are reported as mean ± SEM.
3.5 Zymography
Compared to the control group, the Scop group demonstrated a significant increase in MMP-9 (P < 0.001, Figure 5A) and a reduction in MMP-2 levels (P < 0.001, Figure 5B). In contrast, treatment with astaxanthin, particularly at a concentration of 10 mg/kg, led to significant restoration of these levels (P < 0.05). However, pre-treatment with the antagonists Flu and Nal reduced the beneficial effects of astaxanthin (P < 0.05).
[image: Figure 5]FIGURE 5 | Effect of astaxanthin and co-administration with Flu and Nal on MMP in a rat model of AD. (A) MMP-9, and (B) MMP-2. In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine. ***P < 0.001 compared with control group, +P < 0.05, ++P < 0.01, compared with Scop group, and ^P < 0.05 compared with astaxanthin. Data are reported as mean ± SEM.
3.6 Histology
Administration of Scop led to significant neuronal loss in the hippocampal region (CA1, CA2, and DG). However, treatment with astaxanthin demonstrated a protective effect on these neurons, helping to preserve their function and integrity. On the other hand, the administration of Flu and Nal appeared to reverse the protective effects of astaxanthin (Figure 6).
[image: Figure 6]FIGURE 6 | Effect of astaxanthin and co-administration with Flu and Nal on hippocampus tissue (CA1, CA2, and DG) changes in a rat model of AD, Arrows indicate healthy neurons (X20). In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine.
3.7 Western blot
Following the induction of the scopolamine model of AD, we observed downregulation in the expression levels of Nrf2 (P < 0.001, Figure 7A) and upregulation of NF-κB (P < 0.001, Figure 7B) proteins in the hippocampal tissue of rats. However, the administration of astaxanthin at both doses effectively reversed these alterations (P < 0.01). Notably, pre-treatment with the antagonists Flu and Nal mitigated the positive effects of astaxanthin (P < 0.05).
[image: Figure 7]FIGURE 7 | Effect of astaxanthin and co-administration with Flu and Nal on the expression levels of Nrf-2 and NF-κB in a rat model of AD. (A) Nrf-2, and (B) NF-κB. In Figure Flu: Flumazenil + AST 10 mg/kg; and Nal: Naloxone + AST 10 mg/kg; AST: Astaxanthin; Scop: Scopolamine. ***P < 0.001 compared with control group, ++P < 0.01, +++P < 0.001, compared with Scop group, and ^P < 0.05, ^^P < 0.01, ^^^P < 0.001 compared with astaxanthin. Data are reported as mean ± SEM.
4 DISCUSSION
The current study examined the effects of astaxanthin in a scopolamine-induced rat model of AD. Behavioral assessments indicated that astaxanthin alleviated AD-related cognitive deficits, including the open field, passive avoidance, and elevated plus maze tests. Furthermore, we demonstrated its antioxidant properties by restoring levels of catalase and glutathione, as well as expressing Nrf-2, which was accompanied by a reduction in the oxidative stress marker nitrite. Our findings also underscored the anti-inflammatory effects of astaxanthin, as shown by a decrease in inflammatory MMP-9, while a decrease in anti-inflammatory MMP-2 and suppression of NF-κB. These biochemical changes were further validated by histological evaluations, which highlighted the neuroprotective effects of astaxanthin. However, it is important to note that the protective effects of astaxanthin were attenuated by Nal and Flu (Figure 8).
[image: Figure 8]FIGURE 8 | The study procedure and anti-AD effects of astaxanthin through opioid/benzodiazepine receptors by regulating Nrf2, NF-κB, and interconnected pathways.
AD remains a formidable challenge in neurology, characterized by a complex interplay of pathogenic mechanisms, including oxidative stress, neuroinflammation, and synaptic dysfunction (Kobayashi et al., 2009; McMahon et al., 2010; de Castro et al., 2019; Teixeira et al., 2019; Fakhri et al., 2020). Scopolamine acts as a non-selective muscarinic acetylcholine receptor antagonist, reducing cholinergic activity. This mimics the cholinergic deficits seen in AD patients, where impaired neurotransmission contributes to memory loss and cognitive decline. The administration of scopolamine results in several pathological changes that are characteristic of AD, including the deposition of Aβ, hyperphosphorylation of tau proteins, and increased oxidative stress levels (Chen and Yeong, 2020; Yadang et al., 2020).
In AD, elevated oxidative stress is implicated in neuronal damage, synaptic dysfunction, and the accumulation of Aβ plaques and hyperphosphorylated tau protein, contributing to the disease’s characteristic neurodegenerative processes (Zhao and Zhao, 2013; Huang et al., 2016). Nrf-2 is central to the cellular response to oxidative stress, a transcription factor that orchestrates the expression of various antioxidant and cytoprotective genes. Under normal physiological conditions, Nrf-2 is kept in the cytoplasm in an inactive form; however, under oxidative stress, it translocates to the nucleus, where it binds to antioxidant response elements (AREs) in the promoters of target genes. This process changed the expression of critical antioxidant enzymes such as catalase and glutathione (Ngo and Duennwald, 2022; Chu et al., 2024). In the brains of AD patients, the activity of antioxidant enzymes such as glutathione peroxidase is often reduced in affected brain regions, highlighting the compromised ability to counteract oxidative stress (Jurcău et al., 2022). Oxidative stress can initiate inflammatory responses by activating NF-κB. Under oxidative stress, ROS can induce the phosphorylation and subsequent degradation of IκB proteins, which normally inhibit NF-κB by sequestering it in the cytoplasm. Once IκB is degraded, NF-κB translocates to the nucleus, where it activates the transcription of pro-inflammatory genes (Lingappan, 2018). On the other hand, NF-κB can enhance the transcription of genes encoding MMPs, particularly MMP-9 (Hsieh et al., 2010). MMP-9 levels are often elevated in the brains of AD patients. It has been shown to correlate with cognitive decline and may contribute to neuroinflammation and synaptic dysfunction (Wang et al., 2014). While MMP-2 activity is decreased in AD patients and those with mild cognitive impairment, suggesting a potential protective role against Aβ accumulation (Lim et al., 2011). Those results were in line with our current study and our previous reports on the anti-inflammatory roles of MMP-2 and the inflammatory potentials of MMP-9 in AD (Zarneshan et al., 2025).
Given the critical role of oxidative stress in AD, various treatment strategies have been explored, including the use of antioxidants. Antioxidants are compounds that can mitigate oxidative damage, potentially slowing the progression of AD and improving cognitive function (Pritam et al., 2022). Phytochemicals and herbal medicines are potent antioxidants, metal chelators, and free radical scavengers, by suppressing lipid peroxidation (Gogebakan et al., 2012). For instance, there are great antioxidant properties behind the neuroprotective role of polyphenols (Daglia et al., 2014). Additionally, these compounds regulate inflammatory biomarkers, oxidative stress, and endothelial function towards neuroprotection. Of other plant secondary metabolites, iridoids showed anti-AD potentials with antioxidant effects (Hamedi et al., 2020; Kavyani et al., 2024). Natural products have also shown antioxidant properties through total antioxidant status, total oxidant status and levels, and oxidative stress index (Sevindik et al., 2020). These compounds also showed antioxidant potential by combating nitric oxide and downstream mediators (Selamoglu-Talas et al., 2015). Nutritional deficiencies are also in a near linkage with psychiatric disorders such as schizophrenia, anxiety, and depression (Vasile et al., 2024). Astaxanthin is considered one of the most powerful super antioxidants in nature, significantly more effective than vitamin C, vitamin E, and other carotenoids. Its unique molecular structure allows it to quench free radicals, reduce oxidative stress, and protect cells from damage (Fakhri et al., 2018). We previously showed the neuroprotective effects of astaxanthin (at the same doses of 5, and 10 mg/kg, i.p.) in a rat model of chronic constriction injury (Hashemi et al., 2024). Similarly, our research team confirmed the antinociceptive role of astaxanthin through nitric oxide pathway at i.p. doses of 5, and 10 mg/kg (Mohammadi et al., 2021). We also demonstrated the antioxidant properties of astaxanthin solid lipid nanoparticles (5, and 10 mg/kg, i.p.) against acute kidney injury in rats (Yarmohammadi et al., 2025). The administration of astaxanthin leads to a notable enhancement in memory and cognitive performance. A rat model of AD using hydrated aluminum chloride indicated that astaxanthin treatment can lead to a dose-dependent (5, 10, and 15 mg/kg) reduction in Aβ1-42 levels in brain tissues, thereby potentially decreasing amyloid plaque formation (Hafez et al., 2021). Magadmi et al. reported that oral administration of astaxanthin was associated with a beneficial effect on short-term memory and reduced acetylcholinesterase activity in the brain (Magadmi et al., 2024). A study utilized a vascular dementia mouse model established through unilateral common carotid artery occlusion. Mice were administered astaxanthin for 30 days, and cognitive function was assessed using the Morris water maze and object recognition tests. Results indicated that astaxanthin treatment significantly improved cognitive performance, as evidenced by increased superoxide dismutase (SOD) activity and reduced malondialdehyde (MDA) and IL-1β levels, markers of oxidative stress and inflammatory response (Zhu et al., 2020). Also, a study involving healthy adults reported that astaxanthin supplementation resulted in significant improvements in composite and verbal memory after 12 weeks compared to a placebo group. Participants noted fewer memory-related issues, such as trouble recalling names (Sekikawa et al., 2020). Astaxanthin’s unique chemical structure allows it to effectively cross the BBB, reaching CNS regions such as the hippocampus and cortex. This property is crucial for targeting neurodegenerative diseases like AD (Si and Zhu, 2022; Medoro et al., 2023). Studies using nano-emulsion formulations have quantified astaxanthin in different brain regions of animal models. For example, higher concentrations of astaxanthin were observed in the hippocampus after oral administration (160 mg/kg/day), suggesting its potential for enhancing memory-related functions (Chik et al., 2022).
Astaxanthin’s bioavailability can be influenced by its formulation, as it is a lipophilic compound. Studies have shown that astaxanthin is better absorbed when consumed with fats. Micro-encapsulation and emulsification techniques can enhance its bioavailability. A clinical trial indicated that astaxanthin can be absorbed effectively in humans, with peak plasma concentrations occurring within 1–4 h after ingestion (Mercke Odeberg et al., 2003). The elimination half-life of astaxanthin varies but is generally around 16 h in humans. This suggests that astaxanthin may require multiple dosing for sustained effects, particularly for chronic conditions like AD (Singh et al., 2020).
Our investigation revealed a significant reduction in the levels of catalase, glutathione, and MMP-2, as well as in the expression of the protein Nrf-2, in the scopolamine-treated group. Conversely, there was a notable increase in nitrite, MMP-9 levels, and the expression of the protein NF-κB.
This finding aligns with existing research indicating that scopolamine treatment can lead to oxidative stress and neuroinflammation. For instance, a study found that scopolamine downregulated antioxidant enzymes such as superoxide dismutase and catalase, while also decreasing Nrf2 expression, which is crucial for regulating antioxidant responses (Venkatesan et al., 2016). Scopolamine disrupts cholinergic signaling by antagonizing acetylcholine receptors, which can lead to reduced activation of the Nrf2 signaling pathway. Studies also suggested that scopolamine-induced cognitive impairments may be linked to its suppression of Nrf2 activity and related treatments activating Nrf2 signaling pathways (Venkatesan et al., 2016; Li et al., 2024). Scopolamine has also been linked to neuroinflammatory processes, which can further affect Nrf2 activity. Inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and IL-6 modulate Nrf2 signaling, and scopolamine-induced inflammation may exacerbate reductions in Nrf2 expression. Some other therapeutic candidates demonstrated neuroprotective effects by reducing inflammatory markers (e.g., NF-κB and TNF-α) while increasing Nrf2 activity in a scopolamine-induced AD model (Faldu and Shah, 2024). Also, several studies have shown that scopolamine administration markedly increases oxidative stress by reducing catalase and glutathione levels, while elevating nitric oxide levels, leading to brain damage (Chen et al., 2014; Chen and Yeong, 2020; Yadang et al., 2020). Moosavi et al. found that treatment with scopolamine led to a change in the levels of MMP-2 and MMP-9 in the hippocampus (Moosavi et al., 2018). Furthermore, an increase in NF-κB expression was observed in the scopolamine-treated group (El-Marasy et al., 2018; Joseph et al., 2020).
The evidence supports that enhancing antioxidant defenses through dietary means or supplementation could play a significant role in preventing AD and managing cognitive decline (Arslan et al., 2020; Sidiropoulou et al., 2023). In further studies, we found that treatment with astaxanthin (10 mg/kg) notably restored levels of catalase, glutathione, and MMP-2, while also enhancing the expression of the protein Nrf-2. Simultaneously, it reduced nitrite levels, MMP-9 levels, and the expression of the protein NF-κB, further confirming the strong antioxidant properties of astaxanthin. Recent evidence highlighted astaxanthin’s protective role against diseases linked to oxidative stress and inflammation, focusing on its regulation of key redox-sensitive transcription factors, Nrf2 and NF-κB (Davinelli et al., 2022; Kanwugu and Glukhareva, 2023).
Opioid receptors are G-protein-coupled receptors that influence neurotransmitter release and neuronal excitability. Their signaling pathways have been implicated in the modulation of several neurodegenerative processes, including those associated with AD. Studies indicate that dysregulations in opioid receptor signaling can lead to increased expression of β-site amyloid precursor protein cleaving enzyme 1 (BACE1) and γ-secretase, both of which are crucial for the amyloidogenic pathway that produces toxic Aβ peptide (Tanguturi and Streicher, 2023). We have previously shown that Nal may diminish the potential effects of astaxanthin in pain relief (Fayazzadeh et al., 2024). A multicenter trial involving 54 subjects with clinically diagnosed AD tested the effects of intravenous Nal at doses of 1 mg, 10 mg, and even 30 mg. The results indicated no significant improvement in neuropsychological performance across these doses (Fayazzadeh et al., 2024). Another study administered Nal hydrochloride in varying doses (5 μg/kg, 0.1 mg/kg, and 2.0 mg/kg) to 12 patients with dementia of the AD type. The findings revealed no improvements in motor skills, attention, memory, or learning. Notably, some patients exhibited increased inappropriate verbal behavior and irritability after receiving the lower dose (Tariot, 1986).
GABA is crucial for regulating neuronal excitability and maintaining the balance between excitation and inhibition in the brain. In the context of AD, studies have shown that GABAergic dysfunction can lead to hyperactivity within neural networks, particularly in the hippocampus, a region critical for memory formation. This hyperactivity is often observed even before clinical symptoms manifest, suggesting that GABAergic dysregulation could serve as an early biomarker for cognitive decline associated with AD (Jiménez-Balado and Eich, 2021). Systematic reviews have consistently reported lower levels of GABA in both the brain and cerebrospinal fluid (CSF) of AD patients compared to healthy controls. For instance, a meta-analysis found standardized mean differences indicating significant reductions in GABA levels and related components such as GAD65/67 and GABA A receptors (Carello-Collar et al., 2023). Flu has been evaluated for its cognitive effects on patients with AD. Some studies suggest that while Flu might improve memory retrieval in certain contexts, it can also lead to cognitive slowing or adverse effects, indicating a complex relationship between Flu administration and cognitive performance in AD patients (Ott et al., 1996; Raut et al., 2016). Studies investigating the combination of Flu and astaxanthin suggested that pre-treatment with Flu partially blocks the anxiety-reducing effects of astaxanthin (Jayasheela et al., 2021). To investigate the underlying mechanisms contributing to the neuroprotective effects of astaxanthin, we pretreated the rats with Flu and Nal, which inhibit GABAergic and opioid pathways, respectively, before administering an effective dose of astaxanthin (10 mg/kg). The findings revealed that the neuroprotective effects of astaxanthin were significantly reduced by both Nal and Flu.
Previous research has shown that the administration of scopolamine can reduce the number of neurons in the hippocampus and disrupt normal neurogenesis, which is critical for cognition, memory, and learning (Yan et al., 2014; Lee et al., 2017). Our histological findings showed a visual reduction in hippocampal neurons, and treatment with astaxanthin partially preserved them. In experimental models, astaxanthin treatment has been linked to improved cognitive performance and a reduction in neuronal loss in mouse models of AD, attributed to the mitigation of oxidative stress and inflammation in the hippocampus (Magadmi et al., 2024).
5 CONCLUSION
The present study highlights the neuroprotective effects of astaxanthin in a scopolamine-induced rat model of AD. The results indicate that astaxanthin treatment significantly ameliorates cognitive deficits. The observed enhancements in cognitive function were accompanied by notable biochemical changes, including increased levels of antioxidant markers such as catalase and glutathione, and a reduction in nitrite levels, indicating a reduction in oxidative stress. Furthermore, astaxanthin appears to exert neuroprotective effects by modulating the expression of MMP-2, MMP-9, and the transcription factors Nrf2 and NF-κB, and preservation of neurons. Moreover, the interaction of astaxanthin with key neurotransmitter systems, specifically through the modulation of GABA-A and opioid receptors, emphasizes its multi-targeted approach in addressing the complex pathophysiology of AD. The partial reversal of astaxanthin’s effects by the antagonists Flu and Nal suggests that these pathways may significantly contribute to the neuroprotective mechanisms of astaxanthin.
While the data are promising, further research is needed to fully elucidate the precise mechanisms by which astaxanthin exerts its effects in the context of AD. Future studies should aim to investigate the long-term effects of astaxanthin administration and other mechanisms, as well as sex differences involved in the pathogenesis of AD. Additionally, providing novel delivery systems is appreciated to drawback possible pharmacokinetic limitations (Fakhri et al., 2022a).
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was approved by Dr. Mahmoodreza Moradi, Committee Director, Kermanshah University of Medical Sciences Dr. Reza Khodarahmi, Committee Secretary, Kermanshah University of Medical Sciences. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
ZR: Investigation, Writing – original draft. SF: Conceptualization, Formal Analysis, Methodology, Software, Supervision, Writing – original draft, Writing – review and editing. FA: Formal Analysis, Software, Writing – original draft. MR: Writing – original draft. AK: Investigation, Writing – original draft. MA: Writing – original draft. JE: Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The authors appreciate Kermanshah University of Medical Sciences for the special Grant No. 4000755.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aebi, H. (1984). Catalase in vitro. Methods Enzymol. 105, 121–126. doi:10.1016/S0076-6879(84)05016-3
 Arslan, J., Jamshed, H., and Qureshi, H. (2020). Early detection and prevention of alzheimer’s disease: role of oxidative markers and natural antioxidants. Front. Aging Neurosci. 12, 231. doi:10.3389/fnagi.2020.00231
 Bai, R., Guo, J., Ye, X.-Y., Xie, Y., and Xie, T. (2022). Oxidative stress: the core pathogenesis and mechanism of Alzheimer’s disease. Ageing Res. Rev. 77, 101619. doi:10.1016/j.arr.2022.101619
 Behl, T., Kaur, G., Sehgal, A., Bhardwaj, S., Singh, S., Buhas, C., et al. (2021). Multifaceted role of matrix metalloproteinases in neurodegenerative diseases: pathophysiological and therapeutic perspectives. Int. J. Mol. Sci. 22, 1413. doi:10.3390/ijms22031413
 Berkels, R., Purol-Schnabel, S., and Roesen, R. (2004). Measurement of nitric oxide by reconversion of nitrate/nitrite to NO. Methods Mol. Biol. 279, 1–8. doi:10.1385/1-59259-807-2:001
 Carello-Collar, G., Bellaver, B., Ferreira, P. C. L., Ferrari-Souza, J. P., Ramos, V. G., Therriault, J., et al. (2023). The GABAergic system in Alzheimer’s disease: a systematic review with meta-analysis. Mol. Psychiatry 28, 5025–5036. doi:10.1038/s41380-023-02140-w
 Chen, C., Li, X.-H., Zhang, S., Tu, Y., Wang, Y.-M., and Sun, H.-T. (2014). 7,8-dihydroxyflavone ameliorates scopolamine-induced Alzheimer-like pathologic dysfunction. Rejuvenation Res. 17, 249–254. doi:10.1089/rej.2013.1519
 Chen, W. N., and Yeong, K. Y. (2020). Scopolamine, a toxin-induced experimental model, used for research in Alzheimer’s disease. CNS Neurol. Disord. Drug Targets 19, 85–93. doi:10.2174/1871527319666200214104331
 Chik, M. W., Mohd Affandi, M. M. R. M., and Singh, G. K. S. (2022). Detection of astaxanthin at different regions of the brain in rats treated with astaxanthin nanoemulsion. J. Pharm. Bioallied Sci. 14, 25–30. doi:10.4103/jpbs.jpbs_464_21
 Chu, C.-T., Uruno, A., Katsuoka, F., and Yamamoto, M. (2024). Role of NRF2 in pathogenesis of Alzheimer’s disease. Antioxidants 13, 1529. doi:10.3390/antiox13121529
 Daglia, M., Di Lorenzo, A., Nabavi, S. F., Talas, Z. S., and Nabavi, S. M. (2014). Polyphenols: well beyond the antioxidant capacity: gallic acid and related compounds as neuroprotective agents: you are what you eat. Curr. Pharm. Biotechnol. 15, 362–372. doi:10.2174/138920101504140825120737
 Danduga, R. C. S. R., and Kola, P. K. (2024). Elevated plus maze for assessment of anxiety and memory in rodents. Methods Mol. Biol. 2761, 93–96. doi:10.1007/978-1-0716-3662-6_8
 Davies, D. A., Adlimoghaddam, A., and Albensi, B. C. (2021). Role of Nrf2 in synaptic plasticity and memory in alzheimer’s disease. Cells 10, 1884. doi:10.3390/cells10081884
 Davinelli, S., Saso, L., D’Angeli, F., Calabrese, V., Intrieri, M., and Scapagnini, G. (2022). Astaxanthin as a modulator of Nrf2, NF-κB, and their crosstalk: molecular mechanisms and possible clinical applications. Molecules 27, 502. doi:10.3390/molecules27020502
 de Castro, A. A., Soares, F. V., Pereira, A. F., Polisel, D. A., Caetano, M. S., Leal, D. H. S., et al. (2019). Non-conventional compounds with potential therapeutic effects against Alzheimer’s disease. Expert Rev. Neurother. 19, 375–395. doi:10.1080/14737175.2019.1608823
 Duits, F. H., Hernandez-Guillamon, M., Montaner, J., Goos, J. D. C., Montañola, A., Wattjes, M. P., et al. (2015). Matrix metalloproteinases in Alzheimer’s disease and concurrent cerebral microbleeds. J. Alzheimers. Dis. 48, 711–720. doi:10.3233/JAD-143186
 Eichenbaum, H. (2004). Hippocampus: cognitive processes and neural representations that underlie declarative memory. Neuron 44, 109–120. doi:10.1016/j.neuron.2004.08.028
 Ellman, G. L. (1959). Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70–77. doi:10.1016/0003-9861(59)90090-6
 El-Marasy, S. A., Abd-Elsalam, R. M., and Ahmed-Farid, O. A. (2018). Ameliorative effect of silymarin on scopolamine-induced dementia in rats. Open Access Maced. J. Med. Sci. 6, 1215–1224. doi:10.3889/oamjms.2018.257
 El-Missiry, M. A., Othman, A. I., El-Sawy, M. R., and Lebede, M. F. (2018). Neuroprotective effect of epigallocatechin-3-gallate (EGCG) on radiation-induced damage and apoptosis in the rat hippocampus. Int. J. Radiat. Biol. 94, 798–808. doi:10.1080/09553002.2018.1492755
 El Sayed, N. S., and Ghoneum, M. H. (2020). Antia, a natural antioxidant product, attenuates cognitive dysfunction in streptozotocin-induced mouse model of sporadic alzheimer’s disease by targeting the amyloidogenic, inflammatory, autophagy, and oxidative stress pathways. Oxid. Med. Cell. Longev. 2020, 4386562. doi:10.1155/2020/4386562
 Fakhri, S., Abbaszadeh, F., Dargahi, L., and Jorjani, M. (2018). Astaxanthin: a mechanistic review on its biological activities and health benefits. Pharmacol. Res. 136, 1–20. doi:10.1016/j.phrs.2018.08.012
 Fakhri, S., Abdian, S., Zarneshan, S. N., Moradi, S. Z., Farzaei, M. H., and Abdollahi, M. (2022a). Nanoparticles in combating neuronal dysregulated signaling pathways: recent approaches to the nanoformulations of phytochemicals and synthetic drugs against neurodegenerative diseases. Int. J. Nanomedicine 17, 299–331. doi:10.2147/IJN.S347187
 Fakhri, S., Aneva, I. Y., Farzaei, M. H., and Sobarzo-Sánchez, E. (2019a). The neuroprotective effects of astaxanthin: therapeutic targets and clinical perspective. Molecules 24, 2640. doi:10.3390/molecules24142640
 Fakhri, S., Dargahi, L., Abbaszadeh, F., and Jorjani, M. (2019b). Effects of astaxanthin on sensory-motor function in a compression model of spinal cord injury: involvement of ERK and AKT signalling pathway. Eur. J. Pain 23, 750–764. doi:10.1002/ejp.1342
 Fakhri, S., Pesce, M., Patruno, A., Moradi, S. Z., Iranpanah, A., Farzaei, M. H., et al. (2020). Attenuation of nrf2/keap1/ARE in alzheimer’s disease by plant secondary metabolites: a mechanistic review. Molecules 25, 4926. doi:10.3390/molecules25214926
 Fakhri, S., Piri, S., Farzaei, M. H., and Sobarzo-Sánchez, E. (2021a). “Recent updates on the neuroprotective role of carotenoids: astaxanthin and beyond,” in Global perspectives on astaxanthin ( Elsevier), 719–740. doi:10.1016/B978-0-12-823304-7.00035-0
 Fakhri, S., Sabouri, S., Kiani, A., Farzaei, M. H., Rashidi, K., Mohammadi-Farani, A., et al. (2022b). Intrathecal administration of naringenin improves motor dysfunction and neuropathic pain following compression spinal cord injury in rats: relevance to its antioxidant and anti-inflammatory activities. Korean J. Pain 35, 291–302. doi:10.3344/kjp.2022.35.3.291
 Fakhri, S., Yarmohammadi, A., Yarmohammadi, M., Farzaei, M. H., and Echeverria, J. (2021b). Marine natural products: promising candidates in the modulation of gut-brain Axis towards neuroprotection. Mar. Drugs 19, 165. doi:10.3390/md19030165
 Faldu, K. G., and Shah, J. S. (2024). Ambroxol improves amyloidogenic, NF-κB, and Nrf2 pathways in a scopolamine-induced cognitive impairment rat model of alzheimer’s disease. Drug Dev. Res. 85, e70017. doi:10.1002/ddr.70017
 Fayazzadeh, S., Fakhri, S., Abbaszadeh, F., and Farzaei, M. H. (2024). Role of l -arginine/nitric oxide/cyclic GMP/K ATP channel signaling pathway and opioid receptors in the antinociceptive effect of rutin in mice. Behav. Pharmacol. 35, 399–407. doi:10.1097/FBP.0000000000000792
 Galasso, C., Orefice, I., Pellone, P., Cirino, P., Miele, R., Ianora, A., et al. (2018). On the neuroprotective role of astaxanthin: new perspectives?Mar. Drugs 16, 247. doi:10.3390/md16080247
 Ghafarimoghadam, M., Mashayekh, R., Gholami, M., Fereydani, P., Shelley-Tremblay, J., Kandezi, N., et al. (2022). A review of behavioral methods for the evaluation of cognitive performance in animal models: current techniques and links to human cognition. Physiol. Behav. 244, 113652. doi:10.1016/j.physbeh.2021.113652
 Gogebakan, A., Talas, Z. S., Ozdemir, I., and Sahna, E. (2012). Role of propolis on tyrosine hydroxylase activity and blood pressure in nitric oxide synthase-inhibited hypertensive rats. Clin. Exp. Hypertens. 34, 424–428. doi:10.3109/10641963.2012.665542
 Gould, T., Dao, D., and Kovacsics, C. (2009). The open field test mood and anxiety related phenotypes in mice. Neuromethods 42, 1–20. 
 Hafez, H. A., Kamel, M. A., Osman, M. Y., Osman, H. M., Elblehi, S. S., and Mahmoud, S. A. (2021). Ameliorative effects of astaxanthin on brain tissues of alzheimer’s disease-like model: cross talk between neuronal-specific microRNA-124 and related pathways. Mol. Cell. Biochem. 476, 2233–2249. doi:10.1007/s11010-021-04079-4
 Hamedi, A., Zengin, G., Aktumsek, A., Selamoglu, Z., and Pasdaran, A. (2020). In vitro and in silico approach to determine neuroprotective properties of iridoid glycosides from aerial parts of Scrophularia amplexicaulis by investigating their cholinesterase inhibition and anti-oxidant activities. Biointerface Res. Appl. Chem. 10, 5429–5454. 
 Hashemi, B., Fakhri, S., Kiani, A., Abbaszadeh, F., Miraghaee, S., Mohammadi, M., et al. (2024). Anti-neuropathic effects of astaxanthin in a rat model of chronic constriction injury: passing through opioid/benzodiazepine receptors and relevance to its antioxidant and anti-inflammatory effects. Front. Pharmacol. 15, 1467788. doi:10.3389/fphar.2024.1467788
 Hsieh, H.-L., Wang, H.-H., Wu, W.-B., Chu, P.-J., and Yang, C.-M. (2010). Transforming growth factor-β1 induces matrix metalloproteinase-9 and cell migration in astrocytes: roles of ROS-dependent ERK- and JNK-NF-κB pathways. J. Neuroinflammation 7, 88. doi:10.1186/1742-2094-7-88
 Huang, W.-J., Zhang, X., and Chen, W.-W. (2016). Role of oxidative stress in Alzheimer’s disease. Biomed. Rep. 4, 519–522. doi:10.3892/br.2016.630
 Ishak, S., Allouche, M., Alotaibi, G. S., Alwthery, N. S., Al-Subaie, R. A., Al-Hoshani, N., et al. (2024). Experimental and computational assessment of antiparkinson medication effects on meiofauna: case study of benserazide and trihexyphenidyl. Mar. Pollut. Bull. 205, 116668. doi:10.1016/j.marpolbul.2024.116668
 Jayasheela, J., Kumar, A., Topno, I., and Santhanalakshm, S. (2021). Evaluation of antianxiety-like activity of astaxanthin and its possible mechanism of action using animal models. Res. J. Pharm. Biol. Chem. Sci. Evalu 12, 37–47. doi:10.33887/rjpbcs/2021.12.1.5
 Jiménez-Balado, J., and Eich, T. S. (2021). GABAergic dysfunction, neural network hyperactivity and memory impairments in human aging and Alzheimer’s disease. Semin. Cell Dev. Biol. 116, 146–159. doi:10.1016/j.semcdb.2021.01.005
 Joseph, E., Villalobos-Acosta, D. M. Á., Torres-Ramos, M. A., Farfán-García, E. D., Gómez-López, M., Miliar-García, Á., et al. (2020). Neuroprotective effects of apocynin and galantamine during the chronic administration of scopolamine in an Alzheimer’s disease model. J. Mol. Neurosci. 70, 180–193. doi:10.1007/s12031-019-01426-5
 Jurcău, M. C., Andronie-Cioara, F. L., Jurcău, A., Marcu, F., Ţiț, D. M., Paşcalău, N., et al. (2022). The link between oxidative stress, mitochondrial dysfunction and neuroinflammation in the pathophysiology of Alzheimer’s disease: therapeutic implications and future perspectives. Antioxidants (Basel, Switzerland) 11, 2167. doi:10.3390/antiox11112167
 Kanwugu, O. N., and Glukhareva, T. V. (2023). Activation of Nrf2 pathway as a protective mechanism against oxidative stress-induced diseases: potential of astaxanthin. Arch. Biochem. Biophys. 741, 109601. doi:10.1016/j.abb.2023.109601
 Kavyani, Z., Najafi, K., Naghsh, N., Karvane, H. B., and Musazadeh, V. (2024). The effects of curcumin supplementation on biomarkers of inflammation, oxidative stress, and endothelial function: a meta-analysis of meta-analyses. Prostagl. Other Lipid Mediat 174, 106867. doi:10.1016/j.prostaglandins.2024.106867
 Khan, H., Tundis, R., Ullah, H., Aschner, M., Belwal, T., Mirzaei, H., et al. (2020). Flavonoids targeting NRF2 in neurodegenerative disorders. Food Chem. Toxicol. 146, 111817. doi:10.1016/j.fct.2020.111817
 Klenowski, P., Morgan, M., and Bartlett, S. E. (2015). The role of δ-opioid receptors in learning and memory underlying the development of addiction. Br. J. Pharmacol. 172, 297–310. doi:10.1111/bph.12618
 Kobayashi, M., Li, L., Iwamoto, N., Nakajima-Takagi, Y., Kaneko, H., Nakayama, Y., et al. (2009). The antioxidant defense system Keap1-Nrf2 comprises a multiple sensing mechanism for responding to a wide range of chemical compounds. Mol. Cell. Biol. 29, 493–502. doi:10.1128/MCB.01080-08
 Lee, J., Park, J., Ahn, J., Park, J., Kim, I., Cho, J., et al. (2017). Effects of chronic scopolamine treatment on cognitive impairment and neurofilament expression in the mouse hippocampus. Mol. Med. Rep. 17, 1625–1632. doi:10.3892/mmr.2017.8082
 Li, X., Zheng, K., Chen, H., and Li, W. (2024). Ginsenoside re regulates oxidative stress through the PI3K/Akt/Nrf2 signaling pathway in mice with scopolamine-induced memory impairments. Curr. Issues Mol. Biol. 46, 11359–11374. doi:10.3390/cimb46100677
 Lim, N. K.-H., Villemagne, V. L., Soon, C. P. W., Laughton, K. M., Rowe, C. C., McLean, C. A., et al. (2011). Investigation of matrix metalloproteinases, MMP-2 and MMP-9, in plasma reveals a decrease of MMP-2 in Alzheimer’s disease. J. Alzheimer’s Dis. 26, 779–786. doi:10.3233/JAD-2011-101974
 Lingappan, K. (2018). NF-κB in oxidative stress. Curr. Opin. Toxicol. 7, 81–86. doi:10.1016/j.cotox.2017.11.002
 Magadmi, R., Nassibi, S., Kamel, F., Al-Rafiah, A. R., Bakhshwin, D., Jamal, M., et al. (2024). The protective effect of Astaxanthin on scopolamine - induced Alzheimer’s model in mice. Neurosciences 29, 103–112. doi:10.17712/nsj.2024.2.20230060
 McMahon, M., Lamont, D. J., Beattie, K. A., and Hayes, J. D. (2010). Keap1 perceives stress via three sensors for the endogenous signaling molecules nitric oxide, zinc, and alkenals. Proc. Natl. Acad. Sci. U. S. A. 107, 18838–18843. doi:10.1073/pnas.1007387107
 Medoro, A., Davinelli, S., Milella, L., Willcox, B. J., Allsopp, R. C., Scapagnini, G., et al. (2023). Dietary astaxanthin: a promising antioxidant and anti-inflammatory agent for brain aging and adult neurogenesis. Mar. Drugs 21, 643. doi:10.3390/md21120643
 Mercke Odeberg, J., Lignell, A., Pettersson, A., and Höglund, P. (2003). Oral bioavailability of the antioxidant astaxanthin in humans is enhanced by incorporation of lipid based formulations. Eur. J. Pharm. Sci. 19, 299–304. doi:10.1016/s0928-0987(03)00135-0
 Mohammadi, S., Fakhri, S., Mohammadi-Farani, A., Farzaei, M. H., and Abbaszadeh, F. (2021). Astaxanthin engages the l-arginine/NO/cGMP/KATP channel signaling pathway toward antinociceptive effects. Behav. Pharmacol. 32, 607–614. doi:10.1097/FBP.0000000000000655
 Moneim, A. E. A. (2015). Oxidant/antioxidant imbalance and the risk of Alzheimer’s disease. Curr. Alzheimer Res. 12, 335–349. doi:10.2174/1567205012666150325182702
 Moosavi, M., SoukhakLari, R., Moezi, L., and Pirsalami, F. (2018). Scopolamine-induced passive avoidance memory retrieval deficit is accompanied with hippocampal MMP2, MMP-9 and MAPKs alteration. Eur. J. Pharmacol. 819, 248–253. doi:10.1016/j.ejphar.2017.12.007
 Ngo, V., and Duennwald, M. L. (2022). Nrf2 and oxidative stress: a general overview of mechanisms and implications in human disease. Antioxidants (Basel, Switzerland) 11, 2345. doi:10.3390/antiox11122345
 Ott, B. R., Thompson, J. A., and Whelihan, W. M. (1996). Cognitive effects of flumazenil in patients with Alzheimer’s disease. J. Clin. Psychopharmacol. 16, 400–402. doi:10.1097/00004714-199610000-00010
 Pellissier, L. P., Pujol, C. N., Becker, J. A. J., and Le Merrer, J. (2018). Delta opioid receptors: learning and motivation. Handb. Exp. Pharmacol. 247, 227–260. doi:10.1007/164_2016_89
 Pritam, P., Deka, R., Bhardwaj, A., Srivastava, R., Kumar, D., Jha, A. K., et al. (2022). Antioxidants in Alzheimer’s disease: current therapeutic significance and future prospects. Biol. (Basel). 11, 212. doi:10.3390/biology11020212
 Prut, L., and Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors: a review. Eur. J. Pharmacol. 463, 3–33. doi:10.1016/s0014-2999(03)01272-x
 Rahman, S. O., Panda, B. P., Parvez, S., Kaundal, M., Hussain, S., Akhtar, M., et al. (2019). Neuroprotective role of astaxanthin in hippocampal insulin resistance induced by Aβ peptides in animal model of Alzheimer’s disease. Biomed. Pharmacother. 110, 47–58. doi:10.1016/j.biopha.2018.11.043
 Raut, S. B., Bolegave, S. S., and Marathe, P. A. (2016). Effect of flumazenil on memory retrieval determined by trial-to-criteria inhibitory avoidance method in mice. J. Pharmacol. Pharmacother. 7, 24–26. doi:10.4103/0976-500X.179354
 Sakimoto, Y., Oo, P. M.-T., Goshima, M., Kanehisa, I., Tsukada, Y., and Mitsushima, D. (2021). Significance of GABAA receptor for cognitive function and hippocampal pathology. Int. J. Mol. Sci. 22, 12456. doi:10.3390/ijms222212456
 Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chételat, G., Teunissen, C. E., et al. (2021). Alzheimer’s disease. Lancet (London, England) 397, 1577–1590. doi:10.1016/S0140-6736(20)32205-4
 Sekikawa, T., Kizawa, Y., Li, Y., and Takara, T. (2020). Cognitive function improvement with astaxanthin and tocotrienol intake: a randomized, double-blind, placebo-controlled study. J. Clin. Biochem. Nutr. 67, 307–316. doi:10.3164/jcbn.19-116
 Selamoglu-Talas, Z., Ozdemir, I., Ciftci, O., and Cakir, O. (2015). Propolis attenuates oxidative injury in brain and lung of nitric oxide synthase inhibited rats. J. Pharm. Care 1 (2), 45–50. Available online at: https://jpc.tums.ac.ir/index.php/jpc/article/view/11. Spring 2013. 
 Sevindik, M., Akgul, H., Selamoglu, Z., and Braidy, N. (2020). Antioxidant, antimicrobial and neuroprotective effects of Octaviania asterosperma in vitro. Mycology 12, 128–138. doi:10.1080/21501203.2020.1816584
 Si, P., and Zhu, C. (2022). Biological and neurological activities of astaxanthin (Review). Mol. Med. Rep. 26, 300. doi:10.3892/mmr.2022.12816
 Sidiropoulou, G. A., Metaxas, A., and Kourti, M. (2023). Natural antioxidants that act against Alzheimer’s disease through modulation of the NRF2 pathway: a focus on their molecular mechanisms of action. Front. Endocrinol. (Lausanne). 14, 1217730. doi:10.3389/fendo.2023.1217730
 Singh, K. N., Patil, S., and Barkate, H. (2020). Protective effects of astaxanthin on skin: recent scientific evidence, possible mechanisms, and potential indications. J. Cosmet. Dermatol. 19, 22–27. doi:10.1111/jocd.13019
 Smirnov, D., and Galasko, D. (2022). Dynamics of neuroinflammation in Alzheimer’s disease. Lancet. Neurol. 21, 297–298. doi:10.1016/S1474-4422(22)00087-4
 Sun, E., Motolani, A., Campos, L., and Lu, T. (2022). The pivotal role of NF-kB in the pathogenesis and therapeutics of Alzheimer’s disease. Int. J. Mol. Sci. 23, 8972. doi:10.3390/ijms23168972
 Taksima, T., Chonpathompikunlert, P., Sroyraya, M., Hutamekalin, P., Limpawattana, M., and Klaypradit, W. (2019). Effects of astaxanthin from shrimp shell on oxidative stress and behavior in animal model of Alzheimer’s disease. Mar. Drugs 17, 628. doi:10.3390/md17110628
 Tanguturi, P., and Streicher, J. M. (2023). The role of opioid receptors in modulating Alzheimer’s Disease. Front. Pharmacol. 14, 1056402. doi:10.3389/fphar.2023.1056402
 Tariot, P. N., Sunderland, T., Weingartner, H., Murphy, D. L., Cohen, M. R., and Cohen, R. M. (1986). Naloxone and Alzheimer's disease. Cognitive and behavioral effects of a range of doses. Arch. Gen. Psychiatry 43, 727–732. doi:10.1001/archpsyc.1986.01800080013002
 Teixeira, J. P., de Castro, A. A., Soares, F. V., da Cunha, E. F. F., and Ramalho, T. C. (2019). Future therapeutic perspectives into the Alzheimer’s disease targeting the oxidative stress hypothesis. Molecules 24, 4410. doi:10.3390/molecules24234410
 Teng, L., Zhao, J., Wang, F., Ma, L., and Pei, G. (2010). A GPCR/secretase complex regulates beta- and gamma-secretase specificity for Abeta production and contributes to AD pathogenesis. Cell Res. 20, 138–153. doi:10.1038/cr.2010.3
 Thakur, S., Dhapola, R., Sarma, P., Medhi, B., and Reddy, D. H. (2023). Neuroinflammation in Alzheimer’s disease: current progress in molecular signaling and therapeutics. Inflammation 46, 1–17. doi:10.1007/s10753-022-01721-1
 Vasile, A., Ciobîcă, A., Kamal, F. Z., Mavroudis, I., Plăvan, G., Selamoglu, Z., et al. (2024). Latest developments on the connections between diet and most of the neuropsychiatric disorders. Bull. Integr. Psychiatry 101, 105–119. doi:10.36219/BPI.2024.2.11
 Venkatesan, R., Subedi, L., Yeo, E.-J., and Kim, S. Y. (2016). Lactucopicrin ameliorates oxidative stress mediated by scopolamine-induced neurotoxicity through activation of the NRF2 pathway. Neurochem. Int. 99, 133–146. doi:10.1016/j.neuint.2016.06.010
 Wang, X.-X., Tan, M.-S., Yu, J.-T., and Tan, L. (2014). Matrix metalloproteinases and their multiple roles in Alzheimer’s disease. Biomed. Res. Int. 2014, 908636–908638. doi:10.1155/2014/908636
 Yadang, F. S. A., Nguezeye, Y., Kom, C. W., Betote, P. H. D., Mamat, A., Tchokouaha, L. R. Y., et al. (2020). Scopolamine-induced memory impairment in mice: neuroprotective effects of Carissa edulis (forssk.) valh (apocynaceae) aqueous extract. Int. J. Alzheimers. Dis. 2020, 6372059. doi:10.1155/2020/6372059
 Yan, B., Park, J., Chen, B., Cho, J.-H., Kim, I., Ahn, J., et al. (2014). Long-term administration of scopolamine interferes with nerve cell proliferation, differentiation and migration in adult mouse hippocampal dentate gyrus, but it does not induce cell death. Neural Regen. Res. 9, 1731–1739. doi:10.4103/1673-5374.143415
 Yarmohammadi, A., Arkan, E., Najafi, H., Abbaszadeh, F., Rashidi, K., Piri, S., et al. (2025). Protective effects of astaxanthin solid lipid nanoparticle as a promising candidate against acute kidney injury in rats. Naunyn. Schmiedeb. Arch. Pharmacol. 398, 4491–4502. doi:10.1007/s00210-024-03543-4
 Zarneshan, S. N., Arkan, E., Kiani, A., Hosseini, S. Z., Abbaszadeh, F., and Fakhri, S. (2025). Protective effects of polydatin amphiphilic chitosan nanocarriers against an aluminum chloride-induced model of Alzheimer’s disease in rats: relevance to its anti-inflammatory and antioxidant effects. Naunyn. Schmiedeb. Arch. Pharmacol. doi:10.1007/s00210-024-03696-2
 Zhao, Y., and Zhao, B. (2013). Oxidative stress and the pathogenesis of Alzheimer’s disease. Oxid. Med. Cell. Longev. 2013, 316523. doi:10.1155/2013/316523
 Zhu, N., Liang, X., Zhang, M., Yin, X., Yang, H., Zhi, Y., et al. (2020). Astaxanthin protects cognitive function of vascular dementia. Behav. Brain Funct. 16, 10. doi:10.1186/s12993-020-00172-8
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2025 Rastinpour, Fakhri, Abbaszadeh, Ranjbari, Kiani, Namiq Amin and Echeverría. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1589751-g005.gif





OPS/images/fphar-16-1589751-g006.gif
SCOp ASTSmgkg  AST 10 mghkg






OPS/images/fphar-16-1589751-g003.gif





OPS/images/fphar-16-1589751-g004.gif





OPS/images/math_qu1.gif
Concentration difference (%)

(Ceontrat = Casample) | Crampic ) x 100





OPS/images/fphar-16-1589751-g007.gif





OPS/images/fphar-16-1589751-g008.gif
Experimentl s
€D — R

Conteol e e e
Scopolanine ~ 2
Asasanthin —_——
Astmanthin + X Day 13 Day 14
e Serum and tsue sample

e

e

G s Tntmmation






OPS/xhtml/nav.xhtml
Contents

		Cover

		Neuroprotective effects of astaxanthin in a scopolamine-induced rat model of Alzheimer’s disease through antioxidant/anti-inflammatory pathways and opioid/benzodiazepine receptors: attenuation of Nrf2, NF-κB, and interconnected pathways		Background

		Purpose

		Materials and methods

		Results and discussion

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Chemicals

		2.2 Animals

		2.3 Experiment design

		2.4 Behavioral tests

		2.5 Biochemical analysis

		2.6 Zymography

		2.7 Western blot analysis

		2.8 Histology

		2.9 Statistical analysis





		3 Results		3.1 Open-field test

		3.2 Passive avoidance test

		3.3 Elevated plus maze

		3.4 Determination of antioxidant markers

		3.5 Zymography

		3.6 Histology

		3.7 Western blot





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Neuroprotective effects of
astaxanthin in a scopolamine-
induced rat model of
Alzheimer’s disease through
antioxidant/anti-inflammatory
pathways and opioid/
benzodiazepine receptors:
attenuation of Nrf2, NF-kB, and
interconnected pathways





OPS/images/fphar-16-1589751-g001.gif





OPS/images/fphar-16-1589751-g002.gif
it
L EEH
______

EEEE
______









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





