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ABSTRACT 

Sanajou, S., Investigation of Possible Protective Effects of Certain Xenobiotics on 

Aluminum Toxicity in SH-SY5Y Cell Line, Hacettepe University Graduate 

School of Health Sciences, Department of Pharmaceutical Toxicology Doctor of 

Philosophy Thesis, Ankara, 2023. Aluminum, a neurotoxic metal, is widely present 

in our daily lives, exposing us extensively. Aluminum exposure is a potential 

Alzheimer's risk factor, with no cure yet. Researchers are actively seeking new 

treatments or repurposing existing drugs to fight this challenging condition. This thesis 

explores metformin, naltrexone, and dihydrolipoic acid's neuroprotective potential on 

an Alzheimer's disease model (differentiated SH-SY5Y cells exposed to chronic 

aluminum). It delves into their impact on GSK-3β and Wnt signaling pathways. 

Results reveal that chronic aluminum exposure triggers oxidative stress, elevates tau 

protein levels, increases GSK-3β activity, and diminishes Wnt signaling pathway 

activity. Encouragingly, the studied xenobiotics promise to mitigate these detrimental 

effects. They effectively reduce tau protein levels, modulate GSK-3β and Akt activity, 

and restore Wnt signaling pathway functionality. Additionally, these compounds 

significantly alleviate oxidative stress, highlighting their potential as neuroprotective 

agents against chronic aluminum exposure in AD. In conclusion, further clinical 

investigations are essential to establish optimal dosages and treatment strategies. 

Dihydrolipoic acid may be a dietary supplement, potentially slowing AD progression 

when added to patient diets. Lower-dose naltrexone shows promise in mitigating 

neuroinflammation in Alzheimer's, warranting exploration as a novel therapy. 

Considering Alzheimer's as a metabolic disorder akin to diabetes, metformin emerges 

as a potential treatment. These findings highlight the need for urgent clinical trials and 

translational research, offering the potential to reshape AD treatment and provide 

renewed hope for patients and families. 

Keywords: Aluminum, Alzheimer’s disease, Dihydrolipoic acid, GSK, Metformin, 

Naltrexone, Wnt 

This thesis is partially supported by Hacettepe University Scientific Projects 

Coordination Unit Fund, Project ID: 19373. 
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ÖZET 

Sanajou, S., SH-SY5Y Hücre Hattında Bazı Ksenobiyotiklerin Alüminyum 

Toksisitesi Üzerine Olası Koruyucu Etkilerinin Araştırılması, Hacettepe 

Üniversitesi Sağlık Bilimleri Enstitüsü Farmasötik Toksikoloji Programı 

Doktora Tezi, Ankara, 2023. Alüminyumun Alzheimer hastalığı için potansiyel bir 

risk faktörü olduğu bilinmektedir, ancak bu hastalığın tedavisi henüz bilinmemektedir. 

Bu nedenle, araştırmacılar yeni tedaviler araştırmak veya mevcut ilaçları yeniden 

tasarlamak için çaba sarf etmektedir. Bu çalışmada, metformin, naltrekson ve 

dihidrolipoik asidin Alzheimer hastalığı modeli üzerindeki etkileri incelenmektedir. 

Sonuçlar, alüminyum maruziyetinin oksidatif stresi artırdığını, tau protein seviyelerini 

yükselttiğini ve GSK-3β ve Wnt sinyal yolaklarını etkilediğini göstermektedir. Ancak, 

incelenen ksenobiyotiklerin bu negatif etkileri azaltabilme potansiyeline sahip olduğu 

belirlenmiştir. Ayrıca, bu bileşiklerin Alzheimer hastalığına karşı nöroprotektif etkileri 

olduğu ve oksidatif stresi azalttığı görülmüştür. Daha fazla çalışma yapılması 

gerekmektedir, ancak dihidrolipoik asit ve naltreksonun Alzheimer hastalığının 

ilerlemesini yavaşlatabileceği, metforminin ise potansiyel bir tedavi olarak 

kullanılabileceği öne sürülmektedir. Bu bulgular, Alzheimer tedavisinde umut verici 

yeni yaklaşımların araştırılması gerektiğini vurgulamaktadır. 

Anahtar kelimeler: Alüminyum, Metformin, Naltrexone, Alzheimer, GSK, Wnt, 

Diydrolipoic acid 

Bu tez çalışması Hacettepe Üniversitesi Bilimsel Araştırma Projeleri 

Koordinasyon Birimi tarafından desteklenmiştir. Proje no: 19373. 
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1. INTRODUCTION 

The lightweight and silvery look of aluminum (Al), the third most prevalent 

metal in the Earth's crust, distinguishes it. It occurs naturally in the environment due 

to processes such as rock weathering and volcanic activity, and it is also released into 

the environment due to human activities such as mining. Al levels in various 

environmental media can vary greatly depending on location and sample site. Al 

baseline levels in the atmosphere are generally low, ranging from around 0.005 to 0.18 

g/m3. At the same time, concentrations in urban and industrial regions are sometimes 

higher. Al levels in surface water usually are relatively low (0.1 mg/L). In contrast, 

acidic or humic-rich waters may have higher soluble Al levels due to the enhanced 

solubility of Al oxide and salts. Al concentrations in soil vary greatly, ranging from 

roughly 7 to more than 100 g/kg (1,2). 

 For the general population, the predominant route of exposure is through food 

intake, with modest exposures happening through drinking water ingestion and 

ambient air inhalation. Al is also included in over-the-counter drugs such as antacids, 

buffered aspirin, and food additives. Al is also found in various consumer items like 

antiperspirants, first aid antibiotics, antiseptics, and cosmetic products. Al 

concentrations in meals and drinks vary based on food type, processing techniques, 

and agricultural zones (3–5). 

Given that humans are exposed to Al from various sources, including 

anthropogenic sources, there is rising worry about possible human health risks. Al 

intoxication can cause oxidative stress in the brain, liver, and kidneys, affecting the 

balance between free radicals and enzyme antioxidant ability. Al can disrupt or impede 

more than 200 important biological functions and harm the central nervous system 

(CNS) by interfering with or suppressing enzymes, protein synthesis, nucleic acid 

activity, and cell membrane permeability (6). 

 Al neurotoxicity has been linked to various brain development mechanisms, 

including axonal transport, neurotransmitter synthesis, synaptic transmission, protein 

phosphorylation or de-phosphorylation, protein degradation, gene expression, 

peroxidation, and inflammatory responses. Al levels are elevated in the brain tissue of 

people suffering from neurodegenerative disorders such as Alzheimer's disease (AD). 
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AD is a progressive neurological ailment that causes cognitive decline and dementia, 

typically in the elderly. The disorder is characterized by slow cognitive ability 

reduction, memory loss, visual-spatial problems, confusion, and disorientation. The 

buildup of extracellular A and the development of neurofibrillary tangles (NFTs) are 

the major pathogenic characteristics of AD, leading to synaptic dysfunction and 

neuronal abnormalities (7). 

 Currently, AD therapy focuses mainly on providing supportive and 

symptomatic care with little influence on the overall prognosis. The predominant 

therapeutic choices are cholinesterase inhibitors and memantine, which provide relief 

by increasing memory and cognitive function or alertness and cognitive ability, 

respectively. These drugs, however, have little effect on the overall course of AD 

dementia or life expectancy (8). 

 In addition to researching known treatments, researchers are increasingly 

looking into the possibility of repurposing therapies that have demonstrated efficacy 

in treating other medical diseases. The emphasis is on addressing the pathogenic 

aspects of AD, notably amyloid-β (Aβ) and p-tau, as major targets for future 

therapeutics. However, early successes seen in comparative studies and smaller 

clinical trials have not yet been consistently replicated in larger-scale administrations, 

highlighting the complexity of AD and the need for more comprehensive research to 

develop truly effective treatments (8). 

 Investigating pharmaceutical treatments with promising outcomes in treating 

other diseases may increase therapeutic possibilities for AD. Researchers are working 

feverishly to develop fresh techniques for managing this difficult and deadly disorder, 

and using established drugs from other medical sectors might be a significant step 

forward in the ongoing struggle against AD.  

This thesis explores the neuroprotective impacts of entrained xenobiotics in 

mitigating the neurotoxic repercussions induced by Al exposure, specifically within 

differentiated SH-SY5Y cell lines. The primary focus is on modulating the GSK-3β 

and Wnt signaling pathways as pivotal mechanisms through which these entrained 

xenobiotics could potentially exert their protective effects. 
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2. LITERATURE REVIEW  

2.1 Toxicokinetic of Aluminum 

2.1.1. Absorption 

The absorption rate of Al depends on its chemical properties, pH of the 

environment, ionic strength, presence of competing elements such as silicon, and 

chelating agents like citrate. Generally, Al's absorption rate from the gastrointestinal 

tract is low, approximately 1-2% (9). In vivo studies reported that citrate-containing 

compounds increase Al absorption and accumulation in brain and bone tissues (10). 

Besides, elements such as silicon, phosphate and polyphenols decrease Al absorption 

due to the formation of insoluble complexes that cannot be absorbed (9). 

 

Oral Absorption 

Following ingestion, the primary pathway for Al to be systemically deposited 

in animals and humans is through gastrointestinal absorption, predominantly occurring 

in the duodenum (11). Al uptake through the gastrointestinal system is complex and 

influenced by various factors, including individual variations, age, pH levels, stomach 

contents, and the specific form of Al. Notably, water intake (approximately 0.3%) 

contributes more to Al absorption than food intake (approximately 0.1%). Organic 

substances contained in food, such as phytates and polyphenols, were traditionally 

thought to form complexes with Al ions, limiting their absorption. In contrast, the 

presence of citrate, maltol, lactate, or fluoride in water or food and chronic renal 

problems might increase Al absorption through the gastrointestinal system (12). 

 On the other hand, the intake of Al with phosphate, silicon, polyphenols, and 

sialic acid, or in individuals with iron overload, can reduce its absorption. It is 

important to note that Al is completely absorbed from parenteral fluids and vaccines, 

distributed throughout various body areas (11). Oral ingestion is the primary means 

for this metal to enter the bloodstream. 
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Dermal Absorption 

 With a total area of 1.5 square meters, the skin is the largest organ in the human 

body. It has a complex structure with diverse functions (13). The skin has three layers: 

the first outermost layer is the epidermis provides a waterproof barrier. The second 

layer dermis contains connective tissue, hair follicles and sweat glands, and the third 

layer is subcutaneous or hypodermis. The stratum corneum, the outer part of the 

epidermis, consists of keratin-rich cells within the lipid intercellular matrix (14).  

 Exposure to metals through the skin occurs through direct contact with metals 

or objects containing metals. Metals in contact with skin can be absorbed into the 

epidermis; even in some cases, absorption to the dermis and penetration to the systemic 

circulation was reported. Allergic reaction is the primary local effect of contact with 

metals such as chromium, nickel or cobalt. However, the metals' skin permeation rates 

have been underestimated (15). 

 

Figure 2.1. The major layers of normal skin. 

 Hair follicles and sweat ducts are the possible vessels by which Al accesses the 

epidermis, dermis and lymphatic system (Figure 2.1.). However, there is no 

considerable evidence that Al applied on the skin enters the bloodstream and is 

excreted from the kidney. Nevertheless, it does not mean that Al cannot enter the 

circulatory system from the skin. Considering the Al formulation in cosmetics, the 

frequency of applying these products on the skin and the regulations about these 



5 

products' safety indicate that Al in cosmetic and personal care products is an important 

source of local and systemic Al (16). 

 There is limited information on Al absorption and distribution following 

dermal exposure. Anane et al. (17) exposed Swiss mice to 0.4 µg /day its chloride salt 

(AlCl3) for 20 days during gestation. They reported that the Al level in mice's liver, 

brain, lung and kidney and their offspring increased significantly and concluded that 

transdermal absorption of Al should be considered. Flarend et al. (18) measured the 

amount of Al absorbed from two volunteers' skin (one male and one female) who 

exposed the skin to radiolabeled AlCl3 on a bandage. The absorption rate was 

measured by measuring the amount of Al excreted by the urine. Only a small amount 

of Al was absorbed (0.012% of the applied concentration), which may not harm 

antiperspirant users. Another study was conducted in 2012, according to the 

Organization for Economic Cooperation and Development (OECD). Pineau et al. (19) 

measured the amount of Al absorbed through the skin utilizing FranzTM diffusion cell. 

Aerosol, roll-on, and stick-type antiperspirants were tested on five skin samples. They 

reposted that the amount of Al absorbed through the skin was insignificant. The sample 

(strip skin) exposed to the stick-type antiperspirant showed higher absorption rates.  

 

Inhalation Absorption 

 Dust from soil and rocks is the most prevalent contributor of Al-containing 

particles in the atmosphere. Human activities, such as mining and agriculture, generate 

wind-borne dust (20). Anthropogenic emissions account for approximately 13% of the 

Al in the atmosphere. The primary anthropogenic sources of Al-containing particulate 

matter are industrial activities such as burning coal, Al output, iron and steel 

manufacturing facilities, brass and bronze refineries, transportation emissions, and 

processes involving Al metals such as melting, submission, slicing, and welding (21). 

Cigarette smoke has the potential to increase airborne Al levels. Airborne Al particles 

or droplets are the sources of inhaled Al aerosols. Al compounds become embedded 

in the lungs after breathing (22). The lungs are constantly exposed to Al, mostly Al 

silicates and other insoluble substances. The amount of Al in the lungs typically rises 

with age, which might contribute to respiratory problems in locations where Al 
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accumulates. There is no evidence that particulate or soluble Al penetrates the 

circulation from the lungs and then travels to other organs in the body (11). 

Occupational exposure studies and animal research suggest that the lungs and 

nervous system are particularly susceptible to toxicity following inhalation exposure. 

Workers exposed to Al dust or fumes have reported respiratory symptoms, such as 

reduced lung function and fibrosis; however, these effects have not been consistently 

observed across all studies (23). Co-exposure to other substances may have contributed 

to the reported results. Respiratory consequences, such as granulomatous lesions, have 

also been observed in rats, hamsters, and guinea pigs. However, there is concern that 

these effects may be caused by dust overload rather than the presence of Al in lung 

tissue. Occupational studies involving workers exposed to McIntyre powder, Al dust 

and fumes in pot rooms, and Al fumes during welding suggest a potential association 

between chronic Al exposure and subclinical neurological effects. These effects 

include impairments on neurobehavioral tests assessing psychomotor and cognitive 

performance and an increased incidence of subjective neurological symptoms. 

However, apart from a few isolated cases, inhalation exposure has not been 

conclusively linked to overt neurotoxic effects. Comprehensive descriptions of Al 

exposure are lacking, a common limitation in occupational exposure research. 

Neurological endpoints studied thus far have focused solely on brain weight and brain 

histology, with no functional tests conducted. The current body of animal inhalation 

studies is inadequate for fully evaluating the possibility of Al-induced neurotoxicity 

(2). 

2.1.2. Distribution 

Transferrin distributes Al due to the oxidative state of Al (Al3+), which is the 

same as blood iron (Fe3+) (24). Approximately 0.005% of Al-protein complexes enter 

the brain through this route (25). Al accounts for half of the body's burden; it can travel 

from the placenta to the fetus and from the mother's milk to the newborn. Al 

accumulates in the brain, and the buildup rate rises with age (9). In healthy human 

beings, total Al levels range between 30 and 50 mg/kg body weight. The typical serum 

Al concentration is 1-3 g/L. Approximately one-half of the Al in the human body 

accumulates in the skeleton, while approximately one-fourth is in the lungs (from the 
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accumulation of inhaled insoluble Al compounds). Al levels in the human skeleton 

range from 5 to 10 mg/kg. Al can also be found in the human skin, lower 

gastrointestinal system, lymph nodes, adrenals, parathyroid glands, and most soft 

tissue organs. Higher levels of Al were identified in rats' spleen, liver, bone, and kidney 

than in the brain, muscle, heart, or lung (25). 

Approximately ninety percent of the circulating Al in the bloodstream is 

transported by transferrin, a protein responsible for transporting iron. At the same time, 

the remaining portion binds to albumin and citrate. The uptake of Al by cells in tissues 

is believed to occur through endocytosis, with intracellular transfer of Al bound to 

transferrin. However, it is uncertain whether the Al-transferrin complex interacts with 

the transferrin receptor, suggesting the possibility of an alternative mechanism for Al 

absorption within cells (26).  

Among individuals not exposed to Al or antacids, the mean serum Al level was 

1.6 µg/L in a study of 44 subjects (27). In contrast, hemodialysis patients exhibited 

serum Al levels ten times higher than those of unexposed individuals, as Chen et al. 

(28) reported. In experimental animals, Al levels in tissues and organs such as bone, 

muscle, lung, liver, and kidney tend to rise with age. Furthermore, Al has been 

discovered to swiftly penetrate the brain, extracellular fluid, and cerebrospinal fluid, 

albeit in less amounts than in circulation. Iron status is inversely related to Al 

deposition in organs, and animal studies have shown that calcium and magnesium 

shortages might lead to Al accumulation in the brain and bone (29). 

As an element, Al is constantly present in combination with other compounds, 

and these affinities can change throughout the body. Al is assumed to exist in living 

organisms in four states: free ions, low-molecular-weight complexes, physically bound 

macromolecular complexes, and covalently bonded macromolecular complexes 

(2,30). Because Al3+ is easily linked to a wide range of molecules and structures, its 

destiny is determined by its affinity for each of the ligands, as well as their relative 

amounts and metabolism. Al may also form low-molecular-weight compounds by 

combining with organic acids, amino acids, nucleotides, phosphates, and 

carbohydrates. These low-molecular-weight compounds chelate often and have the 

potential to be highly stable. Complexes, especially nonpolar ones, are biologically 

active. Because Al has a high affinity for proteins, polynucleotides, and 
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glycosaminoglycans, much of the Al in the body may exist as physically bonded 

macromolecular complexes with these substances. These macromolecular complexes 

should be metabolically much less active than the smaller, low-molecular-weight 

complexes. Al may also form irreversible stable compounds with macromolecules. 

Evidence shows that Al binding occurs often in the nucleus and chromatin of cells 

(31).  

2.1.3. Excretion/Elimination 

Al clearance rates vary per compartment; for example, removal from the lungs 

may take 100 days. Its removal from the brain, however, takes more than 100 days. 

This prolonged clearance interval produces Al buildup in the brain, which causes 

neurotoxic consequences (32). The excretion half-life grows to more than 50 years as 

Al consumption increases. The extended excretion half-life could explain why Al 

accumulates so extensively in many body regions (33). Unabsorbed Al is substantially 

eliminated by feces (34). 

Most Al ions in the bloodstream (approximately 95%) are eliminated by the 

kidneys through urine, likely in the form of Al citrate. When the binding capacity of 

transferrin for Al is exceeded, the presence of citrates and fluorides helps limit the 

accumulation of Al in tissues by facilitating renal excretion. Al is also detected in 

various bodily fluids and substances, including milk, bile, feces, perspiration, hair, 

nails, sebum, and sperm. Chemical chelators such as deferoxamine, as well as acids 

like malic, malonic, citric, oxalic, and succinic acids, have been shown to enhance the 

excretion of Al through urine (11). 

2.2. Toxicity 

The toxic effects of Al are diverse and can lead to complex systemic toxicosis. 

Its molecular action targets exert cellular effects and disrupt cellular homeostasis, 

resulting in cellular lesions that contribute to structural and functional abnormalities 

in organs. The pro-oxidant activity of Al is primarily responsible for its toxic effects, 

leading to oxidative stress, free radical attacks, and the oxidation of cellular proteins 

and lipids (16). When Al ions interact with protein polypeptides with oxygen-
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containing amino acids side chains or protein backbones, they undergo denaturation, 

conformational changes, or structural modifications, as observed in Aβ (22,35) 

Exposure to Al promotes the aggregation and precipitation of Aβ, which has 

been linked to AD (22,36). This phenomenon may contribute to neuritic plaque 

accumulation, neuron death, and dysregulation in neuronal regeneration. Al exposure 

induces fibrillation and clumping of amylin, resulting in the formation of β-pleated 

sheet structures, which may predispose pancreatic β-cells to damage (37,38). 

Additionally, Al hinders the proteolytic breakdown of amyloid peptides, leading to 

increased amyloid formation (39). Interaction between Al and cell components may 

cause inhibition or stimulation effects (40). Enzymes can be either inhibited or 

activated when they interact with Al. Al can also interact with the phosphate groups of 

nucleotides like ATP, influencing energy metabolism. Al exposure in liver cells 

inhibits ATP synthesis. It disrupts glycolysis and the tricarboxylic acid (Krebs) cycle, 

which enhances macromolecule oxidation, resulting in a switch in metabolism towards 

lipogenesis (41). These alterations in metabolism may explain weight loss and reduced 

eggs produced in Al-exposed animals (42). 

Exposure to Al can disrupt iron homeostasis, resulting in iron excess. Al has 

been shown to enhance oxidative stress and iron-mediated damage. Increased cellular 

iron levels can exacerbate oxidative damage and have been implicated in the 

development of neurodegenerative diseases (43,44). Al-induced iron overload has 

been associated with elevated lipid peroxidation, genetic material damage, and reactive 

oxygen species (ROS)-related apoptosis. Al ions promote apoptosis in erythrocytes, 

lymphocytes, and osteoblasts (45,46). In osteoblasts, oxidative damage has been 

shown to trigger the apoptotic pathway C-jun N-terminal kinase (JNK). The anti-

apoptotic B-cell lymphoma (Bcl)-2 protein is inhibited to promote osteoblast mortality 

in culture. In contrast, the pro-apoptotic Bax (Bcl-2 associated X, apoptosis regulator), 

Bak (Bcl-2 antagonist/killer), and Bim (Bcl-2 interacting mediator of cell death) 

proteins are increased. Al exposure may reduce ferritin production while increasing 

transferrin receptor expression, disrupting the normal balance between transferrin and 

ferritin synthesis receptors. This results in elevated free iron levels within cells and 

increased oxidative damage through the Fenton reaction (47). Al exposure also affects 

the activities of antioxidant enzymes, including superoxide dismutase (SOD), catalase 
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(CAT), glutathione peroxidase (GPx), and glutathione (GSH), due to oxidative stress 

(Campbell et al., 1999; Oteiza et al., 1993). Abnormal increases in malondialdehyde 

(MDA) and thiobarbituric acid reactive substances (TBARS), along with decreased 

levels of antioxidants such as GSH, GPx, SOD, and CAT, have been observed in tissue 

homogenates of rats exposed to Al (48,49).  

Al's harmful effects can also lead to mutagenesis, gene function changes, and 

transcriptional expression alterations (16). Al exposure in mice has been linked to 

somatic and germinal genotoxicity, characterized by chromosomal abnormalities and 

mitotic depression (50). Al-DNA binding can affect neuronal gene expression (51), 

potentially predisposing cells to genotoxicity. Additionally, Al exposure may impair 

cell growth, differentiation, and neurogenesis (52,53). Suppression and blockade of 

the Wingless-INT (Wnt)/β-catenin signaling pathway by Al have been shown to 

reduce osteoblastic proliferation and differentiation. Al can also hinder osteoblast 

development by inhibiting the bone morphogenetic protein (BMP)-2 signaling 

pathway (54). 

Al has demonstrated pro-inflammatory properties in various tissues, resulting 

from oxidative stress and the generation of free radicals (16,55,56). Exposure to Al 

has been shown to increase levels of pro-inflammatory cytokines, such as interleukin 

(IL) -1 and tumor necrosis factor-alpha (TNF-α), in a dose-dependent way (57,58). Al 

exposure significantly upregulates the expression of genes involved in pro-

inflammatory signaling. These Al-induced cytokines can attract leukocytes, emitting 

pro-inflammatory cytokines and chemokines, aggravating inflammation (59). Long-

term contact of mice with Al sulfate in drinking water caused time-varying systemic 

inflammation, as measured by increased levels of IL-6, TNF-α, C reactive protein 

(CRP), and a trio of pro-inflammatory microRNAs, as well as inflammation markers, 

indicating progressive chronic inflammation in the exposed animals (60). Toxic 

exposure to Al causes immunotoxicity, affecting the functioning of lymphocytes and 

macrophages. Immunosuppression is caused by oxidative stress, which is linked to 

lymphocyte apoptosis and thymocyte and lymphocyte destruction. In vitro, Al inhibits 

the immunological activities of splenic B- and T-lymphocytes by decreasing 

lymphocyte division, cytokine production, and the proportions of cluster of 

differentiation (CD)-3(+) and CD-4(+) lymphocytes (61). Al inhibits 
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lipopolysaccharide (LPS)-induced nucleotide-binding oligomerization domain-like 

receptor family pyrin domain containing 3 (NLRP3) inflammasome activation and the 

expression and release of IL-1, IL-6, and TNF-α in peritoneal macrophages. In vivo, 

Al enhances norepinephrine release and activates the β-adrenoceptors/cyclic 

adenosine monophosphate (cAMP) pathway, inhibiting macrophage migration 

inhibitory factor (MIF) and TNF-α macrophage expressions (62). Contact allergy to 

Al has been identified as an abnormal immune response in individuals with atopic 

dermatitis (63). Al accumulation in endocrine glands induces oxidative stress, leading 

to decreased hormone levels in the bloodstream and organ hypofunction. For instance, 

testicular and ovarian failures have been reported due to inadequate levels of 

androgenic hormones (64,65). In conditions of low calcium levels, Al ions can interact 

more efficiently with calcium-sensing receptors than calcium, reducing receptor 

expression in the gland. The metabolic effect of declining certain thyroxine (T3 and 

T4) levels without a change in free T4 levels remains unknown (66).  

Following exposure to Al, the activity of ATPase in the cell membrane may be 

compromised, leading to disturbances in transmembrane ion transport regulation. Al 

has been demonstrated to inhibit the activities of Na+K+-ATPase, Mg2+-ATPase, and 

Ca2+-ATPase in various cell types (67), including rat erythrocytes, vascular endothelial 

cells, testes, and ovaries (68). Changes in erythrocyte size and shape, such as the 

production of echinocytes, acanthocytes, and stomatocytes, have been observed due to 

altered membrane morphology because of Al exposure (69,70). Rat peripheral blood 

samples stained after prolonged oral consumption of Al revealed the presence of 

schistocytes and target cells (71). In lymphocytes, morphological changes in the lipid 

bilayer of plasma and mitochondrial membranes have been observed (72). During Al 

exposure, membrane protein components may undergo degradation or inadequate 

expression, resulting in the loss of some proteins and their inactivation of the cell 

membrane. Al exposure can also impact the cell membrane surface through 

phosphatidylserine externalization after apoptosis and dysregulation of erythroid 

progenitors (73,74). 



12 

2.3. Ageing and Alzheimer's Disease 

Recent health science and technology achievements have made disease 

diagnosis and treatment more attainable, and the average human lifespan has increased 

in the last decades. However, the risk of neurodegenerative diseases also increases 

with the ageing population (75). Among the neurodegenerative diseases, AD has the 

highest incidence in the elderly. AD is suggested to affect >55 million people 

worldwide; each year, the number of people diagnosed with AD increases (76). 

According to a report published in 2020 by the Turkish Alzheimer Association, over 

600,000 people in Turkey are struggling with AD (77). American Alzheimer's 

Association reported that by 2050, >88 million people in the USA will be diagnosed 

with AD (78). On the other hand, 8% of people aged over 60 years are estimated to be 

diagnosed with AD by 2040 in Europe (79). Moreover, it is estimated that 6.19 million 

people have AD in the Middle East and North Africa (80). 

Alois Alzheimer was the first scientist who reported that amyloid plaques and 

loss of neurons in patients suffering from memory loss were observed in patients with 

dementia in 1906-1907. Although the disease was not named Alzheimer's then, in the 

8th edition of his Handbook of Psychiatry in Chapter' Presenile and Senile Dementia', 

Kraepelin named Alzheimer's disease (81). AD usually starts more than 20 years 

before noticing its signs or symptoms. Patients diagnosed with AD after 65 years of 

age are considered late-onset AD. After years, memory loss and speaking problems 

are noticed as the neurons responsible for cognitive function are damaged. As the 

disease progresses, neurons in other brain parts also get involved. The patient loses his 

or her ability to do basic daily tasks (79). Therefore, the patient needs a 7/24 caregiver 

(78). 
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Figure 2.2. Alzheimer disease stages. 

On the other hand, some patients are diagnosed with early-onset AD at earlier 

ages (45-65 years). These patients show more significant neocortical pathology, 

particularly in the parietal cortex, greater tau levels than an amyloid burden (82), and 

less hippocampal damage. They have non-amnestic, phenotypic variants which show 

more aggressive clinical signs, and these AD patients have worse attention, executive 

functions, ideomotor praxis, and visuospatial skills (83). The stages of AD are 

summarized in figure 2.2. 

2.3.1. Pathophysiology of Alzheimer's disease 

Primary pathophysiological changes in AD are cholinergic lesions, 

neurofibrillary tangles (which accumulate in the neuron), extracellular accumulation 

of Aβ and loss of neurons. Other lesions, such as neuropil threads, dystrophic neurites 

and synaptic loss, have also been reported (84). 

The deposition of Aβ plaques is believed to cause loss of basal forebrain 

cholinergic neurons, damage to axons dendrites, and loss of synapses, which in turn 

cause cognitive impairment. However, the exact mechanism behind most AD cases is 

still unknown. Aβ is a normal amyloid precursor protein (APP) cleavage in the human 

CNS. Aβ, with a half-life of approximately nine hours, usually turns over rapidly in 

the human CNS. However, Aβ turnover kinetics are altered in AD (85). The plaque 

can be neurotic, dense-cored or compact. Proteolytic cleavage enzymes, β-secretase 

and γ-secretase, cleave APP into fragments with specific amino acids. The formation 

of Aβ40 and Aβ42 fragments has mainly reported AD. The insoluble forms of Aβ 
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monomers are from the amyloid fibrils, and the soluble form is distributed in the brain. 

As humans age, the rate of Aβ turnover and clearance decreases. The chance of Aβ 

aggregation and conformation change increases, though the exact mechanism behind 

this phenomenon is still under investigation (86). 

Tau phosphoproteins are important in the integrity of the structure of 

microtubules. Tau regulates axonal transport and stabilizes the microtubules in 

neurons. In AD, tau is hyperphosphorylated; after hyperphosphorylation, tau protein 

has a reduced ability to bind to microtubules, thus dysregulating the microtubule 

network and causing cell death. NFTs accumulate in neural pericardial cytoplasm, 

axons, and dendrites, which causes a loss of cytoskeletal microtubules and tubulin-

associated proteins (87). Tau phosphorylation at the proline-rich region and C-terminal 

tail decreases its activity. The pathological features of AD-like NFTs and senile 

plaques can be observed as the normal ageing process. Thus, these features are present 

in some people without cognitive or memory functions (88). 

Additionally, some cases of AD disease can be diagnosed without Aβ plaques 

(89). There are still unknown cofactors that may contribute to AD progression, and Al 

may be one of these factors (90). In the brains of some AD patients, 

hyperphosphorylated tau is observed as intraneuronal neurofibrillary tangles of paired 

helical filaments (PHF). Several kinases regulate the phosphorylation of tau, and 

glycogen synthase kinase-3beta (GSK-3β) and cyclin-dependent kinase-5 (CDK5) are 

the most important enzymes for this regulatory process (91). 

The cholinergic theory shifted AD research from descriptive neuropathology 

to the contemporary idea of synaptic neurotransmission, revolutionizing the discipline 

(92). Because acetylcholine is crucial in cognitive processes, the cholinergic system 

has been implicated in various dementias, including AD. Cholinergic transmission 

deficits can affect many aspects of cognition and behavior, including cortical and 

hippocampal information processing (93). This theory is based on three turning points 

(94): (i) the discovery of shrinking presynaptic cholinergic markers in the cerebral 

cortex. (ii) the discovery that neurofibrillary degeneration of the cholinergic nucleus 

basalis of Meynert neurons, known as Ch4, was already present in the early stages of 

AD. (iii) the cholinergic antagonists impair memory while agonists improve. 
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The severity of dementia in AD was shown to be linked to the extent of 

cholinergic depletion, and animals with cholinergic lesions and resulting cognitive 

impairment were identified as AD models. Choline absorption, decreased 

acetylcholine release, impairments in the expression of nicotinic and muscarinic 

receptors, defective neurotrophin support, and axonal transport deficits are the key 

modifications in cholinergic neurons evaluated in this concept. In addition, amyloid 

interacts with cholinergic receptors and changes their activity (95). According to 

molecular modelling research, acetylcholine interacts with the Aβ peptide and 

stimulates the development of amyloid fibrils. Kinetic analysis revealed that a 

structural motif in acetylcholine could stimulate amyloid production and integration 

into developing A-fibrils (93). Even though abnormalities in other cortical 

neurotransmitters such as dopamine, norepinephrine, and histamine have been 

identified in AD, the cholinergic lesion is significantly earlier, more extensive, and 

more persistent than other neurotransmitter system pathologies (96). 

2.4. Glycogen synthase kinase 

GSK-3 enzyme regulates glycogen synthesis, glucose transport, metabolism, 

pro-apoptotic factors, and insulin signaling pathway. This kinase consists of two 

isomers, GSK-3α and GSK-3β. GSK-3β isoform dominates the brain, controlling 

various signaling pathways (97). It is shown that GSK-3 participates in cellular 

activities, such as the formation of cell structure, cell cycle regulation, gene expression 

and transcription, cell apoptosis, protein transcription and protein synthesis, mRNA 

stability, lipid deposition and lipid accumulation (98). In addition, GSK-3 plays a role 

in tumor suppression and neuronal function (99). The dysfunction of GSK-3 has been 

reported in pathological conditions like sporadic and familial types of AD, diabetes, 

bipolar disorder, schizophrenia, inflammation (100), and cancers (101). As shown in 

figure 2.3, three main signaling pathways inactivate GSK3: (i) The insulin signaling 

pathway activates phosphoinositide 3-kinase (PI3K), thus activating Akt, which results 

in the deactivation of GSK-3 by phosphorylating it at the N-terminal serine residue; 

deactivating the GSK-3 prevents cell death. (ii) In the presence of nutrients like amino 

acids, the mammalian target of the rapamycin (mTOR) signaling pathway inactivates 

GSK-3 by phosphorylating it at the N-terminal. (iii) In the absence of the Wnt 



16 

signaling pathway, GSK-3 degrades β-catenin, driving cell proliferation and tissue 

renewal. 

 In the Wnt signaling pathway, GSK-3 is inactivated by releasing GSK-3 from 

a multi-protein complex (β-catenin, axon and adenomatous polyposis coli). This 

phenomenon leads to the induction of β-catenin dependent gene transcription (102).  

 

Figure 2.3. Inactivation of GSK-3 by signaling pathways. 

GSK-3β has been proposed to link between Aβ and tau in AD. Aβ activates 

GSK-3β, then GSK-3β cause tau phosphorylation. APP is regulated by GSK-3β, which 

in turn causes amyloid formation. In vivo, studies in mice have concluded that GSK-

3β inhibitors reduce senile plaque and tau hyperphosphorylation and enhance 

cognitive skills. Additionally, mice with GSK-3β overexpression show AD signs, such 

as NFTs and Aβ. However, in the absence of the tau gene, the mice show milder AD 

signs (103). The tau protein contains a large number of amino-acid residues that GSK-

3 phosphorylates. Tau overexpression in the presence of over-activated GSK-3β 

interrupts the regular axonal transport—consequently, synaptic failure, neuronal 

dysfunction, and neurodegeneration (86). In a splenectomized rat model, inhibiting 

GSK-3 protects cells from neurodegeneration. It significantly reduces phospho-tau 

levels, spatial learning, and memory deficits (104). 

GSK-3α regulates the production of Aβ. Exposure to Aβ causes inhibition of 

the PI3K pathway, which increases the GSK-3β activity. Insulin signaling pathways 

that decrease the activity of GSK-3 have been shown to increase the expression of 

insulin-degrading enzymes. The increase in the cleavage rate of APP with the non-
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amyloidogenic β-secretase enzyme decreases the rate of production of Aβ. Moreover, 

GSK-3 inhibitors like lithium chloride and valproic acid have been shown to decrease 

Aβ production in vitro studies. In addition, specific GSK-3 inhibitors decreased 

transcription and expression of the beta-secretase 1 (BACE1) gene, resulting in a 

decrease in the production of Aβ. It is important as the BACE1 levels in AD patients 

were reported to be elevated (105). Figure 2.4. illustrates the role of GSK-3 in Aβ 

aggregation. GSK-3 also regulates synaptic plasticity by managing long-term 

potentiation (LTP) and long-term depression (LTD) (106). Upon LTP induction, GSK-

3β is inhibited by an increase in Ser 9 phosphorylation. Overexpression of GSK-3β in 

neurons decreases postsynaptic density and volume in hippocampal granule neurons. 

These decreases induce cognitive impairment and alter LTP production (104). 

 

Figure 2.4. Activation of GSK3 and Aβ aggregates. 

Aβ: amyloid-beta; APP: amyloid-beta precursor protein; BACE1: beta-secretase 1; GSK3: glycogen 

synthase kinase-3; PSEN1: presenilin-1. 

According to one study, lowering the expression of β-catenin, a hippocampus 

transcription factor, hinders memory consolidation. GSK-3 activation decreases β-

catenin stability and leads to its ubiquitination, whereas GSK-3 inhibition stabilizes β-

catenin and boosts its ability to modulate synaptic plasticity. According to another 

study, the β-catenin signaling pathway and brain-derived neurotrophic factor (BDNF) 

govern neural stem cell growth in mice, and the BDNF pathway may interact with the 

β-catenin path. Moreover, researchers confirmed that BDNF is a direct target of the β-

catenin transduction pathway and that β-catenin regulates BDNF expression. Specific 

properties of Al, such as its small molecular size, near-maximal charge, and strong 

affinity for metal-binding sites in enzymes, may contribute to its effects on LTP and 
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lead to the involvement of the GSK-3 and β-catenin signaling–mediated BDNF 

pathway (107). 

2.5. Wnt signaling Pathway 

The Wnt pathway is an evolutionarily conserved signal transduction pathway 

that regulates a wide range of cellular functions during development and adulthood. It 

controls cell proliferation, fate determination, apoptosis, migration, and cell polarity. 

Wnt genes, including int-1, are highly conserved across multiple species and are 

involved in wing development, segmentation, and body axis formation. Wnt proteins 

are secreted, lipid-modified glycoproteins and act as ligands interacting with Frizzled 

(FZD) receptors on the cell surface. Co-receptors, such as the low-density lipoprotein 

receptor-related protein (LRP), may mediate Wnt signaling (108,109). 

Upon activation, a signal is transduced by the pathway-activating protein 

Disheveled, which can be branched off into multiple downstream pathways. The Wnt 

pathway can be categorized into the canonical Wnt pathway (β-catenin dependent 

pathway) and non-canonical Wnt pathways (β-catenin independent pathways), 

including polarity and the Wnt/Ca2+ pathway (108). 

The Wnt pathway plays a crucial role in various aspects of CNS functioning, 

including neuronal differentiation, neurogenesis, synapse formation, and 

neuroprotection (110,111). It also participates in synaptic plasticity, which is required 

for higher brain activities like learning and memory, and its impairment has been 

related to mental decline in neurodegenerative illnesses like AD. These proteins help 

establish synapses and influence neural communication both pre- and post-

synaptically (112). Moreover, the Wnt/β-catenin signaling pathway is essential for 

preserving, integrity, and operating the blood-brain barrier (BBB), which is disturbed 

in AD and other neurodegenerative illnesses (113). Over the past decade, the 

importance of Wnt/β-catenin signaling in midbrain dopaminergic neuron formation 

and adult hippocampal neurogenesis has been recognized. Wnt ligands and 

components of the pathway have been identified in normal midbrains and animal 

models of Parkinson's disease (PD), AD, amyotrophic lateral sclerosis (ALS), and 

other neurodegenerative diseases, suggesting that dysregulation of this pathway may 

contribute to their pathogenesis (114–116). 
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Wnt/β-catenin signaling works as a sensor of the milieu in the intact CNS, 

balancing cell survival and cell death. By blocking GSK-3-induced phosphorylation 

and degradation of β-catenin, Wnt ligands and agonists promote the Wnt-ON state. 

This β-catenin stabilization causes it to accumulate in the cytosol and translocate to 

the nucleus, where it acts as a co-activator for TCF/LEF-mediated transcription and 

supports the expression of Wnt target genes related to neuron survival and elasticity, 

maintaining neuron integrity. Antioxidants, anti-inflammatory compounds, and 

neuroprotective drugs can directly or indirectly activate this signaling pathway 

(117,118). 

Wnt antagonists, inflammation, oxidative stress, neurotoxic medications, 

growth factor deprivation, and ageing, on the other hand, can suppress Wnt/ β-catenin 

signaling (Wnt-OFF state) in neurons. Excess β-catenin is quickly phosphorylated and 

destroyed in the Wnt-OFF state, inhibiting Wnt target gene transcription crucial in 

neuron survival. The microglial and astrocytic components of the CNS govern the 

balance of Wnt-ON and Wnt-OFF states in neurons. Dysregulation of neuron-glia 

interaction can lead to cell death and decreased neuroprotection, eventually leading to 

neurodegeneration. Emerging data show that Wnt signaling may potentially influence 

neuroinflammation in neurodegenerative illnesses such as PD via bidirectional contact 

between glial cells and neurons (118–120). Astrocytes and microglial cells in the brain 

release Wnts and Wnt-like molecules. Wnt receptors are expressed, regulating the 

neuroimmune response in an autocrine/paracrine way. Wnt/-catenin signaling 

activation mediated by glial-derived Wnts and Wnt-like molecules can provide 

neuroprotective benefits in neurons that express Wnt receptors. However, oxidative 

stress, neurotoxic drugs, growth factor deficiency, or ageing can decrease astrocyte 

anti-inflammatory and neuroprotective capabilities, exacerbating the pro-

inflammatory phenotype in microglia. This, in turn, suppresses Wnt/β-catenin 

signaling and downregulates Wnt1 expression, potentially leading to neuron 

degeneration (121). 

2.6. Naltrexone 

Naltrexone was initially produced in 1963 as an orally active, competitive, non-

selective opioid receptor antagonist. It is structurally and functionally comparable to 
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another opioid antagonist, naloxone, but has a longer biological half-life and better 

oral bioavailability. In 1984, the US Food and Drug Administration (FDA) authorized 

naltrexone hydrochloride for the treatment of opiate addiction (122), the reduction of 

withdrawal symptoms (123), and the relief of physical dependency (123,124). A 50 

mg/day dosage of naltrexone is indicated for drug withdrawal and relapse prevention. 

In contrast, a 5 mg/day dose treats autoimmune illnesses and chronic pain syndrome. 

Low-dose naltrexone has been studied in illnesses such as fibromyalgia, inflammatory 

bowel disease, diabetic neuropathy, cancer, and inflammatory dermatologic disorders 

(125). 

The endogenous opioid system comprises opioid peptides, endorphins, 

enkephalins, and dynorphins with variable affinities for opioid receptors. The main 

opioid receptors are mu, delta, and kappa. However, additional receptors, such as G-

protein coupled receptors, also play a role. The opioid system's downstream effects are 

determined by several parameters, including opioid peptide level, receptor makeup, 

and signaling effectors. As an exogenous modulator, naltrexone operates as an 

antagonist at mu and delta receptors while less affecting kappa receptors. The action 

of naltrexone can be influenced by its many stereoisomers (126,127). Furthermore, 

naltrexone inhibits non-opioid receptors on macrophages such as microglia (128). 

Recent studies have demonstrated that naloxone exhibits neuroprotective 

benefits in neuroglia cultures against degeneration caused by inflammatory stimuli and 

A by decreasing TNF-α production by microglia (129,130). Furthermore, naloxone 

(82.5 nmol) has been shown in rats to have neuroprotective properties against brain 

ischemia damage via an unknown mechanism (129). 

The opioid system is critical for learning and memory, and its dysregulation 

can result in cognitive impairment (131). The dysregulation in the endogenous opioid 

system has been reported in AD. Radioligand studies have revealed a decrease in 

overall opioid receptor avidity. Patients with AD may have altered reactions to pain, 

opioids, and opioid antagonists (132). Interestingly, injection of naloxone into rats has 

been demonstrated to boost their reactivity to environmental cues, indicating that 

opioid antagonists may improve attention. Furthermore, naltrexone has been shown to 

boost human attentiveness and performance (125,133). 
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Overall, naltrexone and opioid receptors play critical roles in various 

physiological processes, and their dysregulation may have consequences for illnesses 

such as dementia, AD, and pain management. More study is required to completely 

comprehend these substances' complicated relationships and possible medicinal 

applications. 

2.7. Metformin 

Metformin, also known as dimethylbiguanide, is a synthetic derivative of 

biguanide that received FDA approval in 1994. Over the course of more than six 

decades, extensive research has consistently demonstrated that metformin is the most 

effective initial treatment option for individuals diagnosed with type 2 diabetes (T2D). 

The product exhibits a cost that is within a reasonable range and has shown to have a 

positive safety record when used for an extended period of time (134). The 

biodistribution and pharmacodynamics of the drug depend on transporters that 

facilitate the transportation of cationic compounds. The transporters encompassed in 

this category are organic cation transporters (OCTs), plasma membrane monoamine 

transporter, and multidrug and toxin extrusion proteins. Metformin demonstrates a 

relatively short duration of action in the bloodstream, with a plasma half-life ranging 

from 2 to 6 hours (135). These results in the maintenance of a consistent concentration 

range of about 4 to 15 μM (equivalent to about 0.5 to 2.0 μg/ml) among those 

diagnosed with T2D. Preliminary investigations have suggested that the liver serves 

as the primary site for metformin's mechanism of action in the regulation of hepatic 

glucose production. The observed effects result from a confluence of mechanisms, 

encompassing both pathways dependent on AMP-activated protein kinase (AMPK) 

and pathways dependent on AMPK (136).  

Nevertheless, recent research indicates that various other factors, such as the 

gastrointestinal tract, gut microbiota, and tissue-resident immune cells, may also exert 

significant influences (135). Metformin improves insulin sensitivity, decreases 

gastrointestinal glucose absorption, and increases glucose uptake in peripheral tissues, 

lowering blood glucose levels and the need for insulin production (137). Moreover, 

metformin can reduce glycated hemoglobin (HbA1c) by 1%–2% without causing 

weight gain (138). 
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The potential therapeutic applications of guanidines and biguanides across 

various diseases have attracted considerable attention in the field of medical research. 

The investigation into the molecular targets of metformin has yet to yield a 

comprehensive understanding of its mechanism of action within a specific organ. 

However, existing evidence indicates that metformin exerts its beneficial effects 

through various mechanisms in multiple organs (139). Nonetheless, there is a potential 

for achieving a degree of agreement among the proposed mechanisms. The 

intracellular compartment contains all of the suggested cellular targets of metformin, 

while no known interactions with cell surface receptors have been documented. It is 

widely acknowledged in the scientific community that metformin undergoes negligible 

metabolic alterations in humans, resulting in the absence of any active drug 

metabolites. Hence, the identification of metformin's target tissues can be achieved by 

examining the cellular uptake of the drug. Consequently, investigating the 

biodistribution of metformin in patients emerges as a compelling approach to support 

inquiries into the mechanisms underlying its mode of action (134).  

Metformin has been extensively studied for its potential therapeutic 

applications in a range of medical conditions, including polycystic ovary syndrome 

(140), cancer (141), rheumatoid arthritis, neurodegenerative diseases associated with 

cognitive dysfunction and dementia (142,143), anti-ageing interventions, parasitic 

infections such as malaria, antibiotic applications, and even the treatment of COVID-

19 (135). 

Diabetes has been linked to various neurological conditions, including stroke, 

dementia (specifically Alzheimer's disease and vascular dementia), and PD. Due to its 

association with impaired insulin signaling and glucose metabolism, AD has been 

likened to a neurologically specific form of diabetes. It is noteworthy that there exists 

a positive correlation between elevated glucose levels and a heightened susceptibility 

to dementia among individuals without diabetes, thereby suggesting the potential 

utility of metformin. 

Metformin has been found to potentially possess additional advantages, 

including the reduction of adverse consequences associated with protein glycation and 

advanced glycation end substances (AGEs), both of which are implicated in the 

development of degenerative diseases and the ageing process. It is worth mentioning 
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that metformin possesses the capability to traverse the BBB, rendering it a potential 

insulin sensitizer with central activity. The potential neuroprotective properties of 

metformin can be attributed to its vascular protection, anti-ageing effects, and anti-

inflammatory properties (144). 

Although a body of pre-clinical and clinical research supports the hypothesis 

regarding the neuroprotective benefits of metformin, the available data present a mixed 

picture, as not all studies demonstrate its direct protective effects. Multiple meta-

analyses have presented divergent findings regarding the association between 

metformin usage and dementia. Some studies have reported a reduced occurrence of 

dementia with metformin usage, while others have found no significant advantage. 

Conversely, certain analyses have suggested a potential increase in the risk of PD 

(136). 

In summary, the existing literature regarding the neuroprotective effects of 

metformin remains inconclusive. Although metformin's anti-hyperglycemic and 

vascular properties appear intriguing, it is important to consider other drawbacks, such 

as the potential reduction in mitochondrial function, which may outweigh its potential 

advantages. Further investigation is warranted to fully comprehend the extent of 

metformin's impact on neurodegenerative diseases, particularly in individuals without 

diabetes. Moreover, before expanding the utilization of metformin to more diverse 

populations, examining potential negative consequences and thoroughly ensuring 

patient adherence is imperative. It is noteworthy that several other medications for 

diabetes have exhibited advantageous effects, thereby indicating that the 

neuroprotective properties of metformin are not exclusive. 

2.8. Dihydrolipoic acid 

The reduced form of alpha-lipoic acid (α-LA), dihydrolipoic acid (DHLA), is 

both hydrophilic and hydrophobic, making it easier to distribute throughout the body 

(145). α-LA is transformed into DHLA by enzymes such as glutathione reductase, 

thioredoxin, and lipoamide hydrogenase. Due to their capacity to postpone or stop the 

oxidation of suberate even at low concentrations, α-LA and DHLA are both recognized 

as universal antioxidants (146). In particular, against environmental contaminants like 
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heavy metals, their responsibilities include scavenging free radicals, chelating metals, 

and replenishing intracellular glutathione levels (145,147). 

By regenerating vitamins C and E without consuming them, dietary 

supplements with α-LA and DHLA greatly lower oxidative stress. Unlike vitamins C 

and E, which are largely lipophilic, they may exercise their antioxidant action in the 

cytosol and plasma thanks to this special characteristic. Other antioxidants, such as 

glutathione, can also be restored by DHLA (148,149). Additionally, in vivo and in 

vitro investigations have shown that DHLA functions as a metal chelator, producing 

stable complexes with metals, including iron and copper (150). Additionally, it 

improves glucose absorption in muscle regions that are both insulin-sensitive and 

insulin-resistant (146). 

Increased oxidative damage has been identified as an early stage in the 

development of AD, according to studies employing mice models of the disease. 

Antioxidants may be able to reduce this damage. Although non-steroidal anti-

inflammatory drugs (NSAIDs) have been investigated for AD treatment, long-term use 

of these medications can be harmful to the digestive system. As a result, developing 

treatment options for AD has shifted its attention to investigating methods to prevent 

or minimize oxidative damage, with antioxidants playing a significant role (151). 

Studies conducted in vitro have shown that α-LA has neuroprotective 

properties against cytotoxicity brought on by adenosine, activating the PKB/Akt 

signaling pathway and protecting cortical and hippocampal neurons from toxicity 

brought on by adenosine and oxidative stress. Additionally, via activating choline 

acetyltransferase, α-LA has demonstrated promise in enhancing acetylcholine 

synthesis, which is essential for cognitive function. The anti-inflammatory effects of 

α-LA are further influenced by its antioxidant characteristics, which lower free 

radicals, pro-inflammatory cytokines, and indicators like TNF-α. Additionally, α-LA 

may affect signal transduction pathways and epigenetic processes important for 

managing and preventing AD. In the search for neuroprotective treatments for AD, α-

LA and DHLA are excellent options due to their diverse effects (152). 
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2.9. Thesis Objectives: 

The major goal of this research is to explore the potential neuroprotective 

effects of naltrexone, metformin, and dihydrolipoic acid on aluminum-induced 

neurotoxicity in the differentiated SH-SY5Y cell line. These xenobiotics have been 

investigated for their impact on the GSK-3β and Wnt signaling pathways, both of 

which play critical roles in Alzheimer’s disease pathogenesis. Specifically, the thesis 

aims to achieve the following objectives: 

Objective 1: Establish a robust differentiation protocol for the SH-SY5Y cell 

line, enhancing its resemblance to neuronal cells and increasing tau expression. This 

cellular model will enable the investigation of toxic effects induced by aluminum on 

neuronal-like cells. 

Objective 2: Evaluate the potential of naltrexone, known as an opioid 

antagonist, at lower doses than typically used for addiction treatment, as a promising 

candidate for therapeutic intervention in Alzheimer’s disease. By studying its effects 

on the GSK-3β and Wnt signaling pathways, the research seeks to elucidate its 

neuroprotective mechanisms. 

Objective 3: Investigate the efficacy of metformin, a widely used antidiabetic 

medication, as a potential therapeutic agent for Alzheimer’s disease and related 

conditions. The focus has been on how metformin regulates the GSK-3β and Wnt 

pathways to confer neuroprotection. 

Objective 4: Explore the potential of dihydrolipoic acid, the reduced form of 

-lipoic acid, as a dietary supplement for Alzheimer’s disease patients and individuals 

with metal intoxication. The research aims to assess its antioxidant properties and its 

ability to counteract neurotoxicity induced by aluminum.  

Through comprehensive investigations into these objectives, this research 

seeks to contribute valuable insights into the neuroprotective properties of the studied 

xenobiotics, potentially opening up new avenues for the development of therapeutic 

strategies to combat neurotoxicity in Alzheimer’s disease and related conditions. 
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3. METHOD AND MATERIAL 

3.1. List of Instruments 

Instruments  Brand/Trademark 

CO2 Incubator  HERAEUS 

Cell Culture Flasks (25, 75 cm2)   Isolab 

Cryovials  Grenier Bio-One 

Analytical Balance   Mettler Toledo XS105 

Horizontal Laminar Flow Cabinet   Holten  

Barnstead Water Purification System   Barnstead 

Distilled water system  MES Minipure/Thermo 

Scientific 

Refrigerator   Arçelik 

96-wellplate  Greiner Bio-One 

Neubauer Chamber  Marienfeld 

Microscope Slide and Cover Glass  Isolab 

Centrifuge   Heraeus, Hettich, Rotofix 

32A 

Laboratory Water Bath    Memmert  

Vortex   LMS, Mixer Uzusio VTX-

3000L 

Sterile Serologic Pipets (5, 10, 25 ml)   Greiner Bio-One 

Sterile Centrifuge Tubes (15 and 50 ml)  Greiner Bio-One 

Autoclave    Nüve NC40M 

Laboratory Cube Ice Maker  Scotsman AF100 

Laboratory water bath   Memmert, Edelstaht 

Rostfrei 

Spectrophotometer   Molecular Devices, 

SpektraMax, M2 

-20oC Freezer   Arçelik 

-80oC Freezer   Revco, Legaci 

Light Microscope   Leica DM 6000, Leica 

TP1020 

Parafilm  Bemis 

Micropipettes (1-10 µl, 10-100 µl, 20-

200 µl, 100-1000 µl, 1-5 ml)  

 Eppendorf, Finn pipette, 

Lab systems 

Micropipette tips (1-10 µl, 10-200 µl, 

100-1000 µl, 1-5 ml)  

 Eppendorf, Top-Line 
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3.2. List of chemicals 

Chemicals and Kits  Brand 

GSH(Glutathione) ELISA Kit  Elabscience 

Protein Determination kit  Cayman Chemical 

Fetal Bovine Serum (FBS)  Biowest 

Fluorometric Intracellular Ros Kit  Sigma Aldrich 

Ethanol, absolute  Merck 

DMEM F12 (Dulbecco's Modified Eagle's Medium 

- F12 W/ L-Glutamine W/15 mM Hepes) 

 Biowest 

Dimethyl sulfoxide (DMSO)  Merck 

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) 

 Sigma-Aldrich 

Trypsin-EDTA (0.25%), phenol red  Gibco 

Total Antioxidant Capacity (TAOC) Assay Kit  Cayman Chemical 

TBARS Assay Kit  Cayman Chemical 

SH-SY5Y cell line  ATCC 

Protein Carbonyl Colorimetric Assay Kit  Cayman Chemical 

Penicillin-Streptomycin Solution 100x  Biowest 

Metformin Hydrochloride  Sigma-Aldrich 

Dihydrolipoic acid  Sigma-Aldrich 

Naltrexone Hydrochloride  Sigma-Aldrich 

Aluminum Hydroxide  InvivoGen 

Retinoic acid  Cayman Chemical 

Brain-derived neurotrophic factor (BDNF)  Sigma-Aldrich 

Dulbecco's Phosphate Buffered Saline (DPBS)  Biowest 

Human GSK3β (Glycogen Synthase Kinase 3 

Beta) ELISA Kit 

 Elabscience 

Human RAC-alpha serine/threonine-protein kinase 

ELISA Kit (AKT1) 

 MyBioSource 

Human MAP τ (Microtubule Associated Protein 

Tau/Tau Protein) ELISA Kit 

 Elabscience 
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Human Protein Wnt-5a ELISA Kit  MyBioSource 

Human Serine/threonine-protein phosphatase PP1-

alpha catalytic subunit ELISA Kit 

 MyBioSource 

Human Protein Phosphatase 2A ELISA Kit  BT LAB 

Human CTNNβ1(Catenin, Beta 1) ELISA Kit  Elabscience 

3.3. SH-SY5Y cell line 

General 

The human neuroblastoma cell line (SH-SY5Y, ATCC CRL-2266TM) was 

used in the studies conducted within the scope of the thesis. The SH-SY5Y cell line is 

a subline of SK-N-SH (ATCC HTB-11), an epithelial morphology neuroblastoma cell 

line derived from a metastatic bone marrow tumor tissue from 4-year-old cancer 

patient in 1970. It consists of both adherent and suspended cells. SH-SY5Y cells were 

purchased from the American Type Cell Collection (ATCC). Cells were incubated in 

Dulbecco's Modified Eagle's Medium-Ham's F12 (DMEM F12) medium with 15% 

FBS, 1% penicillin/streptomycin, added L-glutamine and 15 mM HEPES at 37°C and 

in an incubator with 5% CO2 and humidity. 

Sterilization protocols were meticulously followed in cell culture to prevent 

contamination and protect the integrity of cells and samples. All equipment and 

materials utilized were sterile obtained by autoclaving, filtration, or chemical 

treatment with chemicals such as ethanol or bleach. The biosafety cabinet and 

laboratory bench surfaces were disinfected with ethanol before the cell culture 

procedure began. To guarantee maximum cell viability and development, all 

components, including the medium, serum, trypsin-ethylenediaminetetraacetic acid 

(EDTA), and other additives, were pre-warmed to 37°C and kept there to minimize 

rapid temperature fluctuations that may stress the cells. 

3.4. Preparation of solutions related to cell culture 

Growth medium: DMEM-F12 containing glutamine and 15 mM HEPES was 

purchased from Biowest company. 15% (v/v) FBS and 1% penicillin/streptomycin 

were added to this medium. 
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2X Trypsin-EDTA Solution: The 10X trypsin-EDTA solution was diluted to 

2X using DPBS. 

Freezing medium: Mix 20% FBS and 1% DMSO in DMEM-F12. The freezing 

medium can be prepared fresh or aliquoted to be kept at -20°C for long-term usage.  

Differentiation Medium 1 (DIFFM1): 1% penicillin/streptomycin, 1% (v/v) 

FBS, and 10µM retinoic acid were added to 500ml of DMEM-F12.  

Differentiation Medium 2 (DIFFM2): 1% penicillin/streptomycin, 1% (v/v) 

FBS and BDNF (2.5 ng/ml) were added to 500ml of DMEM-F12. 

 

Thawing 

Cells previously frozen in cryovials were carefully retrieved from a -80°C 

freezer. The cryovial was then carefully heated in a water bath until the contents were 

entirely thawed to aid in dissolving. The entire cryovial cell solution was transferred 

to a falcon tube, and 4 ml of medium was added. The cells were evenly distributed 

inside the medium using diligent pipetting. The falcon tube was then exposed to 5 

minutes of centrifugation at 1500 rpm.  

After centrifugation, the supernatant was carefully sucked off using a pipette. 

1 mL of new media was added to the pellet to create ideal circumstances for the cells, 

and the cells were pipetted homogeneously once more. 9 mL of media was added to a 

cell culture flask to encourage cell development, followed by the previously scattered 

cells. The flask was thoroughly checked under a microscope before proceeding to 

ensure the existence of live and healthy cells. Following the microscopic examination, 

the flasks were incubated at 37°C, with a controlled environment of 5% CO2 and 

sufficient humidity. 

  

Subculturing 

Under a microscope, the cellular morphology of the flask was carefully 

examined. It was established that the cells were ready for passage when they achieved 

a 70-80% density. A serological pipette was used to remove the old media from the 

flask. 3 mL of 2X trypsin-EDTA was added to detach and separate the cells from the 

flask surface. 
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Washing the flask surface gently collected the cells, which were then 

transferred to 15 mL Falcon tubes. The tubes were centrifuged at 1500 rpm for 5 

minutes before carefully removing the supernatant. To resuspend the cell pellet, 2 mL 

of media was added, and the cells were pipetted homogeneously. 

Each flask was filled with 9 mL of media to create new cell culture flasks. The 

cells were now uniformly dispersed throughout the media and split among the flasks. 

A final check under the microscope was performed to confirm the number and 

condition of cells in each flask. The flasks were then incubated at 37°C with a 5% 

CO2-controlled environment and sufficient humidity. The 14th passage was used in 

developing the AD model. 

  

Freezing 

The 75 cm3 flask, which had attained 70-80% confluency, was chosen, and the 

medium aspirated. The cells were rinsed with phosphate-buffered saline (PBS). The 

flask was then filled with 3 ml of trypsin and put in an incubator for 3 minutes to allow 

the trypsin to detach the cells from the flask surface. 

Following trypsinization, the cells in the flask were moved to a 15 ml falcon 

tube suspended in 5 ml of DMEM F12. After that, the Falcon tube was centrifuged at 

1500 rpm for 5 minutes. Consequently, a pellet containing the collected cells formed 

at the bottom of the tube. 

In a freezing medium, the cell pellet was thoroughly resuspended. The 

resuspended cells were separated into 1 mL cryovials to ensure even distribution. For 

the first 4 hours, the cryovials holding the cells were stored in a -20°C freezer. 

Following this first chilling period, the cryovials were moved and kept at -80°C in a 

long-term storage facility. This ensured that the cells would be preserved for future 

use. 

Cell counting 

A serological pipette was used to completely remove the old medium from the 

flask, which was carefully observed under a light microscope. The cells were then 

treated with 3 ml of 2X trypsin-EDTA and incubated for 3 minutes in the incubator. 6 

ml of medium was added back into the flask after confirming the successful separation 
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of cells from the flask surface under a light microscope and ensuring no cells remained 

attached. 

The cells were gently washed off the flask surface before being transferred to 

15 ml falcon tubes. The falcon tubes were then centrifuged for 5 minutes at 1500 rpm. 

The supernatant was gently removed using a pipette, taking care not to disturb the 

resulting cell pellet. To resuspend the cells,19 ml medium was added. The falcon tube 

was securely closed and inverted several times to ensure the cells were distributed 

evenly throughout the medium. 50µl of the cell solution was transferred to a 

microcentrifuge tube, and 50µl of trypan blue solution was added to determine cell 

viability. To ensure proper mixing, the mixture was pipetted thoroughly. A Neubauer 

slide was used for cell counting, and 10µl of the cell trypan blue solution was added 

to both wells. Under a light microscope, viable cells were counted within 8 squares, 

and the number of cells in each square was averaged. The number of cells per mL was 

calculated by multiplying this value by the dilution factor 2. 

3.5. Determination of Cytotoxicity by MTT Method 

MTT assay measures cellular metabolic activity to assess cell viability, cell 

proliferation and cytotoxicity, and cell activation and cell proliferation in response to 

growth factors, cytokines and nutrients. This colorimetric analysis is mainly based on 

the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a 

yellow tetrazolium salt, into purple-colored formazan crystals by metabolically active 

cells. Living cells contain NADPH-dependent oxidoreductase enzymes that reduce 

MTT to formazan (153). The purple crystals formed are dissolved in DMSO. The 

darker the solution, the greater the number of viable, metabolically active cells. The 

amount of formazan produced is directly proportional to the number of viable cells. 

The absorbance was then measured at 570 nm by spectrophotometer. 

 

Pre-assay preparation 

Weigh out 15 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, dissolve in 3 ml of PBS and complete to 30 ml with 27 ml of medium. This 

way, 0.5 mg/ml of MTT solution is prepared. The prepared solution should be stored 

in the dark and be stable for 24 hours. 
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Assay protocol 

Cell seeding was carried out in a 96-well plate, with 20,000 cells in 100 μl of 

the medium. The cells were then allowed to incubate at 37°C with 5% CO2 for 24 

hours, allowing them to adhere to the plate surface and proliferate. After carefully 

removing the medium containing the cells, a fresh medium containing different 

concentrations of application substances (including control with no substance) was 

added to the wells. The plate was placed back into the incubator for another 24 hours 

at 37°C with 5% CO2. For the experiment, serial dilutions of aluminum hydroxide, 

Al(OH)3 (ranging from 0-2500 μM), metformin hydrochloride (ranging from 0-1000 

μM), naltrexone hydrochloride (ranging from 0-150 μM), and dihydrolipoic acid 

(ranging from 0-100 μM) were prepared by dissolving them in the respective medium 

and added to each well accordingly. 

At the end of the incubation period, the treatment solutions were aseptically 

removed, and 100μl of MTT solution was added to each well. The MTT solution is 

light-sensitive, so the experiments were conducted in a dark environment. The plates 

with the MTT solution were then incubated for 3 hours. After the incubation, the MTT 

solution was carefully removed from the wells. To dissolve the purple-colored 

formazan crystals that formed due to the reaction, 150 μl of DMSO was added to each 

well and mixed on a plate shaker for 5-10 minutes. Finally, the absorbance values of 

the wells were measured at 570 nm using a spectrophotometer or a plate reader. 

Calculating the results 

The experiments were repeated several times at different concentrations to 

ensure accurate and reliable results for each substance. The optical density (OD) values 

obtained from the control group's cells were averaged to create a baseline value 

representing 100% cell viability. Using this as a baseline, the inhibitory concentration 

20 (IC20), inhibitory concentration 30 (IC30), and inhibitory concentration 50 (IC50) 

values for the experimental groups were calculated as percentages of the cell viability 

of the control group. 

The IC20 value represents the concentration of substances that results in a 20% 

decrease in cell viability. In contrast, the IC50 value represents the concentration of 

substances that results in a 50% decrease in cell viability. These values provide 
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important insights into the efficacy and impact of the substances on cell viability, 

allowing for comparisons and determination of inhibitory effects. 

3.6. Alzheimer's disease modelling in SH-SY5Y cell line 

Neuroblastoma cells have become a common tool for studying AD in 

laboratory settings. These cells are derived from embryonic neuronal cells in 

neuroblastoma cancer and can remain undifferentiated until activated. These cells 

resemble juvenile cholinergic neurons in their undifferentiated state. However, with 

induction, they can grow into fully-fledged cholinergic cells. AD is characterized by 

decreased acetylcholine levels caused by increased acetylcholinesterase activity in the 

brain's hippocampus. Neuroblastoma cells enable researchers to explore these unique 

aspects of Alzheimer's disease while facilitating medication development efforts. 

Neuroblastoma cells can be directed to develop into several types of neuronal cells, 

including cholinergic or dopaminergic neurons, by using differentiation agents such as 

retinoic acid or phorbol esters. 

Furthermore, neuroblastoma cells have been used to investigate Alzheimer's 

disease-related events, such as the effect of glyceraldehyde on Alzheimer's 

pathogenesis. The cells display lower Aβ levels of enhanced tau phosphorylation. It 

has elucidated the mechanisms underlying the prevention of A pathology by inhibiting 

GSK-3β. 

3.7. Preparation of xenobiotics stock solutions and dilutions 

Aluminum  

362µM Aluminum hydroxide: 127µl Al (OH)3 were added to 45ml DMEM 

F12 

Metformin: 

1,000µM Metformin hydrochloride stock solution: 1.27mg metformin HCl 

were dissolved in 1.27ml of DPBS, then completed by 6.40ml DMEM-F12. 

100µM concentration: Dilute stock solution with DMEM F12 (1:10). 

10µM concentration: (i) Dilute 100µM concentration with DMEM F12 (1:10) 

(ii) in another falcon dilute 100µM concentration with DIFFM1 (1:10). 
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0.25µM concentration: (i) Dilute 10uM concentration with DIFFM1(1:40). (ii) 

in another falcon dilute 10µM concentration with DMEM F12 (1:40). 

Naltrexone  

100000ng/ml Naltrexone hydrochloride stock solution: 0.69mg naltrexone 

dissolved in 6.9ml DMEM F12. 

1000ng/ml concentration: Dilute stock solution with DMEM F12 (1:10). 

100ng/ml concentration: (i) Dilute 1000ng/ml concentration with DMEM F12 

(1:10) (ii) in another falcon dilute 1000ng/ml concentration with DIFFM1 (1:10).  

2.5 ng/ml concentration: (i) Dilute 100ng/ml concentration with 

DIFFM1(1:40). (ii) in another falcon dilute 100ng/ml concentration with DMEM F12 

(1:40).  

Dihydrolipoic acid 

1500µM Dihydrolipoic acid stock solution: 2.5ml DMEM F12 added to 

17.47µl dihydrolipoic acid. 

500µM concentration: Dilute stock solution with DMEM F12 (1:3). 

100µM concentration: (i) Dilute 500µM concentration with DMEM F12 (1:10) 

(ii) in another falcon dilute 500µM concentration with DIFFM1 (1:10). 

0.1µM concentration: (i) Dilute 100µM concentration with DIFFM1(1:40). (ii) 

in another falcon dilute 100µM concentration with DMEM F12 (1:40). 

3.8. Study groups and differentiation modeling  

The following study groups were planed (Table 3.1) within the scope of this 

thesis. Incubation time was applied as 7 days for all analyzes in all groups. According 

to the results obtained from MTT experiments, IC20 doses were used for Al and 

concentrations that did not change cell viability and reflected the plasma concentration 

of each chemical used for naltrexone, metformin and dihydrolipoic acid. For each 

group, 3 flasks were assigned. At day zero, one million cells were seeded in each 

75cm2 flask. Each flask was then labeled according to study groups. The flasks were 

incubated at 37°C, 5% CO2 for 24 hours. After the incubation period, the protocol of 

differentiation and exposure was followed according to Table 3.2.  
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Table 3.1. Study groups. 

Control (n=3): Control cells were grown in a growth medium, and medium change was done 

every 48 hours. If the flask was more than 80% confluent, subculturing with the 

same number of cells was performed. 

Al group (n=3):  Al group was exposed to Al(OH)3 (362 μM).  

Neuroprotective group 

(n=3):  

 

Nal group was exposed to naltrexone (2.5 ng/ml).  

Met group was exposed to metformin (0.25μM). 

DHL group was exposed to dihydrolipoic acid (0.1 μM). 

Al-Neuroprotective group 

(n=3):  

Al-Nal group was exposed to naltrexone (2.5 ng/ml) + Al (362 μM). 

Al-Met group was exposed to metformin (0.25μM) + Al (362 μM). 

Al-DHL group was exposed to dihydrolipoic acid (0.1 μM) + Al (362 μM). 

AD group (n=3):  Cells were differentiated by exposure DIFFM1 + DIFFM2 

AD-Algroup (n=3): Differentiated cells + Al (362 μM)  

AD-Neuroprotective group 

(n=3):  

 

Differentiated cells + naltrexone (2.5 ng/ml)  

Differentiated cells + metformin (0.25μM)  

Differentiated cells + dihydrolipoic acid (0.1 μM)  

AD-Al-Neuroprotective 

(n=3):  

 

Differentiated cells + Al (362 μM) + naltrexone (2.5 ng/ml) 

Differentiated cells + Al (362 μM) + metformin (0.25μM) 

Differentiated cells + Al (362 μM) + dihydrolipoic acid (0.1 μM) 

 

Table 3.2. AD modeling and treatment 

Study groups Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Control Observation 
Growth 

Medium 
Observation Subculture Observation 

Growth 

Medium 

Pellet 

Removal 

Neuroprotective Observation Observation Neuroprotective Observation Observation Observation 
Pellet 

Removal 

Al Al Observation Observation Observation Observation Observation 
Pellet 

Removal 

Al- 

Neuroprotective 
Al Observation Neuroprotective Observation Observation Observation 

Pellet 

Removal 

AD DIFFM1 Observation Observation DIFFM2 Observation Observation 
Pellet 

Removal 

AD-Al DIFFM1+Al Observation Observation 
DIFFM2+ Al+ 

Neuroprotective 
Observation Observation 

Pellet 

Removal 

AD-Al-

Neuroprotective 
DIFFM1+Al Observation Neuroprotective 

DIFFM2+ Al+ 

Neuroprotective 
Observation Observation 

Pellet 

Removal 

AD- 

Neuroprotective 
DIFFM1 Observation Neuroprotective 

DIFFM2+ Al+ 

Neuroprotective 
Observation Observation 

Pellet 

Removal 

 

On the first day, DIFFM1 and DMEM F12 medium were kept in a 37°C water 

bath for 1 hour before usage. Retinoic acid, which would be added to DIFFM1, was 

measured and kept in a dark place. Retinoic acid was added to DIFFM1 right before 

adding this medium to proper flasks. Al(OH)3 was prepared at the concentration of 

362μM. The old media were aspirated from the flasks, according to Table 3.2. To the 

flask labeled as Al, 9ml, DMEM-F12 containing 362μM, Al(OH)3 was added. 9 ml 
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DIFFM1 with retinoic acid was added to AD and AD-neuroprotective flasks. To AD-

Al and AD-Al-neuroprotective flasks, 9 ml containing retinoic acid and Al(OH)3 

(362μM) was added. The other groups were observed under a microscope. 

On the second day, all the flasks were observed under a microscope. Old media 

was replaced with fresh and warm DMEM F12 in the control and neuroprotective 

group flasks. 

On the third day, the proper concentration of each neuroprotective chemical 

was prepared in 1 ml of fresh and warm medium and added to the proper flask. The 

medium used to prepare the neuroprotective concentration was the same as the medium 

in the flasks. 

On the fourth day, the medium in the flasks under differentiation protocol was 

completely replaced with fresh and warm DIFFM2. Besides having retinoic acid, this 

medium contained 2.5 ng/ml BDNF. Moreover, proper concentration of 

neuroprotective and Al was added to the medium according to the group configuration.  

The other groups were observed under a microscope. 

On days 5 and 6, the flasks were carefully observed under a microscope; on the 

7th day, the cell pellets were removed for further pathway analysis. 

3.9. Cell lysis 

Cells were treated with trypsin-EDTA after being treated with the required 

chemicals for 24 hours. A 3 mL solution of 2X trypsin-EDTA was added to the cells 

and incubated for 3 minutes. The cells were seen to detach from the flask surface under 

a light microscope, verifying that all cells were eliminated. The flask was filled with 6 

mL of media to collect the cells. After being rinsed from the flask surface, the cells 

were transferred to 15 mL falcon tubes. After centrifuging the tubes at 1500 rpm for 5 

minutes, the supernatant was carefully removed without disturbing the particle. Three 

washes of pre-chilled PBS were performed on the pellet. The pellet was resuspended 

in 1 mL of cold PBS before being transferred to 1.5 mL eppendorf tubes. The tubes 

were placed in a -80°C freezer for at least 30 minutes. The frozen cells were thawed 

by incubating the tubes in a 37°C water bath and vortexed once. This cycle of freeze-

thaw was performed three times. The lysate was centrifuged at 15,000 rpm for 10 

minutes at 2-8°C after the final thawing. The supernatant containing the desired 
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cellular components was carefully collected. The lysate was split into tiny aliquots and 

frozen at -80°C for future usage to guarantee long-term storage and integrity. 

3.10. Fluorometric Intracellular ROS  

The fluorometric intracellular ROS assay provides a sensitive, one-step 

fluorometric measurement to detect intracellular ROS in living cells following 1-hour 

incubation. ROS reacts with a cell-permeable sensor to form a fluorometric product 

proportional to the amount of ROS present. The amount of ROS is determined by 

measuring the fluorescence intensity of the product formed. 

Assay Protocol 

On the day of pallet removal, 10000 cells in 90μl per well from each study 

group were seeded in a black 96-well plate. The cell culture plate is incubated 

overnight in an incubator (37°C, 5% CO2). Then, take 20 µl of the ROS determination 

reagent prepared at a 500X concentration. Dissolve it in 10 ml of assay buffer to obtain 

the master reaction mixture. Add 100 µl of the master reaction mix to each well. 

Incubate for 30 minutes to 1 hour at 37°C in the incubator. After the incubation period, 

measure the fluorescence values of the solutions in each well using excitation and 

emission wavelengths of 540 nm and 570 nm, respectively. 

Calculation of results 

The ROS amount calculated for the control wells is accepted as 100%, and the 

other wells' ROS amounts are calculated relative to the control. 

3.11. Protein Determination  

The methodology takes advantage of Coomassie® dye's natural ability to 

undergo color alteration when bound to proteins in an acidic environment, similar to 

the widely used Bradford method for protein quantification. When the dye binds, its 

maximum absorption wavelength shifts from 465 nm to 595 nm, accompanied by a 

significant change in color from brown to blue. The amount of protein may be 

estimated by measuring the absorbance at 595 nm since the absorbance value is 

directly proportional to the protein quantity. 
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Pre-assay Preparations 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

Sample dilutions, working Reagents and Standard preparations were 

meticulously prepared per the manufacturer's instructions (Cataloge No: 10005020). 

These steps were undertaken to maintain accuracy and reliability throughout the assay 

process. 

Assay Protocol 

The assay was done precisely according to manufacturer instructions: The 

samples were diluted with distilled water at a ratio of 1:5. A volume of 100 μl of the 

standard or diluted sample was added to the appropriate wells of a 96-well plate. In 

each well, 100 μl of assay reagent was added. The plate was incubated for 5 minutes 

at room temperature. The absorbance of the contents in each well was read at 595 nm 

using a spectrophotometer. 

Calculation of results  

A standard curve was plotted to calculate the protein amount of each sample. 

The results were reported as μg/ml (Figure 3.1.). 

 

 

Figure 3.1. Protein calibration curve. 
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3.12. Protein Carbonyl Colorimetric Assay   

Protein carbonylation is the most common and usually irreversible oxidative 

alteration of proteins. This alteration is chemically stable and crucial for carbonylated 

protein storage and detection. Many biochemical and analytical approaches for 

measuring protein carbonylation have been developed over the last thirty years. The 

most successful approach is the protein carbonyl (PCO) derivatization using 2,4-

dinitrophenylhydrazine (DNPH) and subsequent spectrophotometric analysis. 

Because DNPH can react with carbonyl to form an adduct that absorbs at 366 nm, this 

test enables for global determination of PCO concentration. 

Pre-assay Preparations 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The hydrochloric Acid (HCl) 2.5M, 2,4-dinitrophenylhydrazine (DNPH), 

trichloroacetic acid (TCA) 20%, trichloroacetic acid (TCA) 10% and Ethyl acetate 

were meticulously prepared in accordance with the instructions provided by the 

manufacturer (Cataloge No: 10005020). These steps were undertaken to maintain 

accuracy and reliability throughout the assay process. 

Assay Protocol 

The assay was conducted precisely following the manufacturer's instructions: 

Two Eppendorf tubes were labeled for each sample, one as the sample and the other 

as the control. To each tube, 75 µl of the sample was added. To the sample Eppendorf 

tube, 300 µl of DNPH was added, while to the control Eppendorf tube, 300 µl of 2.5M 

HCl was added. The tubes were incubated for 1 hour in the dark at room temperature, 

with intermittent vortexing every 15 minutes. Following the incubation, 375 µl of 20% 

TCA was added to each Eppendorf tube, and the tubes were kept on ice for 5 minutes. 

Subsequently, they were centrifuged for 10 minutes at 15,000 rpm, and the supernatant 

was discarded. Next, 375 µl of 10% TCA was added to each Eppendorf tube, and the 

tubes were kept on ice for 5 minutes. They were centrifuged again for 10 minutes at 

15,000 rpm, and the supernatant was discarded. 375 µl of a 1:1 mixture of ethyl acetate 

and ethanol was added to each Eppendorf tube. The tubes were vortexed and then 
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centrifuged for 10 minutes at 15,000 rpm. The supernatant was removed. The pellets 

in the Eppendorf tubes were resuspended with 200 µl of guanidine hydrochloride by 

vortexing. The tubes were then centrifuged at 15,000 rpm for 10 minutes. From the 

resulting supernatant, 150 µl was transferred to two wells of a 96-well plate. The 

absorbance of the contents in the wells was measured at a wavelength of 370 nm using 

a plate reader. 

Calculating the results  

I subtracted the average absorbance of controls from samples (CA). Then the 

following equation to calculate the protein carbonyl was used: 

{(CA)/(0.011µM-1)} (200µl/75µl) = protein carbonyl (nmol/ml) 

3.13. GSH (Glutathione) ELISA Assay 

The Competitive-ELISA concept is used in this kit. This kit includes a pre-

coated micro-ELISA plate with GSH. During the reaction, GSH in the sample or 

standard competes for GSH-specific sites on the Biotinylated Detection Ab. Surplus 

conjugate and unbound sample or standard are washed away, and each microplate well 

is treated with Avidin-Horseradish Peroxidase (HRP) conjugate. Then, in each well, a 

TMB substrate solution is applied. When stop solution is added to the enzyme-

substrate reaction, the color changes from blue to yellow. 450 nm wavelength were 

used to measure the OD. The concentration of GSH in the tested samples may be 

determined by comparing the samples' OD to the standard curve. 

Pre-assay Preparations 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The standard dilution, wash buffer, biotinylated detection antibody working 

solution, and HRP conjugate working solution were meticulously prepared per the 

manufacturer's instructions (Cataloge No: E-EL-0026). These steps were undertaken 

to maintain accuracy and reliability throughout the assay process. 
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Assay Protocol 

The assay was done precisely according to manufacturer instructions: To each 

assigned well, 50 µl of the sample or standard and 50 µl of biotinylated detection 

antibody working solution were added. The plate was covered and incubated in a 37°C 

incubator for 45 minutes. After the 45-minute incubation, the plate was washed three 

times with the wash buffer, ensuring complete removal of any excess wash buffer. 

Subsequently, 100 µl of HRP Conjugate working solution was. After covering, the 

plate was kept in a 37°C incubator for 30 minutes. The plate was washed five times 

with the wash buffer, ensuring thorough removal of any excess wash buffer. Next, 90 

µl of the substrate was added to the plate. The plate was covered, kept away from light, 

and placed in a 37°C incubator for 15 minutes to allow for the substrate reaction to 

occur. 50 µl of the stop solution was added to the plate to halt the reaction. Finally, the 

absorbance of the contents in the plate was measured at 450 nm using a 

spectrophotometer. 

Calculating the results  

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. GSH levels in 

the samples are calculated using the standard curve equation. Results are expressed 

µg/mg (Figure 3.2.). 

 

Figure 3.2. GSH calibration curve. 
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3.14. Lipid Peroxidation (TBARS) Assay  

It is based on the colorimetric measurement of the malondialdehyde (MDA) – 

Thiobarbituric acid (TBA) complex formed by naturally occurring MDA and TBA 

reaction by lipid peroxidation under high temperature and acidic conditions. 

Pre-assay Preparations 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The thiobarbituric acid, TBA-acetic acid, TBA sodium hydroxide, TBA-

malondialdehyde, TBA SDS solution and color reagent were meticulously prepared 

by the instructions provided by the manufacturer (Cataloge No: 10009055). These 

steps were undertaken to maintain accuracy and reliability throughout the assay 

process. 

Assay Protocol 

The assay was done precisely according to manufacturer instructions: First, it 

was ensured that all reagents, solutions, and samples were at room temperature. Tubes 

were labeled for both the samples and standards. In the sample tubes, 50 µl of the 

tested sample and 50 µl of a 5 µM standard solution were added to each sample tube. 

Separate tubes designated for standards were filled with 100 µl of the appropriate 

standard solutions. To each tube, 4 ml of the color reagent was added, and the tubes 

were securely capped. They were then placed in boiling water and incubated for 60 

minutes. After the boiling step, the tubes were carefully transferred from the boiling 

water to an ice bath and cooled for 10 minutes. Following the cooling period, the tubes 

were centrifuged at 1600 rpm for 10 minutes to separate any precipitates or debris. 

Once centrifugation was complete, the tubes were allowed to cool completely at room 

temperature for approximately 30 minutes. Next, 150 µl of the supernatant from each 

tube was taken and poured into the appropriate wells of a 96-well plate. 

Calculating the results  

The samples' MDA levels are calculated using the standard curve obtained 

from the absorption values of the standard solutions. Results are expressed in nmol/mg 

protein (Figure 3.3.). 
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Figure 3.3. MDA calibration curve. 

3.15. Human Glycogen Synthase Kinase 3 Beta (GSK-3β) ELISA Assay  

It is a sandwich Elisa kit with a precoated microplate with a Human GSK-3β 

antibody. The Human GSK-3β in the sample or standard attached to this antibody. By 

administrating HRP and substrate, color develops, and the intensity of the color is 

measured. 

Pre-assay Preparations 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The standard dilution, wash buffer, biotinylated detection antibody working 

solution, and HRP conjugate working solution were meticulously prepared per the 

manufacturer's instructions (Cataloge No: E-EL-H2000). These steps were undertaken 

to maintain accuracy and reliability throughout the assay process. 

Assay Protocol 

The assay was conducted precisely per the manufacturer's instructions: A 

volume of 100 µl of the sample or standard was added to the designated plate, and the 

plate was covered. It was then placed in a 37°C incubator for a duration of 90 minutes. 

After incubation, the liquid was discarded, and 100 µl of the Biotinylated detection 

antibody working solution was added to the plate. The plate was covered again and 

placed in a 37°C incubator for 60 minutes. Following the second incubation, the plate 
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was washed three times with the wash buffer, ensuring complete removal of any excess 

wash buffer. Subsequently, 100 µl of the HRP conjugate working solution was added 

to the plate. The plate was covered and incubated for 30 minutes at 37°C. The plate 

was washed five times with the wash buffer, ensuring thorough removal of any excess 

wash buffer. A volume of 50 µl of the stop solution was added to the plate to stop the 

reaction. The absorbance of the contents in the plate was measured at 450 nm using a 

spectrophotometer. 

Calculation of result  

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. GSK-3β levels 

in the samples are calculated using the standard curve equation. Results are expressed 

in ng/mg. (Figure 3.4.). 

 

Figure 3.4. GSK-3β calibration curve. 
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3.16. Human MAPτ (Microtubule Associated Protein Tau/Tau Protein) 

ELISA Assay 

It is a sandwich Elisa kit, with a precoated microplate with Human MAPτ 

antibody. The Human MAPτ in the sample or standard attaches to this antibody. By 

administrating HRP, substrate color develops, and the intensity of color is measured. 

Pre-assay Preparations 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The standard dilution, wash buffer, biotinylated detection antibody working 

solution, and HRP conjugate working solution were meticulously prepared per the 

manufacturer's instructions (Cataloge No: E-EL-H0948). These steps were undertaken 

to maintain accuracy and reliability throughout the assay process. 

Assay Protocol 

The assay was performed precisely following the instructions provided by the 

manufacturer: The assigned plate was carefully filled with 100 µl of the sample or 

standard. The plate was then placed in a 37°C incubator for 90 minutes for proper 

incubation. After the 90-minute incubation period, the liquid in the plate was 

discarded. Subsequently, 100 µl of the Biotinylated detection antibody working 

solution was added to the same plate, ensuring a secure seal. The plate was then 

returned to the 37°C incubator for 60 minutes to facilitate binding. To ensure a 

thorough washing step, the plate was rinsed three times with wash buffer, ensuring the 

complete removal of any excess wash buffer with each rinse. After washing, 100 µl of 

the HRP Conjugate working solution was added to the plate. The plate was securely 

covered and placed back into the 37°C incubator for 30 minutes. The plate was 

subjected to another round of washing by rinsing it five times with wash buffer, 

ensuring thorough removal of any excess wash buffer. Subsequently, 90 µl of the 

substrate reagent was added to the plate, ensuring a proper seal. The plate was then 

placed in a dark environment within the 37°C incubator for 15 minutes for the proper 

substrate reaction. 
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50 µl of the stop solution was added to the plate to halt the reaction. Finally, 

the absorbance was measured at 450 nm to obtain the desired readings, and the results 

were analyzed accordingly. 

Calculation of result  

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. Tau levels in the 

samples are calculated using the standard curve equation. Results are expressed in 

pg/mg. (Figure 3.5.). 

 

Figure 3.5. Tau calibration curve 

3.17. Human RAC-alpha serine/threonine-protein kinase (AKT1) ELISA 

Assay 

It is a sandwich Elisa kit with a precoated microplate with an AKT1 antibody. 

The AKT1 in the sample or standard attach to this antibody. By administrating HPR 

and substrate, color develops, and the intensity of color is measured. 

Pre-assay Preparation 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 
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The standard dilution and wash buffer were meticulously prepared following 

the instructions provided by the manufacturer (Cataloge No: MBS2883458). These 

steps were undertaken to maintain accuracy and reliability throughout the assay 

process.  

Assay Protocol 

The assay was meticulously conducted in strict adherence to the manufacturer's 

instructions: Prior to starting the assay, it was ensured that all reagents, solutions, and 

samples were at room temperature. Standards were added to the designated wells of a 

96-well plate, each receiving 50 µl of the appropriate standard solution. Subsequently, 

50 µl of streptavidin-HRP was added to the standard wells. Sample wells were 

prepared by adding 40 µl of the sample, followed by adding 10 µl of anti-AKT1 

antibody and 50 µl of streptavidin-HRP to each sample well. The plate was covered 

with a sealer and placed in a 37°C incubator for 60 minutes, allowing for proper 

incubation. After the incubation period, the plate was washed five times with wash 

buffer, ensuring complete removal of the wash buffer from the plate by tapping it on 

paper towels. Subsequently, 50 µl of substrate solution A and 50 µl of substrate 

solution B were added to each well. The plate was again covered with a sealer and kept 

in the dark for 10 minutes at 37°C to facilitate the reaction. 

50 µl of stop solution was added to each well to stop the reaction. The 

absorbance of the contents in the wells was then measured at 450 nm using a 

spectrophotometer. 

Calculation of results  

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. AKT levels in 

the samples are calculated using the standard curve equation. Results are expressed in 

ng/mg. (Figure 3.6.). 
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Figure 3.6. AKT calibration curve. 

3.18. Human Protein Phosphatase 2A (PP2A) ELISA Assay 

It is an Elisa kit with a precoated microplate with a PP2A antibody. The PP2A 

in the sample or standard attach to this antibody. By administrating HPR and substrate 

color develops, and the intensity of color is measured. 

Pre-assay Preparation 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. The standard dilution and wash buffer were 

meticulously prepared following the instructions provided by the manufacturer 

(Cataloge No: E6870Hu). These steps were undertaken to maintain accuracy and 

reliability throughout the assay process.  

Assay Protocol 

The assay was meticulously performed following the instructions provided by 

the manufacturer: It was ensured that all reagents, solutions, and samples were at room 

temperature before starting the assay. Standards were added to the designated wells of 

a 96-well plate, with each well receiving 50 µl of the appropriate standard solution. 

Following that, 50 µl of streptavidin-HRP was added to the standard wells. Sample 

wells were prepared by adding 40 µl of the sample, followed by adding 10 µl of anti-
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PP2A antibody and 50 µl of streptavidin-HRP to each sample well. The plate was 

covered with a sealer to ensure proper sealing and incubated in a 37°C incubator for 

60 minutes. After the incubation, the plate was washed five times with wash buffer, 

ensuring thorough removal of the wash buffer by tapping the plate on paper towels. 

Subsequently, 50 µl of substrate solution A and 50 µl of substrate solution B were 

added to each well. The plate was again covered with a sealer and placed in the dark 

within a 37°C incubator for 10 minutes to facilitate the reaction. To halt the reaction, 

50 µl of stop solution was added to each well. The absorbance of the contents in the 

wells was then measured at 450 nm using a spectrophotometer. 

Calculation of results  

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. PP2A levels in 

the samples are calculated using the standard curve equation. Results are expressed in 

ng/mg. (Figure3.7.). 

 

Figure 3.7. PP2A calibration curve. 
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3.19. Human Serine/threonine-protein phosphatase PP1-alpha catalytic 

subunit (PPP1CA) ELISA Assay 

The microplate is pre-coated with APP1αC antibody. The enzyme-substrate 

reaction will cause color change in the presence of APP1αC, biotin, and avidin 

conjugated enzyme. The color change will be read at 450nm using a 

spectrophotometer.  

Pre-assay Preparation 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The standard dilution, Detection Reagent A and B and wash buffer were 

meticulously prepared in accordance with the instructions provided by the 

manufacturer (Cataloge No: MBS9428821). These steps were undertaken to maintain 

accuracy and reliability throughout the assay process.  

Assay Protocol 

The assay was meticulously performed following the instructions provided by 

the manufacturer: A volume of 100 µl from both the standards and samples was added 

to the desired wells. The plate was covered and placed in a 37°C incubator for a 

duration of 120 minutes to allow for proper incubation. After the 120-minute 

incubation period, the liquid in the wells was discarded. Subsequently, 100 µl of 

detection reagent A was added to each well. The plate was covered again and placed 

in a 37°C incubator for 60 minutes to facilitate the detection process. Following the 

incubation with detection reagent A, the wells were washed three times with wash 

buffer. 100 µl of detection reagent B was added to each well. Covered plate placed in 

a 37°C incubator for an additional 60 minutes. The wells were washed five times with 

wash buffer. Any remaining wash buffer was removed, and 90 µl of substrate solution 

was added to each well. The plate was covered and kept in the dark within a 37°C 

incubator for 30 minutes to allow for the substrate reaction to occur. To halt the 

reaction, 50 µl of stop solution was added to each well. Finally, the absorbance of the 

contents in the wells was measured at 450 nm using a spectrophotometer. 
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Calculation of results  

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. PPP1AC levels 

in the samples are calculated using the standard curve equation. Results are expressed 

in ng/mg. (Figure 3.8.). 

 

Figure 3.8. PPP1AC calibration curve. 

3.20. Human Protein Wnt-5a ELISA Assay  

It is an Elisa kit with a precoated microplate with a Wnt-5a antibody. The Wnt-

5a in the sample or standard is attached to this antibody. By administrating HPR and 

substrate color develops, and the intensity of color is measured. 

Pre-assay Preparation 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The standard dilution, Detection Reagent A and B and wash buffer were 

meticulously prepared per the manufacturer's instructions (Cataloge No: 

MBS2886311). These steps were undertaken to maintain accuracy and reliability 

throughout the assay process.  
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Assay Protocol 

The assay was meticulously performed following the instructions provided by 

the manufacturer: It was ensured that all reagents, solutions, and samples were at room 

temperature before starting the assay. A volume of 100 µl from either the standard or 

sample was added to each well. The plate was covered and placed in a 37°C incubator 

for a duration of 2 hours to allow for proper incubation. After the 2-hour incubation 

period, the liquid in the wells was discarded. Subsequently, 100 µl of detection reagent 

A was added to each well. The plate was covered again and kept in a 37°C incubator 

for 1 hour to facilitate detection. Following the incubation with detection reagent A, 

the wells were washed three times with wash buffer. Any remaining wash buffer was 

eradicated. Then, 100 µl of detection reagent B was added to each well. The plate was 

covered and kept in a 37°C incubator for an additional 1 hour. The wells were washed 

five times with a wash buffer. Any remaining wash buffer was eradicated. 

Subsequently, 90 µl of substrate solution was added to each well. The plate was 

covered and kept in the dark at a 37°C incubator for 20 minutes to allow for the 

substrate reaction to occur. To halt the reaction, 50 µl of stop solution was added to 

each well. Finally, the absorbance of the contents in the wells was measured at 450 nm 

using a spectrophotometer. 

Calculation of results 

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. Wnt-5a levels 

in the samples are calculated using the standard curve equation. Results are expressed 

in ng/mg. (Figure 3.9.). 
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Figure 3.9. Wnt-5a calibration curve. 

3.21. Antioxidant Assay (TAOC)  

The principle of the assay is to decline or inhibit the formation of the oxidized 

products in the test environment. Production of (2,2'-azino-bis (3-ethylbenz-

thiazoline-6-sulfonic acid) radical named ABTS•+ shows blue-green color when the 

absorbance is measured at 820, 650 and 734 nm. The suppression of ABTS•+ synthesis 

is proportionate to antioxidant concentration. 

Pre-assay Preparation 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The Trolox (2.25 mM) stock, standard dilution, wash buffer, Antioxidant 

Assay Buffer, Chromogen, Metmyoglobin, and Hydrogen peroxide were meticulously 

prepared following the instructions provided by the manufacturer (Cataloge No: 

709001). These steps were undertaken to maintain accuracy and reliability throughout 

the assay process. The samples were diluted in the 1:2 ratio. 

Assay protocol  

In the wells designated for standards, 10 µl of the appropriate standards, 10 µl 

of metmyoglobin and 150 µl of chromogen, were added. In the wells designated for 
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the sample, a volume of 10 µl of the sample, 10 µl of metmyoglobin and 150 µl of 

chromogen, were added. To initiate the reaction, 40 µl of H2O2 was quickly added to 

each well. The plate was covered and placed on a shaker, and the contents were shaken 

for 5 minutes to ensure thorough mixing. Following shaking, the absorbance was 

measured at either 750 nm or 405 nm, depending on the specifications of the assay. 

Calculation of results 

Plot the standard curve using standard absorbance and concentration, then 

calculate the sample TAOC using the curve. (Figure 3.10.). 

 

Figure 3.10. TAOC calibration curve. 

3.22. Human CTNNβ1(Catenin, Beta 1) ELISA Assay 

It is an Elisa kit with a precoated microplate with CTNNβ1 antibody. The 

CTNNβ1 in the sample or standard attach to this antibody. By administrating HPR and 

substrate color develops, and the intensity of color is measured. 

Pre-assay Preparation 

To ensure optimal performance, all the vials included in the kit were properly 

warmed to room temperature prior to commencing the assay. Following this, thorough 

mixing was achieved by vortexing the contents, and a brief centrifugation step was 

performed to ensure proper settling. 

The standard dilution, Biotinylated Detection Ab Working Solution, HRP 

Conjugate Working Solution and wash buffer were meticulously prepared per the 

manufacturer's instructions (Cataloge No: E-EL-H0666). These steps were undertaken 

to maintain accuracy and reliability throughout the assay process.  
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Assay Protocol  

The assay was done precisely according to manufacturer instructions: A 

volume of 100 µl of either the sample or standard was added to the assigned well. The 

plate was then covered and placed in a 37°C incubator for 90 minutes. After the 90-

minute incubation period, the liquid in the well was discarded. Next, 100 µl of the 

Biotinylated detection antibody working solution was added to the same well. The 

plate was covered again and kept in a 37°C incubator for 60 minutes. Following the 

incubation with the Biotinylated detection antibody, the well was washed three times 

with the wash buffer, ensuring the complete removal of any excess wash buffer. 

Subsequently, 100 µl of the HRP Conjugate working solution was added to the plate. 

The plate was covered and kept in a 37°C incubator for 30 minutes. The plate was 

washed five times with the wash buffer, ensuring thorough removal of any excess wash 

buffer. Next, 90 µl of the substrate was added to the plate. The plate was covered, kept 

away from light, and placed in a 37°C incubator for 15 minutes to allow for the 

substrate reaction to occur. 50 µl of the stop solution was added to the plate to halt the 

reaction. Finally, the absorbance of the contents in the plate was measured at 450 nm 

using a spectrophotometer. 

Calculation of results 

The absorbance value of the blank well is subtracted from the absorbance 

values of the standard and sample wells. The standard curve is obtained using the 4-

parameter algorithm with the Molecular Devices-Softmax® program. Wnt-5a levels 

in the samples are calculated using the standard curve equation. Results are expressed 

in ng/mg. (Figure 3.11.). 
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Figure 3.11. Beta-catenin calibration curve. 

3.23. Statistical Analysis 

The results were expressed as mean ± standard deviation (SD). GraphPad 

Prism® (version 8.2.1, GraphPad Software, San Diego, CA, USA) was used for 

statistical analysis. ANOVA analyzed the results, and the Mann-Whitney U test made 

pairwise comparisons. p<0.05 were accepted as statistically significant. 
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4. RESULTS 

4.1. Cell viability  

SH-SY5Y cell viability was compared to the control group, and inhibitory 

concentrations 50, 30, and 20 (IC50, IC30, and IC20) were calculated following 

aluminum treatment. 

The vitality of SH-SY5Y cells reduced dose-dependently when Al 

concentrations increased from 0 to 2500 μM (Figure 4.1.). The computed IC50, IC30, 

and IC20 values were 2201 μM, 975 μM, and 362 μM, respectively. Aluminum at a 

concentration of 362 μM (IC20) was utilized in all subsequent studies. 

 

Figure 4.1. Cell viability was observed at different concentrations of aluminum. 

*p < 0.001 represents a significant difference between control and individual treatment. 

The viability of SH-SY5Y cells was reduced with increasing naltrexone 

dosages, as seen in figure 4.2. For naltrexone, the IC50, IC30, and IC20 values were 

discovered to be 23 μM, 15 μM, and 11 μM, respectively. It should be noted that 

naltrexone plasma concentrations have been observed to range from 1 to 3 ng/ml (154). 
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Instead of using lethal dosages, a concentration of 2.5 ng/ml was used in all tests to 

represent everyday exposure levels. 

 

Figure 4.2. Cell viability was observed at different concentrations of naltrexone. 

*p < 0.05 represents a significant difference between control and individual treatment. **p < 0.01 

represents a significant difference between control and individual treatment. 

IC50, IC30 and IC20 were -19.05 μM, -27.17 μM and -31.23 μM respectively. 

Figure 4.3. shows that increasing the doses of DHLA boosted the vitality of SH-SY5Y 

cells. The plasma concentration of DHLA has been observed to be 8.1 μM as the 0 to 

5 μM doses did not show any toxicity, and considering the plasma concentration of 

DHLA, 0.1 μM dose were chosen throughout the studies rather than high 

concentrations so that the outcomes would be representative of exposure in daily life. 
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Figure 4.3. Cell viability was observed at different concentrations of dihydrolipoic 

acid. 

*p < 0.05 represents a significant difference between control and individual treatment. **p < 0.01 

represents a significant difference between control and individual treatment. 

IC50, IC30 and IC20 were 14.47 μM, 8.84 μM and 6.02 μM respectively. 

Figure 4.4. shows that increasing the doses of metformin decreased the vitality of SH-

SY5Y cells. The literature review regarding the plasma concentration of metformin 

has revealed no consistency in the bioavailability of metformin. Thus 0.25μM 

concentration was chosen for this study.  
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Figure 4.4. Cell viability was observed at different concentrations of metformin 

#p < 0.001 represents a significant difference between control and individual treatment. 

4.2. Findings of Naltrexone 

4.2.1. ROS 

ROS levels in the Al, AD and AD-Al groups were almost increased 2.5-fold 

versus the control. Exposure to Al increased the ROS production in the AD model by 

1-fold. Treatment with naltrexone caused a significant decrease in ROS levels, 

especially in the AD-Al-Nal group; the drop is almost 3-fold, and for AD-Nal and Al-

Nal groups, it is 2-fold compared to AD-Al, AD and Al groups, respectively (p < 

0.001). The reactive oxygen species levels are shown in figure 4.5. 
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Figure 4.5. Intracellular ROS levels of study groups. 

ROS: reactive oxygen species. The amount of intracellular ROS produced by the control cells was 

assumed to be 100%, and the amount of ROS produced by the other cells was calculated as % 

compared with the control. (a) Significant from the control group (c) Significant from the Al group 

(d) Significant from the AD group (e) Significant from the AD-Al group. #p <0.001. 

4.2.2. Oxidative stress parameters 

Figures 4.6, 4.7, 4.8 and 4.9 present an overview of the oxidative stress 

indicators. Except for the naltrexone group, glutathione levels varied throughout the 

groups as compared to the control group. Notably, the AD-Al group had the lowest 

GSH level, most likely attributable to the cells' reaction to oxidative stress (p<0.001). 

Al exposure in the AD-Al group resulted in a substantial 1-fold decrease in GSH levels 

compared to the AD group (p<0.001). The naltrexone-treated groups, on the other 

hand, showed a considerable increase in GSH levels, with a nearly 1-fold (30%) in 

AD-Nal and 4-fold in AD-Al-Nal compared to the AD and AD-Al groups, respectively 

(all, p<0.001). Furthermore, the GSH level in Al-Nal was about 1.3-fold higher than 

in the Al group (p<0.001) (Figure 4.6.). 
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Figure 4.6. Glutathione levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

Malonaldehyde values, which indicate lipid peroxidation, were higher in the 

Al group (p<0.001) compared to the control group. Al exposure in the AD-Al group 

further elevated MDA levels, worsening AD. However, naltrexone therapy lowered 

MDA levels in the AD-Al-Nal group by 5.4-fold (p<0.001). Similarly, AD-Nal had a 

2.5-fold lower MDA level than the AD group (p<0.001) (Figure 4.7.). The Al-Nal 

group displayed a remarkable 3.8-fold (285%) drop in MDA levels, demonstrating 

naltrexone's powerful ability to inhibit lipid peroxidation. 

 

Figure 4.7. Malondialdehyde levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

Protein oxidation in all groups differed considerably from the control group. 

When the AD group was treated with Al (AD-Al), there was a 32% increase in protein 
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oxidation. The capacity of naltrexone to decrease carbonyl groups associated with 

protein oxidation was established. The AD-Al-Nal group had the lowest carbonyl 

group levels, almost 10-fold lower, demonstrating that naltrexone significantly 

inhibited protein oxidation (p<0.001). Furthermore, compared to the Al group, Al-Nal 

had a 2.5-fold reduction in carbonyl groups (p<0.001). Compared to the AD group, 

AD-Nal had a 5-fold decrease in carbonyl groups (Figure 4.8.). 

 

Figure 4.8. Protein carbonyl levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

The research groups' total antioxidant capacity (TAOC) values are shown in 

figure 4.9. Notably, the Al and AD groups had considerably lower TAOC levels than 

the others, showing that enhanced oxidative stress leads to Al toxicity and AD 

pathogenesis. The addition of naltrexone to the media, on the other hand, significantly 

increased the antioxidant capacity of the cells. TAOC levels rose 3.4-fold in the Al-

Nal group, 4-fold in the AD-Al-Nal group, and 3.3-fold in the AD-Nal group compared 

to the Al, AD-Al, and AD groups, respectively (p<0.001). 
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Figure 4.9. Total antioxidant capacity levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

4.2.3. GSK-3β pathway 

The AD-Al (282%), Al (179%), and AD (138%) groups had the highest levels 

of GSK-3β among all groups, substantially greater than the control group (p<0.001). 

However, naltrexone treatment decreased GSK-3β activity (Figure 4.10.). When 

compared to the AD-Al, AD, and Al groups, we found a 3.8-fold (74%) drop in GSK-

3β levels in the AD-Al-Nal group, a 1.9-fold (48%) decrease in AD-Nal, and a 1.7-

fold (43%) decrease in Al-Nal (p<0.001). 

 

Figure 4.10. Glycogen synthase kinase-3 beta levels 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 
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The Al and AD-Al groups had the lowest PP2A levels (p<0.001). However, the 

PP2A levels in the naltrexone groups increased (p<0.001) (Figure 4.11.). Compared to 

the AD-Al, AD, and Al groups, the PP2A levels in the AD-Al-Nal, AD-Nal and Al-

Nal groups rose 6.2-fold, 2.8-fold, and 2-fold, respectively (p<0.001). 

 

Figure 4.11. Protein phosphatase 2A levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

There were differences in PPP1CA levels between the groups. PPP1CA levels 

were lowest in the Al and AD-Al groups, and naltrexone treatment boosted PPP1CA 

levels fourfold in the Al-Nal and AD-Al-Nal groups (p<0.001) (Figure 4.12.). When 

comparing the AD and AD-Al groups, Al exposure resulted in a 40% drop in PPP1CA 

levels. 
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Figure 4.12. Serine/threonine-protein phosphatase levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

The Al, AD, and AD-Al groups had the lowest Akt levels (p<0.001). Al 

exposure exacerbated the AD state by reducing Akt levels in the AD-Al group by 49%. 

The presence of naltrexone, on the other hand, boosted Akt activation. Akt levels rose 

341% (4.4-fold) in the AD-Al-Nal group, 269% (3.6-fold) in the AD-Nal group, and 

179% (2.7-fold) in the Al-Nal group as compared to the AD-Al, AD, and Al groups. 

Increased Akt activity in the presence of naltrexone and lower GSK-3β levels may 

contribute to naltrexone's neuroprotective effects (Figure 4.13.). 

 

Figure 4.13. Alpha serine/threonine-protein kinase levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 



67 

Tau protein levels in the AD, Al, and AD-Al groups were considerably higher 

than in the control group (p<0.001). Compared to the AD group, the AD-Al group had 

a nearly 1.2-fold (28%) rise in tau levels, showing the function of Al in raising tau, 

which is an essential feature of AD. Compared to the other groups, the Al group had 

the most outstanding tau level, suggesting that Al alone can boost tau synthesis in cells. 

Tau levels, on the other hand, were considerably lower in the naltrexone-treated 

groups. The reduction was 1.5-fold in the AD-Nal group and 5.6-fold in the AD-Al-

Nal group compared to the AD and AD-Al groups, respectively (p<0.001) (Figure 

4.14.). 

 

Figure 4.14. Tau levels. 

(a) Significant from control group (b) Significant from Nal group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

4.2.4. Wnt/ β-catenin pathway 

The Al, AD-Al, AD, and AD-Nal groups exhibited lower Wnt protein levels 

than the control group. Notably, the AD-Nal group showed a significant increase of 2-

fold (109%) in Wnt levels compared to the AD group (p<0.05). Conversely, the Wnt 

activity in the Al-Nal group was approximately 3.5-fold (250%) higher than that of the 

Al group (p<0.001). In the AD-Al-Nal group, it was nearly 2.5-fold (158%) higher 

than the AD-Al group (p<0.001) (Figure 4.15.A). 

Regarding β-catenin levels, the Al, AD-Al, AD, and AD-Nal groups 

demonstrated decreases compared to the control group. However, in the AD-Nal 

group, β-catenin levels were slightly higher (1.1-fold, 17%) than those in the AD group 

(p<0.001). Remarkably, the AD-Al-Nal group exhibited a substantial increase of 5.5-
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fold (450%) compared to the AD-Al group. The Al-Nal group displayed a 3-fold 

(209%) increase compared to the Al group (Figure 4.15.B). 

 

Figure 4.15. Alterations in the Wnt/β-catenin pathway in the study groups 

[A] Wnt levels, and [B] β- catenin levels. (a) Significant from control group (b) Significant from Met group (c) 

Significant from Al group (d) Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p 

< 0.001. 
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4.3. Findings of Dihydrolipoic acid 

4.3.1. ROS 

ROS levels are shown in figure 4.16. The ROS level was compared between 

groups, and the results are reported as follows: the AD, AD-Al, and Al ROS levels are 

2.1(170%), 2.6 (114%), and 2-fold (104%) higher than the control group, respectively. 

25% increase has been measured in the AD-Al compared to the AD group. Treatment 

with DHLA, a potent antioxidant, decreased ROS levels in the AD-DHLA (142%, 2.9-

fold), AD-Al-DHLA (183%, 2.4-fold), and Al-DHLA (130%, 3.3-fold) groups 

significantly compared to AD, AD-Al, and Al groups (all, (p<0.001). 

 

Figure 4.16. Intracellular ROS levels of study groups. 

ROS: reactive oxygen species. The amount of intracellular ROS produced by the control cells was 

assumed as 100%, and the amount of ROS produced by the other cells was calculated as % compared 

with the control. (a) Significant from control group (c) Significant from Al group (d) Significant from 

AD group (e) Significant from AD-Al group.  #p <0.001. 

4.3.2. Oxidative stress parameters 

The oxidative stress parameters are presented in figures 4.17, 4.18, 4.19 and 

4.20. Among the groups, the Al group exhibited the highest level of GSH compared to 

the control group (p < 0.001). This increase in GSH levels in the Al group is likely a 

response to oxidative insult. However, treatment with DHLA, a potent antioxidant, 
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significantly reduced GSH levels in the AD-Al, Al, and AD groups (all, p < 0.001). 

Notably, the AD-Al-DHLA group showed a 96% (28-fold) reduction. The Al-DHLA 

group showed a 79% (5.4-fold) decrease. AD-DHLA group showed 86% (7-fold) in 

GSH levels compared to the AD-Al group, the Al group and the AD group, 

respectively (p < 0.001) (Figure 4.17.).  

 

Figure 4.17. Glutathione levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

The total antioxidant capacity (TAOC) levels of the study groups are presented 

in figure 4.18. The TAOC level varied among the groups. The TAOC level was 

significantly lower in the AD-Al, AD, and Al groups compared to the control group 

(p < 0.001). However, groups co-exposed to DHLA and Al showed significantly 

higher TAOC levels than the AD-Al and Al groups (all, p < 0.001) due to the protective 

mechanism of DHLA. The AD-DHLA group exhibited a 5.6-fold (469%) increase in 

TAOC level, while the AD-Al-DHLA group showed a 5.8-fold (487%) increase 

compared to the AD and AD-Al groups.  
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Figure 4.18. The total antioxidant capacity levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

Protein oxidation levels in all groups showed significant differences compared 

to the control group. The protein carbonyl levels in the AD-DHLA group were 

significantly lower than in the AD group (77% reduction, p < 0.001). The AD-DHLA 

group had the lowest protein carbonyl levels compared to all other groups. Regardless 

of the chemicals in the cell culture, the addition of DHLA protected cells against 

protein oxidation (Figure 4.19.). 

 

Figure 4.19. Protein carbonyl levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

As a potent antioxidant, DHLA significantly reduced the production of MDA 

when added to the environment. The MDA levels in the Al, AD-Al, and AD groups 
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were significantly higher than in the control group (p < 0.001). Treatment with DHLA 

in the AD and Al groups resulted in an almost four-fold reduction in lipid peroxidation 

(Figure 4.20.). DHLA effectively protects cells from lipid peroxidation and protein 

oxidation caused by Al toxicity. 

 

Figure 4.20. Malonaldehyde levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

4.3.3. GSK3-β pathway 

Among the study groups, the AD-Al group exhibited the highest levels of GSK-

3β. Similarly, Al exposure increased GSK-3β levels in cells. GSK-3β levels were 

significantly higher in the Al, AD, and AD-Al groups compared to the control group, 

showing an almost three-fold increase (p < 0.001). Al added to the AD model increased 

the GSK-3β by 60%, indicating the exacerbating effect of Al. In the DHLA-treated 

groups, GSK-3β levels decreased to almost half those in the AD-Al, AD, and Al groups 

(Figure 4.21.). 
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Figure 4.21. Glycogen synthase kinase-3 beta levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

PP2A levels were higher in the DHLA and AD-DHLA groups compared to the 

control group (p < 0.01 and p < 0.001, respectively). However, in the AD-Al and Al 

groups, PP2A levels decreased significantly compared to the control group (p < 0.001). 

Notably, the AD-Al-DHLA and AD-DHLA groups showed a 295% (3.9-fold) and 

252% (3.5-fold) increase in PP2A levels compared to the AD-Al and AD groups, 

respectively (p < 0.001 for both comparisons). Comparing the Al group with the Al-

DHLA group, DHLA treatment resulted in a two-fold (103%) increase in PP2A levels 

(Figure 4.22.). 

 

Figure 4.22. Protein phosphatase 2A levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 
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PPP1CA levels decreased in most study groups compared to the control group 

(p < 0.001, p < 0.01 for the DHLA group). However, DHLA-treated groups 

demonstrated increased PPP1CA levels, with the AD-Al-DHLA, AD-DHLA, and Al-

DHLA groups showing an approximately one-fold increase compared to the control 

group (Figure 4.23.). 

 

Figure 4.23. Serine/threonine-protein phosphatase levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

Tau levels, which are important pathophysiological hallmarks of AD, were 

increased in our cell culture model of AD. The Al, AD-Al and AD groups exhibited 

tau levels almost three times higher than the control group (p < 0.001). However, in 

the DHLA-treated groups, tau levels were significantly reduced (p < 0.001). 

Specifically, the AD-Al-DHLA group showed an almost 85% decrease in tau levels 

compared to the AD-Al group (Figure 4.24.). 
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Figure 4.24. Tau levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

Akt levels were significantly reduced in the AD and AD-Al groups compared 

to the control group (p < 0.01). Conversely, the DHLA group demonstrated the highest 

Akt level, exhibiting a remarkable four-fold increase compared to the control group 

(p < 0.001). Furthermore, the DHLA-treated groups displayed a significant elevation 

in Akt levels. The AD-Al-DHLA group exhibited a 4.4-fold (348%) increase, the AD-

DHLA group showed a 4.7-fold (371%) increase, and the Al-DHLA group 

demonstrated a 3.5-fold (257%) increase when compared to their respective untreated 

groups (Figure 4.25.). 

 

Figure 4.25. Alpha serine/threonine-protein kinase levels. 

(a) Significant from control group (b) Significant from DHLA group (c) Significant from Al group 

(d) Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 
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4.3.4. Wnt/ β-catenin pathway 

Wnt protein levels were lower in the Al, AD, and AD-Al groups. However, the 

AD-DHLA and Al-DHLA groups exhibited a significant increase in Wnt levels, 

showing an almost 3-fold increase compared to the AD and a 6-fold increase compared 

to Al groups. Furthermore, when compared to the control group, the Wnt protein level 

was significantly higher in the DHLA (p < 0.01), Al-DHLA (p < 0.01), and AD-DHLA 

groups (p < 0.001) (Figure 4.26.A). All groups, except for the AD-Al-DHLA and Al-

DHLA groups, demonstrated decreases in β-catenin levels compared to the control 

group. Specifically, the AD-Al and AD groups exhibited an almost four-fold reduction 

in β-catenin levels compared to control (Figure 4.26.B). Conversely, in the AD-DHLA 

and Al-DHLA groups, β-catenin levels were 1-fold and 4.5-fold higher than in the AD 

and Al groups, respectively (p < 0.01) (Figure 4.26.B). 

 

Figure 4.26. Alterations in the Wnt/β-catenin pathway in the study groups. 

[A] Wnt levels, and [B] β- catenin levels. (a) Significant from control group (b) Significant from 

DHLA group (c) Significant from Al group (d) Significant from AD group (e) Significant from AD-

Al group. *p < 0.05 and #p < 0.001. 

4.4. Findings of Metformin 

4.4.1. ROS 

The ROS levels are given in Figure 4.27. For all the groups except the AD-Al-

Met, the ROS level was significantly higher than the control (all, p < 0.001). 

Metformin treatment is the most obvious in reducing the ROS level in AD-Met by 
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almost 9-fold compared to the AD group. The ROS level declined, followed by Al-

Met by 250% (3.4-fold) compared to the Al group. However, comparing the control 

group to the metformin group, the decline was just 35 %. 

 

Figure 4.27. Intracellular ROS levels of study groups. 

ROS: reactive oxygen species. The amount of intracellular ROS produced by the control cells was 

assumed as 100%, and the amount of ROS produced by the other cells was calculated as % compared 

with the control. (a) Significant from control group (c) Significant from Al group (d) Significant from 

AD group (e) Significant from AD-Al group.  #p <0.001. 

4.4.2. Oxidative stress parameters 

The figures 4.28, 4.29, 4,30 and 4.31 give an in-depth look at the oxidative 

stress parameters. Notably, the AD-Al-Met, Al-Met, and AD-Met groups did not vary 

from the control group. The AD-Al group, on the other hand, had the greatest GSH 

levels, indicating a cellular response to oxidative damage (p <0.001). The AD-Al 

group, which had chronic Al exposure, had a 1.3-fold increase in GSH levels compared 

to the AD group (p <0.001). In contrast, metformin-treated groups had significantly 

lower GSH levels, with a fall of roughly 2.5-fold (61%) in AD-Met and 3-fold (67%) 

in AD-Al-Met compared to the AD and AD-Al groups, respectively (all, p <0.001). 

Furthermore, as compared to the Al group, the GSH level in Al-Met reduced about 

2.3-fold (58%) (p <0.001) (Figure 4.28.). 
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Figure 4.28. Glutathione levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

MDA levels were higher in the Al group (p <0.001) than in the control group. 

Al exposure in the AD-Al group increased MDA levels much more, aggravating the 

state of AD. However, metformin therapy significantly lowered MDA levels in the 

AD-Al-Met group by 2.7-fold (64%) (p <0.001). Similarly, AD-Met reduced MDA 

levels by half (49%) when compared to the AD group (p <0.001) (Figure 4.29.). The 

Al-Met group had a stunning 4.7-fold drop (80%) in MDA levels, demonstrating 

metformin's powerful ability to prevent lipid peroxidation. 

 

Figure 4.29. Malondialdehyde levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 
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Protein oxidation in all groups differed considerably from the control group. 

When the AD group was treated with Al (AD-Al), there was a 32% increase in protein 

oxidation. On the other hand, metformin revealed its capacity to decrease carbonyl 

groups linked with protein oxidation. When compared to the Al group, Al-Met had a 

3.7-fold (74%) reduction in carbonyl groups (p <0.001). Compared to the AD group, 

AD-Met had a 4.6-fold (79%) drop-in carbonyl groups (Figure 4.30.). The AD-Al-Met 

group had the greatest reduction in carbonyl groups, with a 6-fold reduction (84%) 

compared to the AD-Al group. 

 

Figure 4.30. Protein carbonyl levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

TAOC values of the research groups are shown in figure 4.31. Notably, the Al 

and AD groups had considerably lower TAOC levels than the others, showing that 

enhanced oxidative stress leads to Al toxicity and AD pathogenesis. However, adding 

metformin to the media significantly increased the antioxidant capacity of the cells. 

TAOC levels rose 4.4-fold (343%) in the Al-Met group, 3.7-fold (270%) in the AD-

Al-Met group, and 2.3-fold (134%) in the AD-Met group compared to the Al, AD-Al, 

and AD groups, respectively (p <0.001). 
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Figure 4.31. Total antioxidant capacity levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. #p < 0.001. 

4.4.3. GSK-3β pathway 

The AD-Al (282%), Al (179%), and AD (138%) groups had the highest levels 

of GSK-3β among all groups, substantially greater than the control group (p<0.001). 

However, metformin treatment decreased GSK-3β activity (Figure 4.32.). When 

compared to the AD-Al, AD, and Al groups, we found a 4-fold (75%) drop in GSK-

3β levels in the AD-Al-Met group, a 2.6-fold (62%) decrease in AD-Met, and a 3.2-

fold (69%) decrease in Al-Met (p<0.001). 
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Figure 4.32. Glycogen synthase kinase 3 beta levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001 

The Al and AD-Al groups had the lowest PP2A levels (p<0.001). However, the 

PP2A levels in the metformin groups increased (p<0.001) (Figure 4.33.). Compared to 

the AD-Al, AD, and Al groups, the PP2A levels in the AD-Al-Met, AD-Met and Al-

Met groups rose 8.3-fold, 3.1-fold, and 2.5-fold, respectively (p<0.001). 
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Figure 4.33. Protein phosphatase 2A levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

There were differences in PPP1CA levels between the groups. PPP1CA levels 

were lowest in the Al and AD-Al groups, and metformin treatment boosted PPP1CA 

levels four-fold in the Al-Met and AD-Al-Met groups (p<0.001) (Figure 4.34.). When 

comparing the AD and AD-Al groups, Al exposure resulted in a 40% drop in PPP1CA 

levels.  
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Figure 4.34. Serine/threonine-protein phosphatase levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001 

The Al, AD, and AD-Al groups had the lowest Akt levels (p<0.001). Al 

exposure exacerbated the AD state by reducing Akt levels in the AD-Al group by 49%. 

The presence of metformin, on the other hand, boosted Akt activation. Akt levels rose 

346% (4.4-fold) in the AD-Al-Met group, 193% (2.9-fold) in the AD-Met group, and 

116% (2.1-fold) in the Al-Met group as compared to the AD-Al, AD, and Al groups 

(Figure 4.35.). 
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Figure 4.35. Alpha serine/threonine-protein kinase levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group € Significant from AD-Al group. *p < 0.05 and #p < 0.001. 

Tau protein levels in the AD, Al, and AD-Al groups were considerably higher 

than in the control group (p<0.001). When compared to the AD group, the AD-Al 

group had a nearly 1.2-fold (28%) rise in tau levels, showing the function of Al in 

raising tau, which is an essential feature of AD. Compared to the other groups, the Al 

group had the greatest tau level, suggesting that Al alone can boost tau synthesis in 

cells. Tau levels, on the other hand, were considerably lower in the metformin-treated 

groups. The reduction was 3.3-fold in the AD-Met group and 4.8-fold in the AD-Al-

Met group compared to the AD and AD-Al groups, respectively (p<0.001) (Figure 

4.36.). 
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Figure 4.36. Tau levels. 

(a) Significant from control group (b) Significant from Met group (c) Significant from Al group (d) 

Significant from AD group (e) Significant from AD-Al group. *p < 0.05 and #p < 0.001 

4.4.4. Wnt/ β-catenin pathway 

The Al, AD-Al, and AD groups exhibited lower Wnt protein levels than the 

control group. Notably, the Al-Met group showed a significant increase of 3.3-fold 

(237%) in Wnt levels compared to the Al group (p<0.001). Conversely, the Wnt 

activity in the AD-Al-Met group was approximately 3.4-fold (243%) higher than that 

of the AD-Al group (p<0.001). In the AD-Met group, it was nearly 2-fold (89%) higher 

than the AD group (p<0.05) (Figure 4.37.A). 

Regarding β-catenin levels, the Al, AD-Al and AD groups demonstrated 

decreases compared to the control group. However, in the AD-Met group, β-catenin 

levels were 3-fold higher (201%) than in the AD group (p<0.001). Remarkably, the 

AD-Al-Met group exhibited a substantial increase of 5.4-fold (447%) compared to the 

AD-Al group. The Al-Met group displayed a 3.2-fold (224%) increase compared to 

the Al group (Figure 4.37.B). 
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Figure 4.37. Alterations in the Wnt/β-catenin pathway in the study groups. 

[A] Wnt levels, and [B] β- catenin levels. (a) Significant from control group (b) Significant from Met 

group (c) Significant from Al group (d) Significant from AD group (e) Significant from AD-Al 

group. *p < 0.05 and #p < 0.001. 
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5. DISCUSSION 

5.1. SH-SY5Y differentiated in vitro model 

The application of in vitro model systems has brought about substantial 

advancements in the fields of neuroscience and neurotoxicology. Cultivated cells offer 

a highly effective environment for investigating the activity of proteins and the 

molecular processes that govern certain incidents. These models play a significant role 

in enhancing our understanding of the underlying mechanisms of illnesses and 

infections, as well as contributing to the early evaluation of the effectiveness of drugs. 

This thesis focuses on the SH-SY5Y cell line derived from the parental 

neuroblastoma SK-N-SH cell line. The SH-SY5Y cell line has been well recognized 

as an in vitro neuronal model, with many applications in the study of 

neurodegeneration (155), neurotrauma (156), developmental neurotoxicity (Attoff et 

al., 2020) and neurite outgrowth (157).  

The differentiation of SH-SY5Y cells into various phenotypes depends on the 

specific therapy employed. The differentiation agents well recognized in the literature 

include phorbol esters and retinoic acid (158). Growth factors such as BDNF, nerve 

growth factor (NGF), and neuregulins have also been identified as important regulators 

of differentiation (159). The less often used elements include the Vitamin D metabolite 

1,25-dihydroxycholecalciferol (VitD3) and cholesterol, as shown by previous studies 

(160,161). 

Our model introduces an improved in vitro model of human neurons, whereby 

SH-SY5Y neuroblastoma cells are induced to exhibit durable neuronal shape by 

adding RA and BDNF. The aforementioned cells display distinct characteristics 

typical of fully developed neurons, such as synaptic structures and the ability to 

transport vesicles along axons. Significantly, the expression of tau protein attains 

levels comparable to those observed in the fully developed human brain, comprising 

the mature isoforms. The novel methodology for in vitro differentiation described in 

this study has significant implications for several areas of neuroscientific research, 

particularly in the context of AD. During the differentiation process, SH-SY5Y cells 

undergo a cessation of proliferation, undergo an extension of long neurites, and exhibit 

the expression of markers characteristic of neurons. The differentiation process, when 
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combined with BDNF, leads to the dispersion of tau protein within neurons, which 

coexists with tubulin along neurites. The development of important proteins linked 

with AD, such as APP and Aβ, has been extensively acknowledged in SH-SY5Y cells 

(162,163). Thus, the differentiated SH-SY5Y model we designed here is appropriate 

for studying AD and its molecular mechanisms. 

Our established in vitro model, centered on differentiated SH-SY5Y cells, 

presents a promising platform for unraveling the intricate molecular underpinnings of 

AD. Through meticulous exploration, we have brought to light compelling evidence 

of dysregulation in pivotal pathways, underscoring the relevance of our model in the 

AD research landscape. 

Evidently, our findings spotlight the aberrant behavior of the GSK-3β/Akt and 

Wnt/β-catenin pathways within our cellular milieu. This dysregulation is a tangible 

reflection of the intricate turmoil that characterizes AD pathogenesis. The disarray 

within these pathways echoes the disruptions witnessed in the intricate choreography 

of AD-affected brains, thus substantiating the utility of our in vitro system for 

dissecting their dynamics. The GSK-3β/Akt pathway emerges as a critical player in 

the array of disrupted molecular pathways. This pathway is pivotal in integrating 

signals related to synaptic neurotransmission within cells. Moreover, it influences 

various essential processes like neuronal cell growth, movement, and adaptability 

(164,165). 

In parallel, the substantial decline in the activity of PP2A adds another layer of 

authenticity to our model's representation of AD-associated intricacies (166). As a 

kinase known to play a central role in the phosphorylation of tau protein, PP2A's 

diminishing presence within our model mirrors the well-documented alterations 

witnessed in AD-impacted neurons. Notably, the reduction in PPP1AC, a crucial actor 

responsible for the methylation of the PP2A, C-terminus (167), enhances the 

plausibility of our model's relevance in capturing the nuances of tau-related 

dysfunctions that hallmark AD. 

The CNS relies on the intricate workings of the Wnt pathway to govern various 

crucial aspects of neuronal activity. This intricate web of functions encompasses 

neuronal differentiation, neurogenesis, the establishment of synapses, and the 

safeguarding of neurons (168–170). Beyond its role in synapse formation, Wnt 
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proteins exhibit the capacity to influence neurotransmission both before and after 

synapse formation, as indicated by studies (112). A pivotal participant in the Wnt 

signal transduction cascade is β-Catenin, which controls cell fate determination 

throughout developmental processes. Absent Wnt ligands, cytosolic β-catenin 

encounters rapid phosphorylation by GSK-3β, culminating in its degradation through 

the proteasome route (171). Upon Wnt ligand binding to Frizzled receptors, the 

Dishevelled protein (Dvl) is activated, inhibiting GSK-3β and the consequent 

stabilization of β-catenin. This liberated β-catenin forms complexes within the nucleus 

alongside members of the T-cell factor/lymphoid enhancer factor (TCF/LEF) 

transcription factor family, thereby governing the expression of Wnt target genes that 

sustain neuron survival and plasticity, crucial for maintaining neuronal integrity (118). 

Within the context of AD, the hyperphosphorylation of tau is mediated by 

GSK-3β. Activation of the Wnt/β-catenin signaling pathway, which suppresses GSK-

3β activity, emerges as a mechanism that mitigates tau phosphorylation and the 

formation of neurofibrillary tangles (172). Our investigation culminated in noteworthy 

findings, demonstrating reduced levels of β-catenin alongside heightened GSK-3β 

expression and diminished Wnt activity. This compellingly implies that the 

differentiated SH-SY5Y cell line is a robust in vitro model to scrutinize Wnt signaling 

within the context of AD. 

The SH-SY5Y cell line, a recurrent choice in studies scrutinizing the Wnt/β-

catenin pathway, has yielded crucial insights. Perturbing endogenous Wnt expression 

resulted in cellular demise and the hindrance of cell growth (173). Notably, 

suppressing Wnt activity exacerbated the neurotoxic impact of paraquat and maneb on 

SH-SY5Y cells, underscoring the neuroprotective role of Wnt signaling (174). In an 

additional exploration, the SH-SY5Y cell line, engineered to express wild-type and 

mutant Presenilin 1 (PS1), was harnessed to dissect the interaction between PS1 and 

β-catenin. Uemura et al. (175) revealed that PS1 positively governs the nuclear 

translocation of β-catenin following RA treatment, consequently leading to an 

elevation in cellular cyclin D1 levels. Further investigations involving a dopaminergic 

model of SH-SY5Y cells sought to uncover the protective influence of exogenous 

Wnt1 in PD. Their findings unveiled the inhibition of the Wnt/β-catenin pathway 



90 

following a 24-hour exposure to 6-hydroxydopamine, characterized by a decline in β-

catenin levels and an increase in GSK-3β activity (176). 

Cellular oxidative stress, stemming from either excessive ROS production or 

inadequate antioxidant defense mechanisms, can lead to detrimental cellular effects, 

including damage to proteins, lipids, and DNA and activation of apoptotic pathways. 

This phenomenon is particularly relevant in the context of neurodegenerative diseases 

such as AD, where accumulating oxidative damage has been implicated (177). Our in 

vitro model, tailored to simulate AD conditions, exhibited nearly threefold higher ROS 

production compared to undifferentiated cells, underscoring an imbalance in the 

cellular antioxidant system. The heightened ROS levels could potentially destabilize 

lipid membrane, affecting integrity and fluidity (178). Measurement of MDA, a by-

product of lipid peroxidation, served as a marker for oxidative stress, with these 

reactive molecules capable of triggering tau phosphorylation, intracellular calcium 

pathway disruption, and apoptosis (177). 

Concomitant with ROS, protein oxidation occurs through ROS-protein 

interactions, leading to structural distortion and protein aggregation (179). Our study 

demonstrated elevated carbonyl group levels, indicative of protein oxidation. 

Furthermore, mitochondrial DNA and protein damage resulting from ROS can impede 

energy production, exacerbating ROS generation cyclic and ultimately resulting in 

apoptosis (180). Notably, the antioxidant system's compromised functionality in AD 

contributes to an exponential increase in oxidative stress indicators. GSH, a critical 

endogenous antioxidant responsible for ROS neutralization and cellular redox balance, 

has been implicated in AD pathology. Reduced brain GSH levels, observed in various 

animal studies, are linked to intensified oxidative stress-related brain damage, 

particularly impacting neurons (181). However, our study revealed augmented GSH 

levels, which could potentially be attributed to early-phase GSH overactivity in 

response to escalated ROS levels. Varied postmortem findings in GSH content across 

different studies underscore the need to assess the GSH/GSSG ratio at various stages 

of AD to delineate its role during each phase (182–184). 

Notably, oxidative stress has been associated with the neurotoxic 

oligomerization of Aβ peptides and tau tangles (185). While some studies, such as that 

by Pienkowska et al. (186), link elevated GSH levels to tau overexpression in 
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neuroblastoma cells; our findings suggest that increased tau levels in differentiated 

cells are a consequence of enhanced ROS production and mitochondrial dysfunction 

(187). These contrasting results underscore the complex interplay between oxidative 

stress, GSH levels, and tau pathology in the context of AD. 

5.2. Aluminum Toxicity 

Our current understanding of Al's non-essential nature doesn't eliminate Al's 

possibility to instigate or catalyze biomolecular reactions or hinder or decelerate 

biochemical processes. A challenge posed by Al lies in its strong affinity for 

participating in biochemical reactions, particularly through robust binding with 

oxygen-based functional groups (31). Al easily crosses the BBB, accumulating 

predominantly in neurons within structures like senile plaques, NFTs, Lewy bodies, 

and lipofuscin, each of which contains components strongly prone to binding with Al 

(188). The rate at which Al ions reach their target is crucial to neurotoxicity. Various 

animal-based studies have highlighted that an increased transport rate corresponds to 

heightened neurotoxicity (189). In humans, Al-induced encephalopathy represents the 

acute form of Al neurotoxicity, accompanied by various anomalous processes, 

including alterations in tau protein processing (190) and Al deposition in neurons, glia, 

and choroid epithelium (188). Acute toxicity disrupts the brain's microenvironment 

due to BBB disturbances. Al's transfer across the barriers occurs via transferrin, 

thereby interfering with iron transport. This disturbance in transferrin cycling disrupts 

the Fenton reaction, leading to imbalanced oxidative stress within the brain. 

In our study, the differentiated and undifferentiated SH-SY5Y cells were 

exposed to 362µM Al for 7 days. This period will mimic chronic exposure to Al to 

explore its neurotoxic effects. The evaluation under the microscope has shown that 

chronic exposure to Al increases the death of cells. Exposure to Al resulted in a drastic 

increase in ROS levels in cells. The production rate of ROS in the differentiated cells 

was worsened than in undifferentiated ones, showing Al's capability to produce more 

ROS and exacerbating the AD situation. Animal studies exposed to Al chronically 

reported increased oxidative stress production in the brain (191,192). One of the 

reasons behind this may be Al change in metals, iron and copper homeostasis. Metal 

dyshomeostasis correlates with the initiation and progress of various human 
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neurodegenerative diseases. However, whether or not this correlation is a causing 

effect remains largely unknown. Metal dyshomeostasis has also been observed in Al-

treated cells and Al-induced animal models (193). Iron and copper, present in various 

cell compartments, act as pro-oxidant metals. Al enhances the pro-oxidant potential of 

this transition (194). In Al-treated flies, the amount of Fe is reported to be increased 

dramatically (193). 

When the creation of ROS exceeds the capabilities of detoxification and repair 

processes, it initiates oxidative damage to proteins, DNA, and phospholipids. This 

disruption affects the process of mitochondrial oxidative phosphorylation, ultimately 

leading to cellular damage and death. The brain is an organ that exhibits a high 

metabolic demand for oxygen, rendering it vulnerable to alterations in oxygen radicals. 

The aforementioned extremely reactive free radicals engage in chemical reactions with 

nucleic acids, proteins, and lipids, resulting in permanent harm to cellular structures 

(195) . Cells, when subjected to ideal growth circumstances, are able to sustain a 

fundamental level of ROS that are generated as by-products during the fundamental 

metabolic pathways. Nevertheless, when exposed to Al, the formation of ROS 

significantly amplifies, leading to a disruption in the redox equilibrium and an 

escalation in oxidative stress (193).  

The occurrence of oxidative cellular damage induced by ROS is typically 

accompanied by an elevation in lipid peroxide levels, leading to a decrease in 

membrane fluidity. MDA, a byproduct resulting from the degradation of lipid 

peroxides, has been widely employed as a measure for assessing the magnitude of lipid 

peroxidation (196). In the current study, it was shown that the concentration of MDA 

exhibited a statistically significant increase following exposure to Al treatment. The 

findings of our study align with the research conducted by other scholars (197,198). 

Elevated malondialdehyde levels were seen in rats that were exposed to Al, lead, and 

phenolic chemicals. Additionally, research has indicated that exposure to Al has been 

found to increase lipid peroxidation in liposomes, resulting in changes to membrane 

fluidity (199). In their study, Golub et al. (200) reported the absence of any alterations 

in lipid peroxidation levels in rats that were subjected to Al exposure.  

GSH, as part of the non-enzymatic antioxidant, in the presence of increased 

ROS due to Al, showed increased activity in differentiated and undifferentiated SH-
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SY5Y cells. GSH, a tripeptide synthesized within virtually all animal cells, is the most 

important cellular-reducing sulfhydryl-containing agent. It performs various metabolic 

functions, including detoxifying free radicals, metals and electrophilic compounds 

(201). The increase in GSH in our results may be due to the GSSG/GSH ratio 

imbalance. Al may deplete the GSH-related enzymes, which means an increase in GSH 

level. Another possible mechanism behind increased GSH would be its role as a metal 

chelator, which means increased GSH confronting Al (202). In oxaliplatin-treated 

mice, Al was accumulated in the dorsal root ganglia (DRG), and accumulated Al in 

DRG or other organs aggravated oxaliplatin-induced neuropathic pain. GSH acts as a 

metal chelator, removing Al and relieving neuropathy (203). Rizvi et al. (198) reported 

that SH-SY5Y cells exposed to different Al concentrations showed depletion in the 

antioxidant system, which decreased the GSH levels. In another study, Al and zinc-

induced acute toxicity in rats were investigated. In this study, GSH may reduce the 

oxidant capacity increased by Al administration and may have a tolerant role on the 

accumulated serum Al levels (204). However, Öztürk et al. (205) did not find increased 

levels of total GSH in the Al-treated undifferentiated SH-SY5Y cells. Animals 

exposed to Al displayed notable reductions in reduced and oxidized GSH levels and 

diminished glutathione reductase activity in different rat brain regions (206). 

Al neurotoxicity is increasingly recognized as a significant risk factor for AD 

development. The potential connection lies in its influence on key markers like tau 

protein and Aβ, both hallmarks of AD pathology. Our research sheds light on these 

connections by revealing that exposure to Al prompts notable changes in these factors. 

Our findings highlight that exposure to 362µM of Al for just a week increases tau 

levels in affected cells. This increase in tau protein aligns with the widely accepted 

notion that elevated tau is a crucial factor in AD progression. 

Furthermore, our investigations indicate that Al exposure also leads to an 

elevation in Aβ levels. The accumulation of Aβ and aggregation into plaques are 

fundamental drivers of AD pathology. Central to the mechanism underlying Al-

induced neurotoxicity is the GSK-3β and Akt signaling pathways. Prolonged Al 

exposure disrupts the delicate balance between these pathways, exacerbating AD risk. 

It is worth mentioning that GSK-3β plays a pivotal role in the modulation of 

tau phosphorylation (5). The findings of our investigation indicate a positive 
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correlation between elevated levels of GSK-3β and an increase in tau 

hyperphosphorylation. The heightened phosphorylation status of tau has been linked 

in the formation of NFTs, which are recognized as a characteristic feature of AD 

pathogenesis. The regulation of tau activity is often contingent upon the process of 

phosphorylation and dephosphorylation. The phenomenon of hyperphosphorylation 

observed in AD is attributed to an in equilibrium between the activities of kinases, 

which add phosphate groups to proteins, and phosphatases, which remove phosphate 

groups from proteins (207). Neuronal injury is caused by a variety of neurotoxins, 

which act by dephosphorylating Akt at Ser473 and GSK-3β at Ser9. This process is 

linked to a reduction in Akt activity and an increase in GSK-3β activity. In the setting 

of aluminum-induced neurotoxicity in rats, previous studies have shown that a 

decrease in Akt activity, coupled with an increase in GSK-3β activity, leads to elevated 

levels of hyperphosphorylated tau. This, in turn, negatively impacts cognitive 

processes and memory (62,208,209). 

Furthermore, our research highlights the significance of PP2A in this context. 

PP2A, responsible for the phosphorylation of tau, acts as a counterbalance to the 

effects of kinases like GSK-3β (166). As underscored in our research, the discernible 

reduction in PP2A levels undermines the brain's capacity to regulate tau 

phosphorylation, thereby intensifying the accumulation of hyperphosphorylated tau 

variants. Notably, the impairment of PPP1CA, a crucial contributor to PP2A 

functionality, further contributes to the disruption of tau homeostasis. Reports by 

Parekh et al. (210) and J. Walton (211) have indicated that rats PP2A activity is 

inhibited in Al-induced AD in rats, leading to elevated tau levels. 

Research has shown that diminishing GSK-3β activity and boosting PP2A 

activity can mitigate tau hyperphosphorylation and cognitive impairment (104). These 

observations find support in numerous post-mortem studies conducted on AD patients' 

brains, which demonstrated that neurons bearing tangles were linked to reduced PP2A 

activities due to increased phosphorylation at Tyr307 and elevated GSK-3β levels 

(212,213). Nonetheless, a few studies have reported that certain phosphorylated tau 

residues in AD patients' brains are not influenced by the actions of PP2A and GSK-3β 

(214,215). 
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Broadening our perspective, we postulated that the disruption of the Wnt/β-

catenin pathway might significantly contribute to the mechanism of aluminum-

induced neurotoxicity. This signaling pathway plays a pivotal role in safeguarding 

neural integrity and synaptic adaptability, with its dysregulation having implications 

for neurodegenerative disorders such as AD (112,216). Our ongoing investigation 

proposes that chronic exposure to aluminum disrupts Wnt signaling, thereby 

compromising neuroprotective mechanisms and potentially aggravating the 

underlying pathogenesis of AD. Notably, excessive activation of GSK-3β suppresses 

the Wnt/β-catenin pathway; its inhibition results in elevated GSK-3β activity, 

instigating β-catenin's degradation. Significantly, the GSK-3β/β-catenin interplay has 

been linked to neuronal viability, neurodegeneration, and cognitive consolidation 

(217). Intriguingly, the Wnt/β-catenin pathway is closely intertwined with oxidative 

stress in AD (217,218). Elevated GSK-3β activity curtails canonical Wnt signaling, 

amplifying β-catenin phosphorylation and rendering it susceptible to proteasomal 

degradation (219). 

Several investigations underscore the potential interrelation between 

aluminum-induced neurotoxicity and the Wnt signaling pathway. Notably, studies 

have indicated that Al-exposed osteoblasts display diminished proliferation due to the 

downregulation of Wnt/β-catenin pathways. These findings reveal decreased 

expression of Wnt3a, receptor Frizzled (Fzd2), low-density lipoprotein receptor-

related protein 5 (LRP5), β-catenin, Transcription factor 4 (TCF-4), cyclin D1, and c-

Myc mRNA, collectively leading to Wnt/β-catenin signaling pathway inactivation, 

potentially mediated by the reduction in Wnt3a (220–222). In an AD model involving 

rats exposed to Al over 6 weeks, enhanced Aβ deposition, diminished cholinergic 

activity, and impaired GSK-3β/Wnt/β-catenin pathways were observed (223). Another 

study employing an aluminum-induced AD model reported compromised spatial 

learning, memory, and GSK-3β/Wnt/β-catenin signaling pathways (224). 
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5.3. Naltrexone 

As far as we know, this is the first study investigating the effects of naltrexone, 

a Mu receptor antagonist, on the GSK-3β and Wnt pathways. We hypothesised that a 

non-toxic concentration of naltrexone might regulate the GSK-3β and Wnt signaling 

pathways. Regulation of these pathways would reduce tau hyperphosphorylation, 

increase neurogenesis and reduce neuroinflammation in Al toxicity and AD disease. 

We found that naltrexone minimized oxidative stress, elevated GSH levels, activated 

the Wnt pathway, and inhibited the GSK-3β pathway. 

Wnt signaling is essential for neurogenesis in the adult brain and neuronal 

growth, maturation, differentiation, and proliferation. Impaired Wnt signaling 

pathways are linked to increased Aβ, decreased β-catenin levels, and increased 

production of the GSK-3 enzyme, implying a direct link to AD pathogenesis (225). 

Wnt5a is an innate factor that regulates neurogenesis in the adult brain’s hippocampus. 

Treatment with Wnt5a restores normal neuronal differentiation and proliferation in 

Wnt5a knockout mice (226). Our study found that naltrexone increased Wnt pathway 

activity while decreasing GSK-3β activity. As a result, naltrexone may be a promising 

candidate for stimulating neurogenesis by activating Wnt signaling. However, a study 

by Hyman and colleagues (227) stated that the administration of 100 mg/kg/day of 

naltrexone to 17 Alzheimer’s patients had no improvement in their cognitive deficits 

or memory. Ip et al. (228), used a psoriasis tissue model to test naltrexone-containing 

dermal formulation. The biochemical experiments reported that naltrexone decreases 

β-catenin activity. However, we have shown that naltrexone increased the activity of 

β-catenin, thus activating the Wnt signaling pathway. These different results may be 

due to the different cell types. 

Chronic exposure to Al in mice has been shown to cause bone loss and 

osteoporosis by dysregulating the Wnt signaling. Wnt signaling is crucial for bone 

regeneration and remodeling during bone development (221,222). Our study found 

that naltrexone exposure improved the Wnt signaling pathway in Al-treated groups. 

This suggests that naltrexone may be a potential therapeutic option to promote bone 

restoration and development in individuals with Al-induced bone impairment. 

Exposure to Al has been reported to cause neuroinflammation by increased 

oxidative stress, impaired ion hemostasis and increased proinflammatory cytokines 
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and increased lipid peroxidation (229–231). Exposure to Al in our study did also 

increase oxidative stress parameters significantly. The imbalance in the antioxidant 

activity in the groups was restored by exposure to naltrexone. This medication has 

shown to improve inflammation by preventing cytokine and superoxide release 

(232,233). 

Neuroinflammation is another cause of AD (234). An increase in intracellular 

ROS levels and oxidative damage are modified by hyperphosphorylated tau and Aβ 

plaques. The dysregulated Wnt signaling also interferes with the immune response to 

inflammation in the central nervous system (235). Recently, researchers proposed 

using low-dosage naltrexone as an analgesic and anti-inflammatory in Crohn’s disease, 

multiple sclerosis, fibromyalgia and psoriasis Vulgaris (236,237). Low-dose 

naltrexone upregulates endogenous encephalin and endorphin levels and positively 

regulates Mu opioid receptor (238). In the current study, naltrexone was shown to have 

an anti-inflammatory effect at 2.5 ng/ml by increasing Wnt signaling, decreasing 

hyperphosphorylated tau, and acting as an anti-inflammatory agent. 

GSK-3β activity in the hippocampus of AD patients is linked to 

hyperphosphorylated tau, NFTs, and an impaired autophagy system (239,240). GSK-

3β also contributes to neuroinflammation by regulating the expression and release of 

harmful cytokines from glial cells, thereby directly increasing neuronal death (241). 

GSK-3β inhibiting compounds have been proposed to reduce Aβ, increase 

neurogenesis, and decrease the production of neurofibrillary tangles (5) The effect of 

naltrexone on GSK-3β levels in the differentiated SH-SY5Y cell line was 

demonstrated in this study. We revealed that naltrexone significantly decreased the 

activity of this pathway. Besides that, by inhibiting GSK-3β, naltrexone reduced the 

production of hyperphosphorylated tau. More research is needed to determine the 

effects of naltrexone in AD patients, particularly its effect on autophagy stimulation.  

In addition to GSK-3β, phosphatase downregulation has been linked to tau 

aggregation and phosphorylation (242). One of these phosphatases that are 

dysregulated in AD is PP2A. It is a heterotrimeric phosphatase with structural subunits 

A, B, and C. Inactivation of PP2A is linked to GSK3-β mediated dysregulation (243). 

PP2A activators could treat Alzheimer’s disease by reducing hyperphosphorylated tau 

and treating spatial memory deficits. Our findings shed light on the dysregulation of 
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PP2A and PPP1CA in Alzheimer’s disease, and naltrexone may be able to regulate 

these proteins, lowering tau phosphorylation and spatial memory dysfunction. Another 

important player in controlling tau phosphorylation besides GSK-3 and PP2A are Akt. 

The harmonized activity between these molecular mechanisms decreases tauopathies. 

Growth factors and insulin play as Akt/GSK-3 regulators, which in term decrease tau 

phosphorylation (166). Naltrexone action on the Akt is increasing its activity which in 

results will decrease the activity of GSK-3β and decrease the tau phosphorylation and 

delay the progression of AD. 

5.4. Dihydrolipoic acid 

The results of our study indicate that cells exposed to DHLA alleviated the 

neurotoxic effects caused by Al in both differentiated and undifferentiated SH-SY5Y 

cell lines. Several studies indicated DHLA as a metal chelator, antioxidant, radical 

scavenger, and anti-inflammatory agent (244–246). Both -LA and DHLA have also 

been proposed to have neuroprotective effects and can be an option for treating AD 

(247–250). However, very little data were published about the ability of -LA to 

reduce possible damage caused by Al, whereas no data is available for DHLA 

(246,251). 

In our study, Al-exposed cells treated by DHLA showed a significant decline 

in ROS and oxidative stress due to this compound’s ability to neutralize the free 

radicals and metal chelation. In one study, it is stated that DHLA lowers the redox 

activity of transition metal ions but does not remove them from the active site of 

enzymes (252). In another study, it is suggested that relative to the Fe3+/Fe2+reduction 

with ascorbate, DHLA can fully inhibit the formation of hydroxyl (•OH) radicals but 

not with superoxide (O2-) (253). Al is transported to the brain by the iron transporter 

transferrin, which means that there will be an increased rate of free circulation iron (5). 

This iron induces lipid peroxidation. As DHLA has a metal-chelating effect, it protects 

against iron-induced lipid peroxidation (254). 

The overproduction of ROS and oxidative stress have detrimental effects on 

cell structures and contribute to AD development. ROS can react with sugars, DNA, 

and lipids, producing reactive aldehydes and carbonyl derivatives (255). Measurement 

of protein carbonylation is considered a useful method to assess the extent of oxidative 
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damage to proteins associated with oxidative stress, physiological disorders, 

neurodegeneration, Alzheimer’s disease, and ageing (255,256). The increased 

oxidative stress parameters with a significant increase in carbonyl groups and MDA 

was observed in our study. Also, exposure to Al in AD groups doubled the oxidative 

stress effect, thus exacerbating the adverse effects in these groups. Antioxidant act as 

free radical scavengers or boosters of body antioxidant systems and have shown 

promise in mitigating oxidative stress in AD, offering potential therapeutic avenues 

(257). α-LA considerably reduces oxidative stress by limiting lipid and protein 

oxidation and significantly inhibits free radical production (258) In this study, the 

oxidative stress level of AD groups treated with DHLA significantly decreased, 

showing the importance of antioxidants in treatment regimes. 

Our study’s findings are consistent with prior studies revealing that Al 

exposure causes tau protein aggregation (259–261). This aggregation is thought to be 

caused by increased oxidative stress, mitochondrial malfunction, and a disruption in 

iron homeostasis (262). However, the precise mechanism behind this process is 

unknown.  

Oxidative stress may directly interact with GSK-3β and cause tau 

phosphorylation and the development of neurofibropathy (263). Under pathological 

conditions, ROS disrupts tau’s normal function, causing it to engage with cyclin-

dependent protein kinase-5 and GSK-3β kinases, resulting in hyperphosphorylation. 

As a result, it loses its capacity to connect to microtubules and accelerates microtubule 

depolymerization, disrupting neuronal signal conduction. Su et al. (2010) 

demonstrated that persistent oxidative stress increases tau phosphorylation in M17 

neuroblastoma cells and plays an important role in nerve fiber disease in vivo. 

Additionally, ROS inhibits PP2A activity, allowing GSK-3β to be activated. Our 

experiments align with previous results (265). Our study highlighted that the presence 

of DHLA reduced oxidative stress. Consequently, the PP2A and PP1AC activity was 

regulated, reducing tau and GSK-3β. 

The Akt pathway supports neuronal survival, whereas its blockage causes 

neuronal death. Akt has a wide range of biological effects, mostly by boosting the 

phosphorylation of Bax (one of the Bcl-2 family’s apoptotic promoters), mammalian 

target of rapamycin (mTOR), GSK-3β, and other downstream substrates (266). 
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Downregulation of Akt with increased GSK-3β activity is linked to brain dysfunction 

and neuropathophysiological alterations. GSK-3β, in its active state, translocate from 

the cytoplasm to the nucleus and causes apoptotic effects (267). Zhu et al. (268) 

demonstrated that/GSK-3β/β-catenin signaling pathway activation mitigates neuronal 

apoptosis triggered by Aβ. In the present study, exposure to Al has caused a decrease 

in Akt level and increased GSK-3β activity. In contrast, treatment by DHLA 

significantly increased the Akt and decreased the GSK-3β, showing that Al exposure 

dysregulates GSK-3β/Akt pathway. Our results are consistent with the findings of 

Huang et al. (2017) which reported that one of the pathways behind Al toxicity in the 

PC12 cell line is the change in Akt/GSK-3β pathway. 

Wnt signaling is important in the nervous system, from early patterning to 

higher functions such as synaptic plasticity and memory in the adult brain. Several 

Wnt pathway components, like Wnt ligands (Wnt2, Wnt4, and Wnt9a), as well as 

transcription factors lymphoid enhancer-binding factor 1 (Lef1) and transcription 

factor 3 (Tcf3), are down-regulated in the elderly rodent brain. Wnt3 and Wnt3a 

expression in the dentate gyrus area of the hippocampus decreases between 1 and 22 

months of age. Furthermore, there is a distinct decrease in canonical Wnt signaling in 

the hippocampus of elderly rats where disheveled segment polarity protein 2 (Dvl2), 

Axin2, and nuclear β-catenin are downregulated by age (269). Reduced Wnt signaling 

increases GSK-3β activity, contributing to tau hyperphosphorylation. GSK-3β 

overexpression in the brain induces neurodegeneration and learning impairments 

(269,270). The Wnt signaling pathway was impaired in our AD groups, indicating 

decreased Wnt activity as a possible mechanism involved in AD development. The 

reported increased activity of GSK-3β in our study is evidence to conclude that Wnt 

signaling has been suppressed in AD. 

Along with AD groups, a decrease in the Wnt signaling pathway was also 

observed in cells exposed to Al. This may indicate that an impaired Wnt signaling 

pathway might be an underlying mechanism behind the neurotoxicity of Al. Treatment 

with DHLA, especially in the AD and Al groups, improved Wnt signaling. As a result, 

DHLA reduced the activity of GSK-3β, and Wnt signaling improved in all DHLA-

treated cells. 
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5.5. Metformin 

Numerous studies have demonstrated that insulin resistance contributes to 

advancing two primary clinical characteristics of AD, Aβ and NFTs (271,272). Brain 

insulin levels and their binding to the insulin receptor decline with ageing and are 

significantly lower in the brains of individuals with AD than those without the 

condition (273). AD patients exhibit reduced CSF insulin and insulin resistance levels 

to prolonged peripheral hyperinsulinemia and decreased insulin transport across the 

BBB (274). Moreover, the buildup of Aβ oligomers can impede the self-

phosphorylation of the insulin receptor (IR). These oligomers can also notably 

diminish the levels and functioning, resulting in the loss of dendritic structures and 

synaptic connections (275). Chronic hyperinsulinemia has also been reported in 

impaired memory and cognition (276).  

Insulin resistance triggers microglial activation and inflammation, involving 

changes in microglial characteristics and responses. This condition shares a common 

molecular feature with AD, which is elevated levels of AGEs. When AGEs bind to 

cellular receptors, they promote tau hyperphosphorylation through GSK-3β activation 

and activate the NF-κB pathway, producing pro-inflammatory cytokines (274). Pro-

inflammatory cytokines contribute to an elevation in the accumulation of Aβ. This, in 

turn, amplifies the influx of calcium ions, resulting in heightened tau phosphorylation 

mediated by GSK-3 and suppression of IR tyrosine kinase signaling. Elevated calcium 

levels stimulate the activation of Ca2+-Akt, which subsequently phosphorylates IRs, 

thereby exerting a negative regulatory influence on insulin receptors within the brain 

(277). As previously discussed, insulin resistance leads to the generation of ROS. This 

heightened oxidative stress results in the deactivation of the Akt pathway, concurrently 

triggering the activation of GSK-3 downstream and, consequently, leading to the 

excessive phosphorylation of the tau protein (278,279). The accumulation of Aβ and 

the excessive phosphorylation of tau play a role in a self-reinforcing mechanism that 

worsens insulin resistance. This mechanism is driven by heightened oxidative stress, 

neurotoxicity, and impaired synaptic function (280). 

Mice with diabetes and advanced age serve as a compelling model for 

investigating nerve damage, showcasing many neuropathological traits reminiscent of 

AD. These traits encompass diminished Akt activity, neuronal depletion, the buildup 



102 

of tau protein, and the overactivation of GSK-3β. In this context, metformin, known 

for its anti-diabetic properties, emerges as a promising therapeutic avenue. It holds the 

potential to be harnessed in the realms of ageing and neurodegenerative conditions, 

offering a means to mitigate or alleviate these detrimental effects. A recent study by 

Chen et al. (281) showcased metformin's remarkable potential in mitigating oxidative 

stress and reducing Aβ accumulation in the hippocampus of db/db mice. Additionally, 

Li et al. (282) highlighted metformin's capacity to enhance brain bioenergetics and 

improve cognitive function in non-diabetic mice. Building upon these pivotal insights, 

our investigation delved into how metformin impacts SH-SY5Y cells. Our results yield 

promise, demonstrating that metformin exposure significantly reduced oxidative stress 

levels and a noteworthy amelioration of AD. It is worth noting that sub-chronic 

exposure to Al in mice has been documented to disrupt glucose metabolism, 

consequently inducing alterations in brain energy metabolism and exacerbating the 

toxic effects of Al. This disruption ultimately results in insufficient ATP synthesis, 

neuronal demise, and a decline in cognitive function. However, Song et al. (283) 

observed that metformin could effectively alleviate the energy metabolism disorder 

and cognitive impairment induced by Al exposure. 

In the investigation conducted by Li et al. (284), they employed the SH-SY5Y 

cell line exposed to Aβ as an AD model. Their findings indicated that metformin 

treatment not only halted apoptosis but also orchestrated the regulation of autophagy. 

Additionally, metformin contributed to a reduction in intracellular calcium levels and 

a decrease in the presence of ROS. These effects were attributed to the attenuation of 

neurotoxicity induced by excitatory amino acids and, possibly, the restoration of 

proper autophagy processes through autophagy regulation. 

In the study by Binlateh et al. (285), exposure to metformin in SH-SY5Y cells 

increased ROS levels. However, a noteworthy contrast emerged in our research, as the 

group subjected to metformin treatment exhibited a significant decrease in ROS levels. 

Our research findings provide clear evidence that metformin effectively modulates the 

activity of Akt. Metformin is crucial in promoting neuronal survival by activating the 

Nrf2-HO-1 signaling pathway through the Akt pathway in SH-SY5Y, hence 

facilitating the induction of antioxidative characteristics (286).  
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One of the mechanisms contributing to the neuroprotective benefits of 

metformin involves its influence on GSK-3β and PP2A kinases. In vitro studies have 

consistently indicated that metformin has the potential to reduce tau phosphorylation 

through these pathways (287–289). In addition to in vitro investigations, a few in vivo 

studies have demonstrated metformin's anticancer properties by modulating these 

pathways (289). As our results underscore, metformin exhibited a dual impact on 

GSK-3β and PP2A levels, notably decreasing GSK-3β while increasing PP2A activity. 

This effect was consistent across both Al-exposed groups and the AD model, reducing 

tau phosphorylation. Within the context of AD, it is widely posited that insulin 

resistance plays a pivotal role by instigating the activation of GSK-3β, a kinase of 

significance. This activation, in turn, precipitates the aggregation of Aβ, setting in 

motion a cascade that triggers the hyperphosphorylation of tau proteins (290). This 

intricate sequence of events is central to our understanding of AD pathology. 

To the best of our knowledge, the potential influence of metformin on the Wnt 

signaling pathway, which may underlie its neuroprotective effects, remains 

unexplored. Nevertheless, there have been limited investigations into how metformin 

modulates Wnt signaling in the contexts of cancer (291,292) and diabetes. Studies 

conducted on osteoblasts have provided intriguing insights, revealing that metformin 

can regulate Wnt signaling, reducing inflammation and apoptosis (293). Our research 

findings have contributed to the growing understanding of metformin's impact on Wnt 

signaling. In our study, metformin effectively regulated the Wnt pathway by 

diminishing GSK-3β activity and elevating beta-catenin levels. This dual action on 

GSK-3β and β-catenin subsequently enhanced Wnt signaling, facilitating neurogenesis 

and bolstering cell survival as key outcomes. 

Numerous investigations have demonstrated that metformin's central 

mechanism of action primarily involves inhibiting mitochondrial complex I, also 

known as NADH (294–296). This particular complex is recognized for its significant 

contribution to the generation of ROS within cells(297). Well-documented research 

has established that the blockade of this complex results in a diminished production of 

reactive species stemming from a reduced flow of electrons originating from NADH 

plus H+. Consequently, the evidence strongly suggests that metformin effectively 

lowers endogenous ROS levels within the mitochondria. Moreover, metformin was 
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able to reduce SOD, and CAT enzyme expression in rats. However, no difference in 

Gpx or GSH activity was reported (298).  

Furthermore, in a study by Diniz Vilela et al. (298), it was observed that 

metformin could decrease the expression of SOD and CAT enzymes in rats, although 

no discernible difference in Gpx or GSH activity (299,300) was noted. Our 

investigation found that metformin significantly impacted both Al-exposed groups and 

AD-affected groups, which initially exhibited high ROS levels. Metformin treatment 

resulted in a substantial increase in total antioxidant capacity, a reduction in MDA and 

protein oxidation, and a notable elevation in GSH levels. These findings underscore 

the potent antioxidant properties of metformin.  Reduced MDA levels have been 

reported in diabetic patients using metformin (299). Metformin also increases the Akt 

phosphorylation (300), as shown in the results, which plays a crucial role in preserving 

mitochondrial integrity and enhancing the capacity to withstand damage caused by 

inflammation and oxidative stress. In AD, reduced glucose metabolism and impaired 

glucose uptake by neurons have been reported to increase oxidative stress and Aβ 

plaques. Metformin administration has been shown to reduce oxidative stress and ROS 

damage in these cases. Metformin also induces autophagy by activating the AMPK 

pathway and reducing Aβ plaques (300). 
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6. CONCLUSION 

The need for cell culture models that faithfully replicate fully developed human 

neurons is paramount in the field of neuroscience. While human neural crest stem cells 

hold promise in this regard, their application is riddled with challenges. Beyond ethical 

concerns, it's crucial to recognize their susceptibility to precise culturing conditions 

and their notable variability in culture. This study introduces an innovative strategy for 

inducing differentiation in a widely accessible human neuroblastoma cell line, 

transforming them into cells closely resembling mature human neurons in patients with 

Alzheimer's disease. The differentiation of SH-SY5Y cell lines through the application 

of retinoic acid and BDNF offers a reproducible and readily available methodology 

that is also cost-effective. These attributes render it highly suitable for investigating 

critical cellular structures and processes in the field of neuroscience. Notably, our 

model effectively captures two pivotal hallmarks of Alzheimer's disease: the formation 

of senile plaques and hyperphosphorylated tau. The cellular morphology remained 

consistent throughout the experiment, and cell survival rates were maintained as 

intended. While some researchers have argued against using SH-SY5Y in elucidating 

Alzheimer's disease's primary molecular mechanisms, our study has demonstrated that 

this cell line can fully express the specific molecular mechanisms targeted in our 

project. 

Among the many risk factors associated with Alzheimer's disease, aluminum 

occupies a significant position due to its pervasive presence in our daily lives. 

Exposure to aluminum occurs readily and abundantly through commonplace sources 

such as household items, building construction materials, vaccines, and even drinking 

water. An alarming aspect is aluminum's ability to traverse the BBB and accumulate 

within the brain easily. Even minimal, chronic exposure to this metal elevates the risk 

of aluminum-induced neurotoxicity, a condition implicated in developing 

neurodegenerative diseases, including Alzheimer's. We also have shown that 

aluminum would show its neurotoxicity by dysregulating Wnt signaling and impairing 

the neurogenesis. 

In the realm of scientific literature, researchers have predominantly employed 

aluminum chloride or aluminum malate as agents to investigate aluminum-induced 

toxicity. However, our investigation ventured into relatively uncharted territory by 
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utilizing aluminum hydroxide, an adjuvant commonly found in vaccines. This choice 

allowed us to reveal a crucial insight: irrespective of the specific aluminum compound 

employed, and there exists a concerning potential for the induction of 

neurodegenerative disorders and harm to the human body. Our findings underscore the 

significance of comprehensively assessing the impact of various aluminum 

formulations on health and the potential risks they may pose. 

Naltrexone, an opioid antagonist, has recently garnered significant attention 

among researchers due to its potential as a neuroprotective agent. This interest arises 

from its ability to safeguard against neuroinflammation, particularly in lower doses 

than those typically used as an antidote. Remarkably, naltrexone has not undergone 

testing in any Alzheimer's disease models thus far, and our study is poised to serve as 

a crucial reference point for future investigations. 

In our research, naltrexone displayed promising outcomes by effectively 

reducing oxidative stress within our model. This outcome holds the promise that 

forthcoming studies, both in animal models and later in clinical settings, may unveil 

new possibilities for applying this medication in neurodegeneration. Although more 

detailed, dose-dependent in vivo and in vitro studies are necessary to pinpoint the 

optimal form and dosage for administering this medication, our work has illuminated 

the path for future research endeavors. 

The encouraging effects of naltrexone in diminishing tau protein levels, a 

hallmark feature in aluminum toxicity and Alzheimer's disease have opened up fresh 

avenues for exploring other elements within the GSK and Wnt signaling pathways. 

This revelation offers exciting prospects for further investigations into the intricate 

molecular mechanisms that underlie these conditions. 

Our research findings have illuminated a compelling discovery: the direct 

addition of dihydrolipoic acid to the media can substantially mitigate the toxicity 

induced by aluminum. This intervention led to a dramatic reduction in oxidative stress 

and a noteworthy increase in total antioxidant capacity. These outcomes strongly 

suggest that incorporating this compound into the diet of individuals may serve as a 

protective measure against Alzheimer's disease or potentially ameliorate its symptoms. 

Interestingly, dihydrolipoic acid can be readily administered through 

supplements, eliminating the need for the intermediate step of metabolizing α-lipoic 
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acid into dihydrolipoic acid. We propose that this approach could yield faster and more 

effective results. Despite being primarily recognized as an antioxidant, with its primary 

function centered on reducing ROS and oxidative stress, dihydrolipoic acid also 

exhibited a potent chelating effect. This ability to effectively mitigate the neurotoxic 

effects of aluminum highlights its multifaceted properties. 

Surprisingly, there is a scarcity of information concerning the impact of this 

compound on various molecular pathways. Consequently, our project has not only 

shed light on its potential but has also opened up exciting new avenues for researching 

the influence of this antioxidant on different pathways, expanding our understanding 

of its broader effects. 

Metformin, a widely recognized medication in the treatment of diabetes, has 

displayed encouraging potential in mitigating aluminum toxicity within our 

Alzheimer's disease model. While existing literature has offered limited insights into 

the impact of metformin on the Wnt signaling pathway, our research has illuminated a 

novel dimension. We have demonstrated that metformin possesses the capacity to 

engage this pathway, suggesting that its neuroprotective effects may be mediated 

through this intricate mechanism. Furthermore, metformin's interaction with GSK-3β 

holds promise in reducing two critical hallmarks of Alzheimer's disease: amyloid-beta 

aggregation and tau hyperphosphorylation. This multi-faceted role of metformin 

introduces a promising avenue for further exploration in the quest to combat this 

debilitating neurodegenerative condition. 

Parallel in vivo and in vitro studies for all of these xenobiotics with different 

concentrations and incubation periods with different concentrations of aluminum will 

be the most important further study topics of this project. The exact phosphorylation 

site of the GSK-3β and β-catenin activated in aluminum toxicity would be another 

topic to investigate.  
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