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Abstract 
Background: Neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease 

and related syndromes represent a growing global health burden with current therapies largely 

limited to symptomatic relief rather than disease modification. By 2025, increasing evidence 

indicates that mono-target pharmacological approaches fail to address the interconnected 

cellular dysfunctions underlying neurodegeneration, including oxidative stress, mitochondrial 

failure, chronic neuroinflammation, impaired autophagy and synaptic disintegration.  

Objective: This review aims to critically evaluate β-sitosterol as a multi-target neuroprotective 

phytosterol and elucidate its role in modulating key cellular signalling pathways involved in 

neurodegenerative progression.  

Methods: Recent experimental and translational studies were systematically analysed to assess 

the molecular mechanisms through which β-sitosterol regulates neuronal and glial signalling 

networks with emphasis on antioxidant defence, inflammatory modulation, mitochondrial 

stabilization and proteostasis control.  

Results: β-Sitosterol demonstrates pleiotropic neuroprotective actions through activation of 

Nrf2-ARE signalling, suppression of NF-κB-mediated neuroinflammation, modulation of 

PI3K/Akt/GSK-3β survival pathways and restoration of AMPK-mTOR-regulated autophagy. 

Its structural similarity to cholesterol further enables regulation of membrane lipid rafts, 

synaptic integrity and calcium homeostasis, collectively enhancing neuronal resilience across 

multiple neurodegenerative models.  

Conclusion: β-Sitosterol emerges as a promising disease-modifying neuroprotective agent 

capable of restoring cellular signalling balance rather than targeting isolated pathological 

endpoints, supporting its potential role in next-generation neurotherapeutic strategies. 
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1. Introduction 

Despite major advances in neuroscience and molecular medicine, neurodegenerative disorders remain among the most 

challenging diseases to prevent or treat effectively. Aging of population, metabolic dysregulation and chronic neuroinflammatory 

stress contribute to the persistent increase of such conditions like Alzheimer disease (AD), Parkinson disease (PD) and related 

neuro degeneration syndromes throughout the world in general. Despite the existence of a number of such pharmacological 

compounds that are already clinically used, the majority of treatments are symptomatic but not disease-modifying and provide 

few long-lasting neuroprotective effects [1]. By the year 2025, it has become clearer that mono-target therapeutic modalities are 

not able to respond to the multiple layered dysfunctions of cells underlying progressive neuronal degeneration. This 

understanding has transformed research emphasis to multi-target signalling-based interventions that can restore cellular 

homeostasis and not just the suppression of individual pathological characteristics. In this dynamic therapeutic environment, 

neuroprotective compounds have been demonstrated to be beneficial and bioactive phytosterols, especially, β-sitosterol have 
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gone further to emerge as promising therapeutic agents [2]. β-

sitosterol is traditionally known as an anti-inflammatory and 

cholesterol lowering agent in peripheral tissues but now this 

compound is attracting interest on its central nervous system 

(CNS) action. Recent support of lipidomic and membrane 

biology has shown that sterol like molecules is able to 

regulate the neuronal membrane architecture, receptor 

clustering and intracellular signal cascades involved in 

neuronal survival. In comparison with traditional 

neuroprotective agents that operate subsequent to damage 

incurring irreversible harm, β-sitosterol seems to regulate 

early stress responses in cells and therefore should be viewed 

as a disease-modifying agent in contrast to a symptomatic 

adjunct [3]. 

Neurodegeneration is no longer considered as a disorder of 

neurons but as a failure at the systems level which brings in 

the involvement of neurons, glial cells, mitochondrial 

networks and proteostasis machinery. Interaction Oxidative 

stress, mitochondrial dysfunction, chronic 

neuroinflammation, impaired autophagy and synaptic 

disintegration are interplaying factors that enhance neuronal 

loss. The processes are related to each other by tight 

regulation signalling pathways that include PI3K/Akt, 

AMPK mTOR, NF-κB and Nrf2 and that together decide the 

fate of neurons in stress. Drugs that can mediate a 

combination of more than one signalling axis have therefore 

become of growing interest in modern neuropharmacology 

with β-sitosterol having been shown to mediate multiple of 

them and implying a wider neuroprotective profile than 

single target therapies. The developing experimental data has 

shown that β-sitosterol has antioxidant effects acting through 

the promotion of endogenous defence mechanisms, 

stabilization of mitochondrial activity and suppression of 

CNS pro-inflammatory events signalling [4, 5]. Moreover, it is 

structurally similar to cholesterol and thus it can be 

incorporated into neuronal membranes affecting lipid raft 

dynamics and synaptic signalling ability. The properties are 

especially applicable when it comes to neurodegenerative 

diseases in which membrane destabilization and synaptic 

impairment cause neuronal death to occur. β-sitosterol 

consists of an exceptional category of neuroactive 

phytochemicals by acting in the area crossing membrane 

biology and intracellular signalling, capable of involved 

disease paths at an early stage [6]. 

The concept of neuroprotection has broadened by 2025 

beyond the principle of neuronal survival, with the additional 

aspects of neuronal synaptic integrity, the mechanisms by 

which the manners in which the nervous systems respond to 

glial signals, neural metabolic flexibility. In its regard, the β-

sitosterol is consistent with the new paradigms of network 

resilience as opposed to isolated molecular targets. The 

review will be a systematic study of the molecular pathways 

of action of β-sitosterol in cellular signalling pathways that 

alter neurodegeneration, including its effects in controlling 

oxidative stress, neuroinflammation, mitochondrial 

protections and proteostasis. The incidences of such 

mechanisms are required to analyse the transnationality of β-

sitosterol as a multi-target neuroprotective agent in future 

generation of neurodegenerative disease therapeutics [7, 8]. 

 

2. Neurodegeneration Associated Cellular Dysregulation 

and Therapeutic Gaps 

Neurodegenerative diseases are commonly known to be 

disorders of converging cellular failures instead of single 

pathway diseases by the year 2025. The resultant effect of the 

collective action of oxidative stress, mitochondrial 

dysfunction, chronic neuroinflammation and destruction of 

protein quality control systems is progressive neuronal loss. 

The processes change over years and gradually overwhelmed 

the compensatory mechanisms and resulted in the irreversible 

synaptic and neuronal damage. The current modes of therapy 

which are primarily aimed at changing neurotransmitter 

levels or alleviating symptoms do not break such upstream 

pathological mechanisms. This has resulted in persistence of 

the disease process despite clinical interventions, thus 

creating a priori the pressing need to develop therapies that 

will have the ability to attack the core cellular processes [9]. 

Biological heterogeneity in the disease processes of regions 

of the brain and cell types is one of the major obstacles to 

neurodegeneration therapy. The response of neurons, 

astrocytes, microglia and oligodendrocytes to stress signals is 

different but they interrelate to determine disease pathways. 

Ineffective communication between these cells increases the 

pathological signalling particularly in cases where initially 

localised cell damage would result in wide spread damage of 

the neural networks. Also, numerous neurodegenerative 

processes proceed concurrently and cause overlapping and 

reinforcing loops of injury. As an illustration, the oxidative 

stress aggravates the mitochondrial dysfunction thereby 

facilitating the neuroinflammatory activity and misfolding of 

proteins [10]. It is due to this interconnectedness that there has 

always been a lack of clinical efficacy of mono target drugs. 

The other significant therapeutic gap is the time the 

intervention. Neurodegenerative disorders are commonly 

diagnosed when significant neuronal damages have already 

taken place and therefore neuroprotective treatments will not 

be effective in diseases diagnosed at an advanced stage. 

Molecular changes right at the beginning of the disease 

including redox imbalance, bioenergetic stress in 

mitochondrion and dysfunctioning autophagy, happen 

multiple years before clear clinical symptoms show up. 

Treatments that are capable of normalizing these anomalies 

of early cellular anticipation can thus have exceptionally 

greater disease-limiting prospects. This discovery has 

overcome the focus of research to agents that regulate 

signalling pathways that drive cellular resilience and changes 

to stress instead of late-stage pathological phenotypes [11, 12]. 

In this context, pleiotropic signalling compounds that are 

produced naturally, such as β-sitosterol have become the 

focus again. β-sitosterol is a compound that stimulates several 

cellular pathways that are associated with neurodegeneration. 

The underlying pathophysiological mechanisms that underlie 

the neuronal susceptibility need to be comprehended to 

contextualize the neuroprotective property of beta-sitosterol 

and other multi-target agents. The next subsections explore 

the main cellular functions behind neurodegenerative 

pathology and the weaknesses of the existing treatment 

approaches. Moreover, new systems neuroscience models 

highlight that neurodegeneration is an outcome of systems  
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signs of failure of adaptive signalling networks but not of 

single events of neurological toxicity. The resistance to 

metabolic stress and environmental toxins in the long run, 

together with the molecular drift of cells, gradually diminish 

the buffering capacity of cells [13]. The cumulative nature of 

these insults causes neuronal signalling to change to 

maladaptive states that involve chronic stress kinase 

activation and loss of trophic support. Notably, in the initial 

phases these transitions can be reversed which also implies a 

rather important therapeutic time frame in which intervention 

can occur. Thus, contemporary neuroprotective approaches 

are taking an increased goal of supporting intrinsic resilience 

pathways that uphold cellular homeostasis when exposed to 

chronic stress as opposed to addressing end-stage 

pathological outcomes [14]. 

 

2.1. Oxidative Stress, Mitochondrial Dysfunction and 

Redox Collapse 

One of the primary causes of neurodegeneration is oxidative 

stress which occurs due to the disruption of the balance 

between the production of reactive oxygen species (ROS) and 

the mechanisms of endogenous antioxidants. Deficiency in 

antioxidative defence mechanisms due to their high 

metabolic rates and large lipid content in neurons and low 

regenerative abilities make neurons especially vulnerable to 

oxidative damage. Overproduction of ROS destroys lipids, 

proteins and nucleic acids of cells, eventually exerting 

adverse effects on the neuron viability. Oxidative stress is not 

simply a consequence of neuronal injury in 

neurodegenerative disease but it is a participant in the disease 

process as well as disease initiation and progression [15, 16]. 

Mitochondria are a critical part of the process as they are the 

primary source and the primary target of ROS. The 

mitochondrial dysfunction contributes to the hampered 

oxidative phosphorylation, low ATP generation and higher 

electron leakage contributing to the multiplication of ROS. 

This forms a vicious energy depletion and oxidative 

destruction cycle. Mitochondrial disturbances such as the 

disturbance of fission-fusion balance and dysfunctional 

mitophagy increase neuronal susceptibility. Notably, calcium 

buffering capacity is also impaired by the mitochondrial 

dysfunction and thus it adds to the excitotoxic signalling and 

synaptic failure [17]. 

Although symptoms of oxidative stress have been widely 

implemented in neurodegeneration, antioxidant treatment has 

demonstrated low clinical efficacy. To a great extent, this 

failure indicates the failure of traditional antioxidants to 

access pertinent intracellular reduces or alter the pathways of 

regulation higher. Neuroprotective use of SODs should be 

mediated by repair of endogenous redox signalling systems 

but not random scavenging of free radicals. Drugs that can 

regulate transcriptional regulators of antioxidant defines like 

Nrf2 and stabilize mitochondrial activity are thus gaining 

more interest in modern neurotherapeutic studies. The more 

recent data suggests that oxidative stress changes neuronal 

lipid composition affecting the fluidity of the membranes and 

receptor arrangements [18]. Degradation of polyunsaturated 

fatty acids by peroxidation inhibits the fusion process of the 

synaptic vesicles and also reduces the release of 

neurotransmitters in the synapses hence affecting the synaptic 

plasticity in an impaired way. The respiratory chain 

dysfunction further increases further since oxidative damage 

in mitochondrial DNA leads to persistent bioenergetic 

deficits. Furthermore, the redox imbalance disrupts calcium-

dependent signalling pathways that are important in neuronal 

survival. These results support the idea that there is not just 

damaging by oxidative stress but a dynamic restructuring of 

neuronal signalling space which drives the importance of the 

interventions designed to stabilize redox-controlled cell-to-

cell communication [19]. 

 

2.2. Neuroinflammation and Glial-Driven Signalling 

Toxicity 

The role of chronic neuroinflammation has now been 

considered a major cause of neurodegenerative disease 

progression. Although acute inflammatory reactions can be 

beneficial, the pro-inflammatory cytokine, chemokine and 

pro-inflammatory reactive nitrogen species release by the 

continuous activation of microglia and astrocytes can 

aggravate neuronal damage. This de-stimulated 

inflammatory condition interferes with synaptic homeostasis, 

changes the neuronal excitability and speeds up 

neurodegenerative cascades. Microglial cells are the main 

immune keepers of CNS that is quick responsive to the 

pathological stimuli of protein aggregations and degenerated 

neurons [20]. Microglia in neurodegenerative diseases tend to 

develop a pro-inflammatory phenotype as in which they are 

continuously activated through the NF-κB, MAPK and 

inflammasome pathways. Astrocytes respond to this, in their 

turn entrapping into the reactive transformation of the organs, 

dedicating themselves to the functions of neurotrophic 

support and partaking in inflammatory signalling. The two 

way communication of the microglia and the astrocytes 

create a feed forward loop that perpetuates 

neuroinflammation despite no longer sustaining injury [21]. 

The requirements of multiple and redundant inflammatory 

signalling networks in the brain have been shown to be under 

responsive to the current anti-inflammatory therapies that are 

directed to single pathways or cytokines. Besides, absolute 

inhibition of neuroinflammation can hamper obligatory 

immune check and mentation processes. The focus of 

therapeutic methods should hence focus on restoring the 

balance of the inflammatory responses, but not completely 

down, to zero. The agents that will be able to regulate the glial 

signalling and facilitate the transition to neuroprotective 

phenotypes have become a promising path in disease 

modifying intervention [22]. In addition to the release of 

cytokines, chronic glial response changes metabolic coupling 

between neurons and astrocytes to disturb lactate shuttling 

and energy provision to synapses. Long-term inflammatory 

signalling changes the synaptic pruning processes as well and 

results in the unsuitable removal of functional synapses. The 

molecules produced by microglia as inflammatory factors 

may interfere with neurogenesis as well as suppress synaptic 

restoration, impairing recovery. Also, chronic inflammation 

increases susceptibility to a secondary insult, including 

oxidative stress and excitotoxicity. Such complex 

interactions place neuroinflammation at the forefront as the 

cause and contributor of electro degradation and require that 

therapeutic modulation be performed softly and piece rate [23]. 

 

2.3. Protein Misfolding, Autophagy Failure and 

Proteostasis Breakdown 

The common characteristics of most of the neurodegenerative 

disorders are protein misfolding and aggregation such as the 

AD, the PD and others. Accumulation of misfolded protein 

like amyloid-β, tau and α-synuclein interferes with cellular 

homeostasis, disrupts synaptic activity and causes neurotoxic 
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signalling pathways. These aggregates do not only inhibit the 

functioning of neurons but also glial inflammatory responses 

which increase disease progression.  

Proteostasis under physiological conditions is ensured with 

the coordinated action of the ubiquitin-proteasomes and 

autophagy-lysosomes. In neurodegeneration, there is 

progressive impairment of clearance mechanisms resulting in 

the buildup of toxic protein species [24, 25]. In particular, 

autophagic dysfunction is a harmful condition because 

neurons are very dependent on it, autophagy to get rid of 

degraded organelles and long-lived proteins. Disruption of 

autophagic flux leads to stress on the cell, mitochondrial 

malfunction and augmentation. apoptotic susceptibility. The 

protein aggregation driving force has been mainly the target 

of therapeutic interventions, production or improving 

clearance of the individual pathological proteins. However, 

such interventions have not had uniform clinical results with 

emphasis on wider interventions, policies leading to 

restoration of global proteostasis. Regulation of upstream 

autophagy regulators as the AMPK-mTOR axis provides, is 

a more comprehensive way to treat the aspect of proteostasis 

failure. Agents that have the capability of reactivating 

autophagic pathways but maintain cellular viability may has 

extended neuroprotective effects than in common 

neurodegenerative conditions [26]. Recent research indicates 

that neuronal stress signalling is also impaired by the 

disruption of autophagy as well permitting the damage of 

mitochondria and oxidation of proteins to accumulate. This 

accumulation increases cells sensitivity to inflammatory and 

oxidative injuries. Defective lysosomal function also reduces 

the ability to degrade thus causing congestion inside the cells 

altered trafficking. Notably, autophagy overlaps synaptic 

maintenance as it is impaired, clearance mechanisms have 

undesirable effects on plasticity and synaptic protein 

turnover. These insights highlight proteostasis as a clearance 

mechanism but an important ionic controller of neuronal. 

plasticity which strengthens the field of its application in 

neurodegenerative disease [27].  

 

3. Β-Sitosterol: Molecular Pharmacology and 

Neuroactive Properties 

β-Sitosterol is a plant phytosterol structurally similar to 

cholesterol designed to include an ethyl group at the C24 

position which gives it a specific biological behaviour. 

Although its anti-inflammatory and lipid lowering effects in 

the peripheral tissues have historically been examined, the 

scope of its applicability is currently increasingly abundant in 

the central nervous system. The recent developments in the 

sterol biology and membrane signalling have shown that 

phytosterols are not biologically neutral in the neural tissue 

but instead they are involved in cellular homeostasis 

regulation. β-sitosterol has become a prospective 

neuroprotective molecule based on its ability to regulate 

oxidative balance, inflammatory signalling, mitochondrial 

stability and proteostasis networks [28]. 

 

Table 1: Cellular dysfunctions targeted by β-sitosterol [29-35] 

 

Pathological Process 
Key Molecular Events in 

Neurodegeneration 
β-Sitosterol Modulatory Action Neuroprotective Outcome 

Oxidative Stress 

Excess ROS generation, lipid peroxidation, 

reduced glutathione (GSH), mitochondrial 

DNA damage 

Activates Nrf2–ARE signalling, 

enhances SOD, CAT, GPx 

expression 

Reduced oxidative injury, 

preserved neuronal redox 

balance 

Mitochondrial 

dysfunction 

Loss of mitochondrial membrane potential 

(ΔΨm), ATP depletion, cytochrome-c release 

Stabilizes mitochondrial membranes, 

improves oxidative phosphorylation 

efficiency 

Prevention of intrinsic 

apoptosis and energy failure 

Neuroinflammation 
Microglial M1 polarization, elevated TNF-α, 

IL-1β, IL-6, COX-2 induction 

Suppresses NF-κB and STAT3 

signalling, promotes M2 microglial 

phenotype 

Attenuation of chronic 

neuroinflammatory damage 

Protein misfolding and 

aggregation 

Accumulation of Aβ plaques, α-synuclein 

fibrils, hyperphosphorylated tau 

Enhances autophagy and proteostasis 

via AMPK–mTOR inhibition 
Reduced toxic protein burden 

Impaired autophagic 

flux 

Lysosomal dysfunction, reduced LC3-II 

turnover, p62 accumulation 

Restores autophagic clearance 

pathways 

Improved neuronal survival and 

homeostasis 

Apoptotic signalling 
Bax upregulation, caspase-3 activation, 

neuronal cell death 

Activates PI3K/Akt, suppresses 

Bax/Bcl-2 imbalance 

Inhibition of programmed 

neuronal loss 

Synaptic dysfunction 
Loss of synaptic proteins (PSD-95, 

synaptophysin), Ca²⁺ dysregulation 

Stabilizes membrane lipid rafts and 

calcium homeostasis 

Preservation of synaptic 

plasticity and cognition 

Cholesterol 

dyshomeostasis 

Altered lipid raft composition, disrupted 

neurotransmitter receptor clustering 

Mimics cholesterol structure, 

modulates membrane fluidity 

Improved receptor signalling 

and synaptic integrity 

 

In contrast to classical neuroprotective drugs that have a 

specific enzyme or receptor as the target, β-sitosterol have a 

pleiotropic action acting in various cellular compartments. 

This is due to its lipophilic nature and downstream effects to 

cytosolic and nuclear signalling pathways. This multi-level 

interaction is consistent with the modern concept of 

neurodegeneration as a systems-level condition that is caused 

by the interchanges maladaptation of molecular interactions. 

Notably, β-sitosterol has also been found to analogously exert 

an effect on adaptive stress responses instead of countering 

end stage pathology. There is current pharmacological 

interest in β-sitosterol because it has a good safety profile and 

a high dietary exposure. However, in contrast to most 

synthetic neuroprotective agents, β-sitosterol has been shown 

to have low systemic toxicity which renders it an appealing 

choice in long term intervention of chronic 

neurodegenerative diseases. Its translational biomodulator 

impact can thus only be assessed by comprehending its 

molecular pharmacology [36, 37]. 

 

3.1. Chemical Structure, Brain Bioavailability and 

Membrane Dynamics 

Structurally, β-sitosterol is very similar to cholesterol and is 

able to conform to lipid bi-layer and affect the organization 

of membranes. Membranes of neurons are abundant in 

cholesterol-dependent microdomains, also known as lipid 
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rafts that provide a platform on which receptors cluster and 

in intracellular signals. A change in the composition of the 

membrane sterols can greatly influence the synaptic 

transmission, receptor sensitivity and efficiency in signalling. 

After binding into these microdomains, β-sitosterol can either 

regulate membrane fluidity and stabilize synaptic 

architecture during stress [38]. It is historical that the 

bioavailability of the brain has been the cause of the lack of 

interest in phytosterols as neuroactive agents. Nonetheless, 

recent evidence involves β-sitosterol being capable of 

penetrating the blood brain barrier to an appreciable degree 

especially with conditions of heightened permeability of 

aging and neurodegenerative pathology [39]. There is also 

possible distribution in the neural tissue by means of transport 

mechanisms that involve sterol binding proteins. Even 

though concentrations in the brain are smaller than periphery 

concentrations, relatively a small accumulation will have 

great biological impact as it can be amplified by signalling 

cascades. Membrane associated actions of β-sitosterol extend 

beyond structural stabilization. The effects of β-sitosterol on 

calcium signalling, synaptic plasticity and neuronal 

excitability may be indirectly through the action of 

influencing the cholesterol dependent receptor systems such 

as glutamatergic and neurotrophic receptors. All these 

membrane-based effects put β-sitosterol as a modulator of 

early pre-synaptic dysfunction, one of the main events before 

neuronal loss in most neurodegenerative disorders [40]. 

 

3.2. Antioxidant and Mitochondrial Signalling 

Modulation 

The antioxidant activity of β-sitosterol is potent and achieved 

not directly by the scavenging effect of the free radical but by 

modulating the endogenous defensive processes of the cells. 

Among its most vivid ones is activation of redox sensitive 

transcription factors like nuclear factor erythroid 2-related 

factor 2. Nrf2 activation results in the upregulation of 

antioxidant enzymes, such as superoxide dismutase, catalase 

and heme oxygenase-1 and enhances resilience to oxidative 

stress by the intrinsic cellular capability. On a mitochondrial 

scale, β-sitosterol has been reported to maintain membrane 

potential, lessen the formation of excessive amounts of ROS 

and enhance bioenergetic efficiency. Its effects are especially 

indicated in neurons when dysfunction of the mitochondria is 

immediately converted to synaptic failure and apoptosis [41]. 

By stabilizing mitochondrial dynamics and promoting 

efficient oxidative phosphorylation, β-sitosterol helps 

maintain ATP availability required for synaptic transmission 

and neuronal maintenance. Notably, also the area of 

mitochondrial protection overlaps with the area of calcium 

homeostasis. Oversaturation of calcium influx which is 

commonly seen in neurodegenerative diseases attenuates 

mitochondrial stress and activates apoptotic pathways. β-

Sitosterol mediated regulation of mitochondrial signalling 

may hence contribute to lower excitotoxicity and better 

neuronal survival. These mitochondrial actions bring to the 

fore the effect of β-sitosterol as a cellular energy balance 

controller and not as a mere antioxidant [42]. 

 

3.3. Neuroinflammatory Suppression and Glial 

Reprogramming 

In addition to its antioxidant properties, β-sitosterol has 

strong anti-inflammatory activity in the CNS. One of the 

characteristic neurodegenerative pathological events is 

chronic activation of inflammatory signalling pathways like 

the NF-κB and STAT3 which lead to reduced expression of 

pro inflammatory cytokines (TNF-α, IL-1β and IL-6). β-

Sitosterol has been demonstrated to suppress these pathways. 

This inhibition lowers the neurotoxic environment that 

promotes the destruction of the neurons. The microglial cells 

are specifically concerned with sterol-based signalling 

modulation [43]. β-Sitosterol also seems to induce phenotypic 

modification of pro-inflammatory, neurotoxic, microglial 

cells to a more restorative, neuroprotective type. This 

reprogramming undergoes by attenuating the inflammatory 

amplification but without miscellaneous immune 

surveillance abilities. This effect can also extend to astrocytes 

and this group of cells can be recovered in terms of the 

restoration of metabolic and trophic signalling to neurons due 

to less inflammatory activation [44]. The selective effect of β-

Sitosterol on restoring the balance of glial signalling instead 

of causing a generalised anti-inflammatory effect is a vital 

benefit over the traditional anti-inflammatory agents. 

Through the upstream signalling regulators, β-Sitosterol 

enhances a balanced inflammatory response that enables 

neuronal regeneration and synapse maintenance. This effect 

on neurons and glial cells forms the basis of its possible use 

as a holistic neuroprotective agent which may prevent both 

inherent neuronal susceptibility and external inflammatory 

stressors [45]. 

 

 
 

Fig 1: β-Sitosterol-driven neuroprotective signalling network 

 

4. Β-Sitosterol Mediated Neuroprotective Signaling 

Networks 

Neuroprotection is coming to be more conceptualised as a 

product of a co-ordinated modulation within interconnected 

signalling networks and not a product of specific pathway 

inhibition. Complex crosstalk of metabolic, inflammatory 

and proteostatic signalling axes of neuronal survival, synaptic 

maintenance and adaptive responses to stresses dictate the 

behaviour of neurons in pathological settings.  
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β-sitosterol represents one such network-based mode of 

action, as it intersects a number of intracellular pathways 

which together determine neuronal survival, adaptive 

response to stresses under pathological conditions. β-

sitosterol also does not work as a direct agonist or antagonist 

as it acts as a signalling modulator, it fine tunes the pathway 

activity and replenishes cellular equilibrium [46, 47]. 

 

Table 2: Neuroprotective signalling pathways modulated by β-Sitosterol [48-55] 

 

Signalling Pathway 
Pathological Dysregulation in 

Neurodegeneration 
β-Sitosterol–Mediated Modulation 

Functional Neuroprotective 

Outcome 

Nrf2-ARE antioxidant 

pathway 

Suppressed Nrf2 nuclear translocation, 

reduced antioxidant enzyme expression 

Promotes Nrf2 activation and ARE 

binding; upregulates SOD, CAT, 

HO-1, GPx 

Enhanced cellular antioxidant defense, 

reduced oxidative neuronal damage 

NF-κB inflammatory 

signalling 

Chronic NF-κB activation driving TNF-

α, IL-1β, IL-6 overproduction 

Inhibits IκBα degradation and p65 

nuclear translocation 

Attenuation of neuroinflammation and 

cytokine-mediated neurotoxicity 

PI3K/Akt/GSK-3β 

survival axis 

Reduced Akt phosphorylation, 

hyperactivation of GSK-3β leading to 

tau pathology 

Activates Akt and inhibits GSK-3β 

phosphorylation 

Prevention of neuronal apoptosis and 

reduced tau hyperphosphorylation 

AMPK-mTOR 

autophagy pathway 

mTOR hyperactivation suppressing 

autophagic clearance 

Activates AMPK and downregulates 

mTOR signalling 

Restoration of autophagy and 

clearance of misfolded proteins 

MAPK 

(p38/JNK/ERK) 

signalling 

Stress-induced p38 and JNK 

overactivation promoting neuronal death 

Select selectively suppresses stress-

activated MAPKs 

Reduced stress-mediated apoptosis 

and inflammation 

Caspase-dependent 

apoptotic cascade 

Elevated caspase-3, caspase-9 activation 

leading to neuronal loss 

Downregulates caspase activation 

via mitochondrial stabilization 
Inhibition of intrinsic apoptosis 

Calcium signalling 

pathways 

Intracellular Ca²⁺ overload causing 

excitotoxicity 

Stabilizes membrane channels and 

Ca²⁺ homeostasis 

Protection against excitotoxic 

neuronal injury 

Cholesterol/lipid raft 

signalling 

Altered membrane microdomains 

affecting receptor clustering 

Modulates lipid raft composition 

due to sterol mimicry 

Improved synaptic receptor signalling 

and plasticity 

Neurotrophic signalling 

(BDNF/TrkB) 

Reduced neurotrophic support in aging 

and neurodegeneration 

Indirect enhancement of 

neurotrophic signalling 

Improved synaptic maintenance and 

cognitive resilience 

 

Neurodegenerative disorders are distinguished by the 

imbalance in signalling, pro-death and pro-inflammatory 

processes prevail over the survival mechanisms. This 

signalling landscape rebalances with β-sitosterol is what 

renders the latter neuroprotective. Cellular and preclinical 

models put forward the evidence that β-sitosterol has the 

capability to simultaneously promote pro-survival cascade, 

inhibit stress activated kinases, as well as restore homeostatic 

feedback loops. Such systems level modulation is especially 

pertinent considering the redundancy and plasticity of the 

neuronal signalling networks which routinely circumvent the 

interventions through single target [56]. 

 

4.1. PI3K/Akt/GSK-3β Axis and Neuronal Survival 

Signalling 

Akt pathway is an extensive regulator of neuronal survival, 

growth and synaptic plasticity. Akt activation is associated 

with cell survival which suppresses apoptotic factors and 

improves metabolic efficiency. Dysregulation of this 

pathway in neurodegenerative disease has been observed to 

increase neuronal vulnerability to oxidative stress and 

excitotoxic damage. β-Sitosterol has been reported to 

increase Akt phosphorylation and thus strengthen the survival 

signalling of vulnerable neuronal groups. One critical 

downstream target of Akt is glycogen synthase kinase-3β 

(GSK-3β), a kinase implicated in tau hyperphosphorylation, 

synaptic dysfunction and neuronal apoptosis. This 

modulation is able not only to circumscribe tau pathology but 

cytoskeletal integrity and synaptic architecture is also 

stabilized. In addition to its impact on the process of 

apoptosis, the PI3K/Akt/GSK-3β axis also modulates 

neurogenesis and synaptic plasticity. Through these actions, 

the β-sitosterol can play a part in the functional recovery and  

cognitive resilience, other than actively preventing the cell 

death. This ability to facilitate survival, as well as plasticity 

highlights its applicability as an agent modulating disease 

instead of as one of strictly protective agents [57]. 

 

4.2. AMPK-mTOR Autophagy Crosstalk 

Autophagy is a vital quality-control process in neurons and 

helps certain organelles and misfolded proteins to be 

removed. Autophagic activity depends on the balance 

between the AMP-activated protein kinase (AMPK) and 

mechanistic target of rapamycin (mTOR) signalling. The 

AMPK signalling that is impaired and mTOR hyperactivated 

in the chronic state of neurodegenerative diseases inhibits 

autophagic flux, resulting in the piles up of toxic protein 

aggregate. This signalling axis has been demonstrated to be 

regulated by β-Sitosterol which stimulates AMPK and alters 

mTOR. AMPK stimulates energy homeostasis and 

autophagy activation and regulated mTOR inhibition 

removes autophagic inhibition. This dual modulation has the 

effect of the β-sitosterol of restoring the autophagic clearance 

capacity but not causing excessive catabolic stress. 

Autophagy restoration has extensive consequences on protein 

clearance [58]. This process is backed by increased autophagic 

flux facilitating mitochondrial turnover by mitophagy, 

reducing oxidative stress and inhibiting mitochondrial 

inflammatory legendation. These reciprocal advantages are 

congruent with neurodegenerative pathology of a 

multifactorial character. Notably, β-sitosterol seems to 

stimulate a moderate response of autophagy which is not 

harmful as compared to the negative impacts of the 

unregulated induction of autophagy. This rational approach 

offers a contrast to the pharmacological mTOR-blockers 

which tend to have their therapeutic indexes in the slim [59]. 
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4.3. Synaptic Plasticity, Calcium Homeostasis and 

Neurotransmission 

One of the most predictable and the earliest signs of the 

development of the neurodegenerative diseases is synaptic 

dysfunction. Calcium homeostasis disruption, 

neurotransmitter release and synaptic protein loss, are 

antecedents of overt neuronal loss and are strongly linked 

with cognitive impairment, as well as have protective actions 

at the synaptic level which include stabilizing membrane 

composition, regulating receptor-associated signalling and 

inhibiting calcium overload [60]. Overaccumulation of 

calcium within the cell triggers proteins of degradation, 

phospholipid degradation and apoptotic pathways which may 

be regulated by the β-sitosterol mediated control of calcium 

signalling indirectly by stabilizing membrane bound ion 

channels and receptors and indirectly by mitochondrial 

protection which increases calcium buffering capacity. The 

inhibitory effect of calcium. This multi-pronged regulation of 

calcium dynamics means that excitotoxic stress ceases and 

the preservation of the integrity of the synapses [61]. 

Also, it has been shown that β-sitosterol can have beneficial 

effects on long term potentiation synaptic proteins and 

neurotransmission. Preserving synaptic structure and 

synaptic signalling, β-sitosterol promotes functional neural 

networks even during pathological states. All these synaptic 

effects support the idea that neuroprotection should not be 

confined to cell survival, but rather also should be considered 

in terms of maintaining neuronal connectivity and processing 

of information [62]. 

 

5. Disease Specific Implications of Β-Sitosterol 

Although neurodegenerative disorders have similar cellular 

and molecular pathophysiology, each distinct disease has its 

pathological signature and as well as regional vulnerability in 

the brain. Therefore, it is necessary to assess the therapeutic 

utility of a neuro protective agent based on disease specific 

signalling contexts. The accumulating experimental data will 

indicate that β-sitosterol has neuroprotective properties in a 

number of neurodegenerative disorders by modulating 

common upstream pathways but evolves to disease specific 

marrow drivers [63]. This flexibility improves its approval as a 

neuroprotective candidate of wide spectrum. The 

multifactorial nature of neurodegenerative diseases is 

consistent with the pleiotropic effects of β-sitosterol which 

includes antioxidant defence, anti-inflammatory regulation, 

mitochondrial stabilization and proteostasis regulation. 

Instead of aiming at the active presence of one pathogenic 

protein, β-sitosterol seems to reduce the cellular stress 

atmosphere that promotes the development of diseases. 

Reductions to make in major neurodegenerative disease 

Disease-specific implications of β-sitosterol along with its 

potential beneficial impact on disease progression were 

summarized in the following subsections [64]. 

 

5.1. Alzheimer’s Disease 

AD is a progressive mental disorder which is main linked to 

extracellular amyloid-β deposition intracellular tau 

hyperphosphorylation, loss of synapses and sustained 

neuroinflammation. The early pathogenic events which 

include oxidative stress and mitochondrial dysfunction are 

already present and so β-Sitosterol already portrays the 

disease as a disease modifying intervention than a disease 

modifying intervention. Experimental results signify that β-

Sitosterol has the capacity to mitigate amyloidogenic 

handling by matching the activity of membrane related 

secretase and consequently, lowering amyloid-B synthesis 

[65]. Its effects on lipid rafts formation can vary the 

localization and activity of the enzymes of amyloid precursor 

protein processing and it plays a role in reducing plaque 

burden. Similarly, SK-3β activity reduces tau 

hyperphosphorylation, addressing another central 

pathological hallmark of AD. In addition to direct influences 

on protein pathology, β-sitosterol has strong anti-

inflammatory and antioxidant effects in the AD brain. 

Inhibition of overactivated microglia and redox balance 

recovery protect the synapses as well as cognitive 

functioning. All of these effects indicate that β-sitosterol 

might delay the development of the disease with the 

stabilization of neuronal and synaptic conditions and not the 

eradication of the existing pathology [66]. 

 

5.2. Parkinson’s Disease 

The disease being discussed is known as PD and major 

symptoms include the loss of dopaminergic cells in the 

substantia nigra and the presence of aggregates of α-

synuclein. Mitochondrial dysfunction, oxidative stress and 

disrupted autophagy rank among the key factors that drive 

dopaminergic vulnerability as the regulatory impact of β-

Sitosterol on all these associated conditions demonstrates its 

significance in neuroprotection of PD. It has also been 

demonstrated that β-Sitosterol can improve the resilience of 

mitochondria and alleviate oxidative stress in dopaminergic 

cells and maintain cellular energy homeostasis. It’s the 

stimulation of autophagic effects can help to eliminate the 

misfolded α-synuclein, preventing proteotoxic stress. 

Overcoming a life-threatening pathological bottleneck in PD 

progression, β-sitosterol removes autophagic flux restoration. 

It can also be stated that inflammatory signalling contributes 

to PD and activated microglia mediate this secondary injury 

which allows inhibiting the production of pro-inflammatory 

cytokines by β-sitosterol to provide a more conducive 

microenvironment to the survival of neurons. Taken together, 

the above actions indicate that β-sitosterol could be useful as 

a supplement to current dopaminergic treatments by affecting 

the upstream pathways of neuronal death [67]. 

 

5.3. Other Neurodegenerative and Neuroinflammatory 

Disorders 

The disease being discussed is known as PD and major 

symptoms include the loss of dopaminergic cells in the 

substantia nigra and the presence of aggregates of α-

synuclein. Mitochondrial dysfunction, oxidative stress and 

disrupted autophagy rank among the key factors that drive 

dopaminergic vulnerability as the regulatory impact of β-

Sitosterol on all these associated conditions demonstrates its 

significance in neuroprotection of PD. It has also been 

demonstrated that β-Sitosterol can improve the resilience of 

mitochondria and alleviate oxidative stress in dopaminergic 

cells and maintain cellular energy homeostasis [68]. Its 

induction of autophagic mechanisms can mediate the 

clearance of misfolded α-synuclein that lowers the level of 

proteotoxic stress. Overcoming a life-threatening 

pathological bottleneck in PD progression, β-sitosterol 

removes autophagic flux restoration. It can also be stated that 

inflammatory signalling contributes to PD and activated 

microglia mediate this secondary injury which allows 

inhibiting the production of pro-inflammatory cytokines by 

β-sitosterol to provide a more conducive microenvironment 
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to the survival of neurons. Taken together, the above actions 

indicate that β-sitosterol could be useful as a supplement to 

current dopaminergic treatments by affecting the upstream 

pathways of neuronal death [69]. 
 

 
 

Fig 2: Disease-specific molecular targets of β-sitosterol 

 

6. Translational Challenges and Formulation Strategies  

Although there is strong mechanistic evidence to support the 

neuroprotective property of β-sitosterol a number of 

challenges at the translational level have to be overcome 

before it can be included in clinical neurotherapeutics. The 

fact that its oral bioavailability and brain penetration are 

rather limited even under physiological conditions is 

constituted by one of the main limitations. Being a lipophilic 

sterol, β sitosterol has a limited aqueous solubility and this 

limits its systemic absorption and repeated access to neural 

tissue. Such pharmacokinetic barriers require new 

approaches of formulation to optimise central nervous system 

exposure [70]. New developments in drug delivery science 

have provided a new direction of improving bioavailability 

of phytosterols as well as brain targeting. Lipid-based 

nanoparticles such as nano emulsions, lipid-based solid lipid 

nanoparticles and phytosomies have demonstrated the 

potential to enhance the blood-brain barrier transport of sterol 

and improve its solubility. These systems can facilitate 

regulated exercise and prolonged exposure of CNS and 

maintain the desirable safety profile of β-sitosterol. Also, 

different methods of intranasal application are under 

investigation to avoid systemic metabolism and directly reach 

the brain providing a non-invasive method of 

neurotherapeutic site. The other translational point of concern 

is best dosing paradigms and safety in the long term. 

Neurodegenerative disorders also demand a long-term or 

long-lasting intervention. Although β-sitosterol is extensively 

ingested as a dietary supplement, its chronic impact at 

pharmacological concentrations within the CNS has not been 

fully elucidated. Strict preclinical investigations on dose-

response curve, dose cumulative exposure and possible sterol 

deposition in neural tissue are necessary to determine safe 

therapeutic dose ranges [71, 72]. 

 

7. Conclusion and Future Perspectives 

The changing perception of neurodegeneration as a system 

disorder has critically changed the approach to neurotherapy 

by 2025. Modern methods are based on the idea that 

restoration of cellular resilience, signalling balance and 

network integrity should be restored rather than an isolated 

set of pathological characteristics. In this context, β-sitosterol 

will be the promising multi-target neuroprotective substance 

able to regulate fundamental pathways of oxidative stress, 

neuroinflammation, mitochondrial dysfunction, autophagy 

failure and synaptic degeneration. In contrast to traditional 

individual drugs that act by a single target, β-sitosterol 

functions by co-regulation between interrelations of 

connected signalling pathways and this is in line with the 

multifactorial types of neurodegenerative diseases. Its ability 

to enter into neuronal and glial activities, stabilize 

mitochondrial activity and maintain synaptic organization 

makes it a potential disease modifying therapy than being a 

symptomatic one. Notably, its favourable safety profile and 

natural source also add to its attractiveness as a long-lasting 

treatment of chronic neurodegenerative diseases. 

In the future, pharmacokinetic shortcomings an abridgement 

of efficacy in clinical trials and incorporation of sophisticated 

systems of delivery will be essential in establishing the 

successful translation of β-sitosterol into a neurotherapeutic 

agent. Formulation science, systems neuroscience and 

precision pharmacology convergence provides a viable 

avenue through which β-sitosterol can be developed in 

experimental models to clinical practice. With deeper and 

deeper research efforts unravelling the signalling interactions 

and disease specific effects, β-sitosterol could play a valuable 

role in the next round of neuroprotective approaches in the 

future that would involve the delaying or the modulation of 

the process of neurodegenerative diseases. 

 

http://www.multidisciplinaryfrontiers.com/


 Journal of Frontiers in Multidisciplinary Research  www.multidisciplinaryfrontiers.com 

 
    9 | P a g e  

 

Ethical Approval 

Not Applicable. 

 

Consent for Publication 

Not Applicable. 

 

Human and Animal Ethical Right 

Not Applicable. 

 

Conflict of Interest 

The authors declared no conflict of interest and no funding 

was required to conduct these review data. 

 

Availability of Data and Materials 

The data supporting this study findings will be available in 

the cited references. 

 

Funding  

The research received no external funding. 

 

Author Contribution 

Conceptualization, R.M.; Methodology, G.R.; Software, 

P.S.; Validation, G.T.; Formal analysis, P.S.; Investigation, 

G.R.; Resources, G.R.; Data curation, G.R.; Writing original 

draft preparation, G.R.; Writing review and Editing, G.R.; 

Visualization, R.M.; Supervision, R.M. 

 

List of Abbreviations 

❖ AD: Alzheimer’s disease 

❖ PD: Parkinson’s disease 

❖ ALS: Amyotrophic lateral sclerosis 

❖ ROS: Reactive oxygen species 

❖ BBB: Blood brain barrier 

❖ Nrf2: Nuclear factor erythroid 2 related factor 2 

❖ ARE: Antioxidant response element 

❖ NF-Κb: Nuclear factor kappa-light-chain-enhancer of 

activated B cells 

❖ PI3K: Phosphoinositide 3-kinase 

❖ Akt: Protein kinase B 

❖ GSK-3β: Glycogen synthase kinase-3 beta 

❖ AMPK: AMP-activated protein kinase 

❖ mTOR: Mechanistic target of rapamycin 

❖ MAPK: Mitogen-activated protein kinase 

❖ ATP: Adenosine triphosphate 

❖ ΔΨm: Mitochondrial membrane potential 

❖ BDNF: Brain-derived neurotrophic factor 

❖ CNS: Central nervous system 

 

References 
1. Murray AP, Faraoni MB, Castro MJ, Alza NP, Cavallaro V. 

Natural AChE inhibitors from plants and their contribution 

to Alzheimer’s disease therapy. Curr Neuropharmacol. 

2013;11(4):388-413.  

2. Popoviciu MS, Paduraru L, Nutas RM, Ujoc AM, Yahya G, 

Metwally K, et al. Diabetes mellitus secondary to endocrine 

diseases: an update of diagnostic and treatment 

particularities. Int J Mol Sci. 2023;24(16):12676. 

doi:10.3390/ijms241612676 PMID: 37628857; PMCID: 

PMC10454882.  

3. Witter S, Witter R, Vilu R, Samoson A. Medical plants and 

nutraceuticals for amyloid-β fibrillation inhibition. J 

Alzheimers Dis Rep. 2018;2(2):239-252.  

4. International Diabetes Federation. IDF Diabetes Atlas. 10th 

ed. Brussels, Belgium: International Diabetes Federation; 

2021. Available from: https://diabetesatlas.org/  

5. Yuan L, Zhang F, Shen M, Jia S, Xie J. Phytosterols 

suppress phagocytosis and inhibit inflammatory mediators 

via ERK pathway on LPS-triggered inflammatory 

responses in RAW264.7 macrophages and the correlation 

with their structure. Foods. 2019;8(11):582.  

6. Lee JH, In Seo H, Yun Cha H, Jung Yang Y, Hyun Kwon 

S, Jin Yang S. Diabetes and Alzheimer’s disease: 

mechanisms and nutritional aspects. Clinical Nutrition 

Research. 2018;7(4):229-240. 

doi:10.7762/cnr.2018.7.4.229  

7. Wang W, Lo ACY. Diabetic retinopathy: pathophysiology 

and treatments. Int J Mol Sci. 2018;19(6):1816. 

doi:10.3390/ijms19061816  

8. Piironen V, Lindsay DG, Miettinen TA, Toivo J, Lampi 

AM. Plant sterols: biosynthesis, biological function and 

their importance to human nutrition. J Sci Food Agric. 

2000;80(7):939-966.  

9. Ighodaro OM. Molecular pathways associated with 

oxidative stress in diabetes mellitus. Biomed Pharmacother. 

2018;108:656-662. doi:10.1016/j.biopha.2018.09.058  

10. Nilay D, Solanki*, Shailesh K, Bhavsar DTP. Role of 

phytotherapy in diabetic neuropathy and 

neurodegeneration: from pathogenesis to treatment. 

Phytopharmacology. 2018;7:152-161.  

11. Yang Y, Islam MS, Wang J, Li Y, Chen X. Traditional 

Chinese medicine in the treatment of patients infected with 

2019-new coronavirus (SARS-CoV-2): a review and 

perspective. Int J Biol Sci. 2020;16(10):1708-1717. 

doi:10.7150/ijbs.45538  

12. Othman RA, Myrie SB, Jones PJ. Non-cholesterol sterols 

and cholesterol metabolism in sitosterolemia. 

Atherosclerosis. 2013;231(2):291-299.  

13. Singh A, Kukreti R, Saso L, Kukreti S. Pathways and type 

2 diabetes. Molecules. 2022;27(3):950-969.  

14. Dahlén AD, Dashi G, Maslov I, Attwood MM, Jonsson J, 

Trukhan V, et al. Trends in antidiabetic drug discovery: 

FDA approved drugs, new drugs in clinical trials and global 

sales. Front Pharmacol. 2022;12:807548. 

doi:10.3389/fphar.2021.807548 PMID: 35126141; 

PMCID: PMC8807560.  

15. Escurriol V, Cofán M, Moreno-Iribas C, Larrañaga N, 

Martínez C, Navarro C, et al. Phytosterol plasma 

concentrations and coronary heart disease in the prospective 

Spanish EPIC cohort. J Lipid Res. 2010;51(3):618-624.  

16. Al-Okbi SY, Ali O, Aly AS, Refaat D, Esmail RSH, 

Elbakry HFH. Management of metabolic syndrome by 

nutraceuticals prepared from chitosan and ferulic acid with 

or without beta-sitosterol and their nanoforms. Sci Rep. 

2023;13:1-15. doi:10.1038/s41598-023-38837-9  

17. Chaudhary KK, Kumar G, Varshney A, Meghvansi MK, 

Ali SF, Karthik K, et al. Ethnopharmacological and 

phytopharmaceutical evaluation of Prosopis cineraria: an 

overview and future prospects. Curr Drug Metab. 

2017;18(1):16-17. 

doi:10.2174/1389200218666171031125439  

18. Morand C, Tomás Barberán FA. Contribution of plant food 

bioactives in promoting health effects of plant foods: why 

look at interindividual variability? Eur J Nutr. 

2019;58(1):13-19.  

19. Abo-Zaid OA, Moawed FS, Ismail ES, Farrag MA. β-

Sitosterol attenuates high-fat diet-induced hepatic steatosis 

in rats by modulating lipid metabolism, inflammation and 

ER stress pathway. BMC Pharmacol Toxicol. 2023;24:1-

10. doi:10.1186/s40360-023-00671-0  

20. Babu S, Jayaraman S. An update on β-sitosterol: a potential 

herbal nutraceutical for diabetic management. Biomed 

http://www.multidisciplinaryfrontiers.com/


 Journal of Frontiers in Multidisciplinary Research  www.multidisciplinaryfrontiers.com 

 
    10 | P a g e  

 

Pharmacother. 2020;131:110702.  

21. Hah Y, Lee WK, Lee S, Kim EJ, Lee JH, Lee S, et al. β-

Sitosterol attenuates dexamethasone-induced muscle 

atrophy via regulating FoxO1-dependent signaling in 

C2C12 cell and mice model. Nutrients. 2022;14(3):1-13.  

22. Trautwein EA, Vermeer MA, Hiemstra H, Ras RT. LDL-

cholesterol lowering of plant sterols and stanols—which 

factors influence their efficacy? Nutrients. 

2018;10(9):1262.  

23. Chugh A, Sehgal I, Khurana N, Verma K, Rolta R, Vats P, 

et al. Comparative docking studies of drugs and 

phytocompounds for emerging variants of SARS-CoV-2. 3 

Biotech. 2023;13:1-17. doi:10.1007/s13205-022-03450-6  

24. Vanmierlo T, Weingärtner O, van der Pol S, Husche C, 

Kerksiek A, Friedrichs S, et al. Dietary intake of plant 

sterols stably increases plant sterol levels in the murine 

brain. J Lipid Res. 2012;53(4):726-735.  

25. Nurmaylindha V, Widodo G, Herowati R. Molecular 

docking analysis of Leucaena leucocephala and Trigonella 

foenum-graecum chemical constituents on antidiabetic 

macromolecular targets and prediction of the 

pharmacokinetic profiles. AIP Conf Proc. 2020;2243. 

doi:10.1063/5.0006279  

26. Moroy G, Martiny VY, Vayer P, Villoutreix BO, Miteva 

MA. Toward in silico structure-based ADMET prediction 

in drug discovery. Drug Discov Today. 2012;17(1-2):44-

55. doi:10.1016/j.drudis.2011.10.023  

27. Wang C, Greene D, Xiao L, Qi R, Luo R. Recent 

developments and applications of the MMPBSA method. 

Front Mol Biosci. 2018;4:87. 

doi:10.3389/fmolb.2017.00087  

28. Jaipal N, Ram H, Kumar P, Charan J, Kashyap P, 

Chowdhury S. Statins mimic and free radical scavenging 

potential of phytoconstituents of methanolic pod extract of 

Prosopis cineraria (L.) Druce. Vegetos. 2023;6:1-13. 

doi:10.1007/s42535-023-00677-3  

29. Zhang X, Lin K, Li Y. Highlights to phytosterols 

accumulation and equilibrium in plants: biosynthetic 

pathway and feedback regulation. Plant Physiol Biochem. 

2020;155:637-649.  

30. Pal R, Mandal R, Dubey A, Saini P. Recent advances in 

transdermal drug delivery systems: review article. Journal 

of Pharma Insights and Research. 2024;2:087-097. 

doi:10.69613/p3cspw10  

31. Lobanov MY, Bogatyreva NS, Galzitskaya OV. Radius of 

gyration as an indicator of protein structure compactness. 

Mol Biol. 2008;42(4):623-628. 

doi:10.1134/S0026893308040195  

32. Martins JM, Ramos RM, Pimenta AC, Moreira IS. Solvent-

accessible surface area: how well can be applied to hot-spot 

detection? Proteins. 2014;82(3):479-490. 

doi:10.1002/prot.24413  

33. Riyad P, Purohit A, Sen K, Panwar A, Ram H. HMG–CoA 

reductase inhibition mediated hypocholesterolemic 

potential of myricetin and quercetin: in-silico and in-vivo 

studies. CYTA J Food. 2023;21(1):115-125. 

doi:10.1080/19476337.2022.2162976  

34. Mandal R. Next generation tuberculosis therapy: from drug 

design to delivery. Journal of Pharmaceutical Research 

Science & Technology. 2025;09:97-115. 

doi:10.31531/jprst.1000194  

35. Fricke CB, Schrøder M, Poulsen M, von Bergmann K, 

Wester I, Knudsen I, et al. Increased plant sterol and stanol 

levels in brain of Watanabe rabbits fed rapeseed oil derived 

plant sterol or stanol esters. Br J Nutr. 2007;98(5):890-899.  

36. Chouhan H, Purohit A, Ram H, Chowdhury S, Kashyap P, 

Panwar A, et al. The interaction capabilities of 

phytoconstituents of ethanolic seed extract of cumin 

(Cuminum cyminum L.) with HMG-CoA reductase to 

subside the hypercholesterolemia: a mechanistic approach. 

Food Front. 2021;11:1-16. doi:10.1002/fft2.122  

37. See XY, Wen X, Wheeler TA, Klein CK, Goodpaster JD, 

Reiner BR, et al. Iterative supervised principal component 

analysis driven ligand design for regioselective Ti-

catalyzed pyrrole synthesis. ACS Catal. 

2020;10(22):13504-13517. doi:10.1021/acscatal.0c03939  

38. Furman BL. Streptozotocin-induced diabetic models in 

mice and rats. Curr Protoc. 2021;1(4):e78. 

doi:10.1002/cpz1.78  

39. Jansen PJ, Lutjohann D, Abildayeva K, Vanmierlo T, 

Plosch T, Plat J, et al. Dietary plant sterols accumulate in 

the brain. Biochim Biophys Acta. 2006;1761(4):445-453.  

40. National Research Council (US). Guide for the care and use 

of laboratory animals. 8th ed. Washington (DC): National 

Academies Press; 2011.  

41. Mandal R. Nanobots and pharmacological interventions: a 

future perspective on eradicating multidrug resistant 

tuberculosis. International Journal of Sciences and 

Innovation Engineering. 2025;2:265-284. 

doi:10.70849/IJSCI02092025030  

42. Nair A, Jacob SA. Simple practice guide for dose 

conversion between animals and human. J Basic Clin 

Pharm. 2016;7(2):27. doi:10.4103/0976-0105.177703  

43. Trinder P. Determination of blood glucose using an 

oxidase-peroxidase system with a non-carcinogenic 

chromogen. J Clin Pathol. 1969;22(2):158-161. 

doi:10.1136/jcp.22.2.158  

44. Wang Y, Muneton S, Sjövall J, Jovanovic JN, Griffiths WJ. 

The effect of 24S-hydroxycholesterol on cholesterol 

homeostasis in neurons: quantitative changes to the cortical 

neuron proteome. J Proteome Res. 2008;7(4):1606-1614.  

45. Lowry OH, Rosebrough NJ. Protein measurement with the 

Folin phenol reagent. J Biol Chem. 1951;193(1):265-275.  

46. Abel LL, Levy BB, Brodie BB, Kendall FE. A simplified 

method for the estimation of total cholesterol in serum and 

demonstration of its specificity. J Biol Chem. 

1952;195(1):357-366.  

47. VanKampen JM, Robertson HA. The BSSG rat model of 

Parkinson’s disease: progressing towards a valid, predictive 

model of disease. EPMA J. 2017;8(3):261-271.  

48. Bucolo G, David H. Quantitative determination of serum 

triglycerides by the use of enzymes. Clin Chem. 

1973;19(5):476-482. doi:10.1093/clinchem/19.5.476  

49. Moshides JS. Kinetic enzymatic method for automated 

determination of HDL cholesterol in plasma. Clin Chem 

Lab Med. 1987;25(9):583-589. 

doi:10.1515/cclm.1987.25.9.583  

50. Olamoyegun M, Oluyombo R, Asaolu S. Evaluation of 

dyslipidemia, lipid ratios, and atherogenic index as 

cardiovascular risk factors among semi-urban dwellers in 

Nigeria. Ann Afr Med. 2016;15(4):194-199. 

doi:10.4103/1596-3519.194280  

51. Mandal R. Targeted and controlled drug delivery strategies 

for overcoming limitations of conventional tuberculosis 

treatment: a comprehensive review. International Journal of 

Sciences and Innovation Engineering. 2025;2:349-365. 

doi:10.70849/IJSCI02092025038  

52. Klaikeaw N, Wongphoom J, Werawatganon D, 

Chayanupatkul M, Siriviriyakul P. Anti-inflammatory and 

anti-oxidant effects of Aloe vera in rats with non-alcoholic 

steatohepatitis. World J Hepatol. 2020;12(7):363-377.  

53. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, 

Treacher DF, Turner RC. Homeostasis model assessment: 

insulin resistance and β-cell function from fasting plasma 

http://www.multidisciplinaryfrontiers.com/


 Journal of Frontiers in Multidisciplinary Research  www.multidisciplinaryfrontiers.com 

 
    11 | P a g e  

 

glucose and insulin concentrations in man. Diabetologia. 

1985;28(7):412-419. doi:10.1007/BF00280883  

54. Taso OV, Philippou A, Moustogiannis A, Zevolis E, 

Koutsilieris M. Lipid peroxidation products and their role 

in neurodegenerative diseases. Annals Res Hosp. 2019;3:1-

10. doi:10.21037/arh.2018.12.02  

55. Burg VK, Grimm HS, Rothhaar TL, Grösgen S, 

Hundsdörfer B, Haupenthal VJ, et al. Plant sterols the better 

cholesterol in Alzheimer’s disease? A mechanistical study. 

J Neurosci. 2013;33(41):16072-16087.  

56. Gaucher C, Boudier A, Bonetti J, Clarot I, Leroy P, Parent 

M. Glutathione: antioxidant properties dedicated to 

nanotechnologies. Antioxidants. 2018;7(5):62. 

doi:10.3390/antiox7050062  

57. Benzie IFF, Strain JJ. The ferric reducing ability of plasma 

(FRAP) as a measure of antioxidant power: the FRAP 

assay. Anal Biochem. 1996;239(1):70-76. 

doi:10.1006/abio.1996.0292  

58. Rorat M, Hałon A, Jurek T. Histology of liver of the 

deceased due to harmful use of alcohol. Alcohol Alcohol. 

2020;55(5):518-523. doi:10.1093/alcalc/agaa059  

59. Singh S, Lokhande KB, Kaushik AC, Singh A, Sahi SAI. 

Screening and molecular dynamic simulation-driven 

identification of novel inhibitors of TGFßR1 for pancreatic 

cancer therapy. Comput Biol Chem. 2024;113:108262. 

doi:10.1016/j.compbiolchem.2024.108262  

60. Panchal M, Loeper J, Cossec J, Perruchini C, Lazar A, 

Pompon D, et al. Enrichment of cholesterol in 

microdissected Alzheimer’s disease senile plaques as 

assessed by mass spectrometry. J Lipid Res. 

2010;51(3):598-605.  

61. Mandal R, Pal R. Emerging technologies in tuberculosis 

diagnosis: a comprehensive review. International Journal of 

Pharmaceutical Research and Development. 2025;7:265-

277. doi:10.33545/26646862.2025.v7.i1d.119  

62. Bravo-Moraga F, Bedoya M, Zinovjev K, Tuñon I, Alzate-

Morales J. Computational estimation of residence time on 

roniciclib and its derivatives against CDK2: extending the 

use of classical and enhanced molecular dynamics 

simulations. ACS Omega. 2025;10(16):16731-16747.  

63. Borah PK, Chakraborty S, Jha AN, Rajkhowa S, Duary RK. 

In silico approaches and proportional odds model towards 

identifying selective ADAM17 inhibitors from anti-

inflammatory natural molecules. J Mol Graph Model. 

2016;70:129-139. doi:10.1016/j.jmgm.2016.10.003  

64. Fonseca A, Resende R, Oliveira C, Pereira C. Cholesterol 

and statins in Alzheimer’s disease: current controversies. 

Exp Neurol. 2010;223(2):282-293.  

65. Schenone M, Dančík V, Wagner BK, Clemons PA. Target 

identification and mechanism of action in chemical biology 

and drug discovery. Nat Chem Biol. 2013;9(4):232-240. 

doi:10.1038/nchembio.1199  

66. Qiu S, Cai Y, Yao H, Lin C, Xie Y, Tang S, et al. Small 

molecule metabolites: discovery of biomarkers and 

therapeutic targets. Signal Transduct Target Ther. 

2023;8(1):1-37. doi:10.1038/s41392-023-01399-3  

67. Mandal R, Saini P, Pal R, Pandey P, Dubey A. Coating 

tablets, compositions, recent advancement and current 

status: a comprehensive review. Journal of Drug Delivery 

and Therapeutics. 2024;14(10):182-195. 

doi:10.22270/jddt.v14i10.6809  

68. Kuo Y, Emmerling M, Bisgaier C, Essenburg A, Lampert 

H, Drumm D, et al. Elevated low-density lipoprotein in 

Alzheimer’s disease correlates with brain Aβ1-42 levels. 

Biochem Biophys Res Commun. 1998;252(3):711-715.  

69. Dong J, Wang NN, Yao ZJ, Zhang L, Cheng Y, Ouyang D, 

et al. ADMETlab: a platform for systematic ADMET 

evaluation based on a comprehensively collected ADMET 

database. J Cheminform. 2018;10(1):29. 

doi:10.1186/s13321-018-0283-x  

70. Knebl J, DeFazio P, Clearfield M, Little L, McConathy W, 

McPherson R, et al. Plasma lipids and cholesterol 

esterification in Alzheimer’s disease. Mech Ageing Dev. 

1994;73(1):69-70.  

71. Ramsay RR, Tipton KF. Assessment of enzyme inhibition: 

a review with examples from the development of 

monoamine oxidase and cholinesterase inhibitory drugs. 

Molecules. 2017;22(7):1192. 

doi:10.3390/molecules22071192  

72. Aamir M, Singh VK, Dubey MK, Meena M, Kashyap SP, 

Katari SK, et al. In silico prediction, characterization, 

molecular docking, and dynamic studies on fungal SDRs as 

novel targets for searching potential fungicides against 

fusarium wilt in tomato. Front Pharmacol. 2018;9:1038. 

doi:10.3389/fphar.2018.01038 

 

How to Cite This Article 

Rani G, Sharma P, Takkar G, Mittal R. Unlocking 

neuroprotection: how β-sitosterol modulates cellular 

signalling to combat neurodegeneration? J Front Multidiscip 

Res. 2026;7(1):1–11. doi:10.54660/JFMR.2026.7.1.01-11. 

  

Creative Commons (CC) License 

This is an open access journal, and articles are distributed 

under the terms of the Creative Commons Attribution-

NonCommercial-ShareAlike 4.0 International (CC BY-NC-

SA 4.0) License, which allows others to remix, tweak, and 

build upon the work non-commercially, as long as 

appropriate credit is given and the new creations are licensed 

under the identical terms. 

 

http://www.multidisciplinaryfrontiers.com/

