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Abstract 

Biological membranes are important structures that control cellular work, signal transmission, 

transport, and communication. Dysfunction of membranes has been considered in the development of 

many diseases, such as cancer, neurodegenerative diseases, and infections, with the distortion of lipid 

composition, protein activity, and cellular connections involved in the pathogenesis of the disease. The 

damage on membrane can be caused by oxidative stress, genetic mutation, and environmental influence 

to disrupt cellular homeostasis. Some therapeutic methods, including drug delivery systems, gene 

therapy, and membrane stabilization therapies, have the potential to repair membrane integrity and the 

outcomes of disease. The future studies are aimed at understanding the mechanisms of membrane 

dynamics, and special attention will be paid to personalized medicine as well as membrane-targeted 

therapies. The development of membrane biophysics, imaging methods, and gene editing technologies 

will make our current capacity to create targeted remedies more advanced. Learning about membrane 

changes at the molecular level will open new vistas for treating diseases and improving patient 

treatment. 
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INTRODUCTION 

Biological membranes are highly specialized dynamic molecular assemblies that define the structural 

and functional boundaries of the cells and intracellular structures that have invaluable roles in cell 

maintenance and mediation of multifaceted physiological events [1]. Biological membranes are, in 

principle, composed of a phospholipid bilayer in which there is a large array of lipids, proteins, and 

carbohydrates that play a crucial role in the production of a selectively permeable barrier that is 

necessary in supporting the unique cellular homeostasis and metabolic environments. The spontaneous 

bilayer formation under aqueous conditions of the amphipathic characteristics is due to the 

glycerophospholipid molecules, mainly the hydrophobic fatty acid tails and the hydrophilic head 

groups, which form a basic architecture that isolates the intracellular cytosol as well as the extracellular 

milieu and defines organellar sub-compartments in 

eukaryotic cells [2]. Channels, transporters, 

receptors, and enzymes embedded in this lipid 

matrix not only mediate the controlled diffusion of 

ions, nutrients, and waste products but also signal 

transduction, cell adhesion, cell communication, 

and energy transduction, which are central to cell 

perception and response to external and internal 

signals. Biological membranes do not exist as stable 

structures, but they possess lateral and 

compositional asymmetric structures, fluidity, and 

specialized microdomains, such as lipid rafts, which 

are dynamically assembled signaling platforms and 
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regulate interactions between membrane components and ligands, along with cellular processes such as 

immune recognition and neurotransmission [3]. The idea of fluid–mosaic and its legitimacy with the 

newest biophysical and imaging technologies is Since the components of the membrane are in the 

continuous state of diffusion and rearrangement and are, therefore, able to change the physical 

properties of the membrane in response to any changes in the environment as well as to organize 

complicated processes, including vesicular trafficking and fusion [4]. Notably, integrity, and functional 

balance of biological membranes are a crucial component of cellular viability; any alteration to the 

membrane composition, structure, or dynamics could trigger pathological cascades. The etiology and 

pathophysiology of neurodegenerative disease, cardiovascular disease, metabolic syndromes, and 

cancer are just a few examples where pathological membrane signaling, malfunctioning transport 

system or poor barrier functioning cause cellular stress, inflammation, and inappropriate homeostasis 

[5]. Alterations of membrane lipid and protein may disrupt ion gradients, receptor signaling cascades, 

and membrane repair pathways, predisposing cells and exacerbating the severity of the disease. In 

addition to this, many diseases employ membrane components to be transposed into the cells of the 

host, and mutations in the membrane-associated proteins can lead to inherited diseases that affect the 

functioning of the muscles, structure of hemoglobin, and transmission in the neurons. Recent reports 

also highlight the fact that membranes per se are actively involved in the processes of disease through 

the modulation of membrane domain architecture, formation of signaling complexes, and interactions 

with cytoskeletal components, and are, therefore, determinants of cellular fate decisions in health and 

disease [6]. 

 

This means that the study of biological membranes has transcended structural description to 

encompass integrative functions in physiology as well as pathophysiology, and the relationship between 

membrane lipid composition and protein assortment and membrane dynamics has now become central 

to normal cell events and molecular pathology. Therefore, the biological membranes remain a dynamic 

subject of modern research, offering data on the workings of cells and possibilities of treatment by using 

the processes associated with the membranes to reestablish the cell homeostasis or inhibit the disease 

process [7]. 

 

STRUCTURE OF BIOLOGICAL MEMBRANES 

Biological membranes are highly specialized and dynamic structures that are mainly made up of a 

phospholipid bilayer that is the basic scaffold of the structure. This bilayer is comprised of amphipathic 

phospholipids, in which hydrophilic heads face the outside, and the tails are facing the inside, which 

forms a selective barrier between the intracellular and extracellular spaces. Other proteins that are also 

enriched in the bilayer are both integral proteins, which traverse the membrane, acting as channels, 

transporters, receptors, enzymes, and peripheral proteins, which are bound to the membrane surface, 

and are involved in structural support and regulation [8]. 

 

A variety of cellular processes require these proteins such as selective transport, signal transduction, 

and cell recognition. Moreover, cholesterol and glycolipids are lipids, which are important in stabilizing 

the membrane, fluidity, and communication between cells. An important feature is membrane fluidity, 

which enables lateral mobility of lipids and proteins in the membrane, which is crucial in membrane 

fusion, vesicle trafficking, and receptor activity [9]. 

 

Temperature, lipid composition, and cholesterol presence affect the fluidity as the former prevents 

excessive packing when the temperature is low and stabilizes the membrane when the temperature is 

higher. Membranes can also be assembled into specialized microdomains, such as the lipid rafts, that 

concentrate certain lipids and proteins, to signal and sort [10]. Membrane structure or fluidity changes 

may interfere with cellular functioning and cause diseases, including cancer, neurodegenerative 

conditions, and metabolic syndromes, with modifications in membrane lipid composition or protein 

activity affecting signal transduction, ion transport, and cell adhesion. The determination of the 

composition and functioning of biological membranes is the key to gaining an understanding of cellular 
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behavior and the pathophysiology of different diseases. The structure of the membrane with proteins 

and lipids embedded is presented in Figure 1, whereas Table 1 summarizes the key membrane lipids 

and their roles in cell operations [11]. 

 

 
Figure 1. Structure of the Biological Cell Membrane Showing the Phospholipid Bilayer and Associated 

Proteins. 

 

Table 1. Major membrane lipids and their functions. 

Lipid type Primary function 

Phosphatidylcholine Structural foundation of the bilayer, maintaining membrane integrity. 

Phosphatidylethanolamine Supports membrane curvature and stability, essential for vesicle formation. 

Phosphatidylserine Contributes to membrane charge asymmetry and is involved in signaling pathways. 

Sphingomyelin An important component of lipid rafts, influencing cell signaling and membrane stability. 

Cholesterol Modulates membrane fluidity, stabilizes membrane structure, and prevents excess rigidity. 

Glycolipids Involved in cell recognition, communication, and immune responses. 

 

FUNCTIONS OF BIOLOGICAL MEMBRANES 

Biological membranes also have various other important roles that are vital in the life of cells. One 

of the most essential functions is called selective permeability, which allows the membrane to control 

the flow of molecules between the intracellular and extracellular spaces [12]. Loose molecules, such as 

oxygen and carbon dioxide, can pass freely, but large or charged molecules must undergo specific 

transporter proteins, such as ion channels and carrier proteins, to cross the membrane. A vital ionic 

gradient that is vital in processes including nerve signaling and muscle contraction is facilitated by 

active transport mechanisms, which use ATP to move substances across their concentration gradient. 

Besides selective permeability, membranes also have a major role in signal transduction, in which 

membrane-bound receptors, such as G-protein-coupled receptors (GPCRs) and receptor tyrosine 

kinases (RTKs), sense external signals, such as hormones and neurotransmitters, and initiate 

intracellular cascades that regulate cell behavior [13]. Lipid rafts are also organized by membranes, and 

they facilitate the performance of signaling by placing signaling proteins and receptors in close contact. 

These signaling activities play a vital role in cell growth, immune response, and metabolism. Moreover, 

there are membrane transport processes that involve the involvement of biological membranes that 

guarantee effective uptake of nutrients, removal of wastes, and communication between cells [14]. 

These are passive methods of transport, such as simple diffusion and facilitated diffusion, and active 

methods of transport, such as symporters and antiporters, which transport molecules against their 

gradients. Transport Vesicular transport, such as endocytosis and exocytosis, allows cells to absorb 

large objects or release substances such as hormones [15]. These transport processes working in concert 
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provide the cellular homeostasis, metabolic equilibrium, and adequate intercellular communication. 

Failure in these processes may cause diseases such as cancer, neurodegenerative, and metabolic 

syndromes. Table 2 describes the various categories of membrane transporters and their functions, 

whereas Figure 2 gives a summary of the transport mechanisms that control the movement of substances 

across biological membranes. 

 

Table 2. Types of membrane transporters and their functions. 

Transporter type Primary function 

Ion Channels Facilitate rapid passive movement of specific ions. 

Carrier Proteins Bind and transport molecules by conformational change. 

ATP-Driven Pumps Actively move solutes against gradients using ATP. 

Symporters Co-transport two substances in the same direction 

Antiporters Exchange one substance for another across the membrane. 

Aquaporins Facilitate rapid water transport. 

 

 
Figure 2. Mechanisms of Transport Across Biological Membranes (Passive, Active, and Vesicular 

Transport). 

 

MEMBRANES IN DISEASE PATHOPHYSIOLOGY 

Besides being necessary in normal cellular functions, biological membranes are also key to the 

development and progression of many diseases because membrane dysfunction in cancer cells 

modulates signal transduction, cellular adhesion, and transport processes that contribute to the 

uncontrolled proliferation, anti-apoptotic activity, and invasion abilities. An example is that an altered 

composition and organization of membrane lipids and proteins in cancer cells can result in aberrant 

activation of growth factor receptors, dysregulated ion channels, and dysfunctional transporter activity, 

which collectively promote uncontrolled pro. The constitutive signaling caused by overexpression or 

mutation of membrane receptors like EGFR (epidermal growth factor receptor) or HER2 (human 

epidermal growth factor receptor 2) in most cancers bypasses normal checkpoints in signaling, 

highlighting the direct role of membrane changes in cancer pathogenesis [16]. Equally, in 

neurodegenerative disorders, membrane defects are at the heart of neuronal dysfunction and cell death; 

changes in membrane lipid composition, such as changes in cholesterol, sphingolipids, and 

phospholipid ratios, have the potential to alter membrane fluidity and affect the activity of integral 

membrane proteins, including neurotransmitter receptors and ion channels, and aggregation of 

misfolded proteins, such as amyloid-β in Alzheimer disease and α-synuclein in Parkinson disease, 
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directly interacts with neurons. The association of these disease processes with the importance of the 

structural and functional integrity of the neuronal membranes as a vital determinant of the nervous 

system health and as the membrane perturbations that can trigger pathological cascades that result in 

progressive cognitive and motor impairments. Besides non-communicable diseases, infections using 

membrane as their receptor: This is the case with a variety of viruses, where pathogens bind to certain 

membrane receptors and can induce membrane fusion or endocytosis, leading to subsequent infection, 

and some bacterial toxins target membrane proteins or lipid domains to interfere with the functionality 

of the barrier and avoid immunity [11]. Host inflammatory responses can also be caused by interactions 

between pathogen-associated membrane and subsequently alter membrane properties and may 

contribute to tissue destruction. In addition, inherited diseases, including cystic fibrosis, a defect of 

chloride channels that cause thick mucus and severe respiratory and digestive symptoms, or hereditary 

spherocytosis, where a defective membrane cytoskeleton causes the problem of red blood cell stability, 

can be caused by genetic mutations in genes encoding membrane transporters and structural proteins 

[17]. A combination of these pathological changes of the membrane is manifested in the altered cellular 

homeostasis, dysfunction of cellular signaling networks, influence on the movement of ions and 

metabolites, and disruption of intercellular communication, which are characteristic of disease 

progression. A summary of the prominent membrane proteins that play a pathophysiological role in 

disease and their role in particular conditions is tabulated in Table 3 [18]. 

 

Table 3. Membrane proteins in disease pathophysiology. 
Membrane protein/component Associated disease/pathology Role in disease 

EGFR (Epidermal Growth Factor Receptor) Cancer Constitutive signaling, 

proliferation. 

HER2 (Human Epidermal Growth Factor 

Receptor 2) 

Breast cancer subtype Receptor overexpression 

driving tumor growth. 

CFTR (Cystic Fibrosis Transmembrane 

Conductance Regulator) 

Cystic fibrosis Defective Cl⁻ transport leading 

to thick mucus. 

Voltage-gated Na⁺/K⁺ Channels Neurological disorders Impaired ion gradients, 

excitability changes. 

Amyloid-β membrane interactions Alzheimer’s disease Membrane disruption and 

neurotoxicity. 

Viral entry receptors (e.g., ACE2) Viral infections Pathogen binding and 

membrane fusion. 

 

which gives a picture of how the clinical impacts of abnormal membrane composition and workings 

are far-reaching. Moreover, Figure 3 provides a visual representation of membrane alterations in disease 

models, allowing the visualization of membrane disruptions in pathogen-associated, lipid-dysregulated 

neurodegeneration, and overexpressing membrane receptors in cancer cells, which provides a 

comparative perspective and confirms that membrane integrity and functionality are the key 

determinants of health and disease. Knowledge of these membrane perturbations has significant 

therapeutic consequences; membrane composition, receptor signaling, lipid domain stability, and 

pathogen–membrane interaction prevention are active research directions that aim to alleviate disease 

by manipulating membrane-related processes [18]. Therefore, membranes are not inert bystanders in 

pathophysiology but dynamic partners, whose changes can cause and be critical targets of disease 

progression, diagnosis, and therapy. 

 

MECHANISMS OF MEMBRANE DAMAGE 

Membrane damage is a decisive aspect in numerous diseases and pathological conditions and may 

be caused by several different mechanisms such as oxidative stress, genetic mutations, and 

environmental or inflammatory factors. Oxidative stress is also a major factor in the damage of 

membranes since it entails the build-up of reactive oxygen species (ROS), which can damage cellular 

elements such as lipids, proteins, and DNA [19]. To be specific, oxidative stress causes lipid 

peroxidation, which is a process where the ROS reacts with unsaturated fatty acids of the membrane 

lipids to form lipid radicals and peroxides [20]. The altered lipids may disrupt the integrity of the 



 

 

Biological Membranes: Structure, Function, and Their Roles in Disease Pathophysiology                 Rathod et al. 

 

 

© STM Journals 2026. All Rights Reserved 43  
 

membrane, causing a rise in membrane permeability, loss of fluidity, and the formation of toxic 

secondary products, which affect the functionality of the cells. Inflammatory reactions and the 

activation of signal transduction leading to cell death with lipid peroxidation also promote disease such 

as neurodegeneration, cardiovascular disease, and cancer. In genetic mutations, the malfunction of 

genes that encode membrane proteins or lipids may result in congenital illnesses that affect the 

membrane structure and activity [21]. When CFTR gene mutations lead to the development of cystic 

fibrosis, an example of such instances, the chloride channels become defective, causing thick mucus in 

the lungs and gastrointestinal tract. In the same way, hereditary mutations in genes of proteins, such as 

spectrin or ankyrin, which are used in keeping the structure of the erythrocyte membrane, cause 

hereditary spherocytosis, a disease that is characterized by weak red blood cells that break easily [22]. 

This causes mutations in the membrane that affect the integrity and functioning of the membrane, 

affecting the activities of the cell and causing disease. Finally, the membrane damage can be worsened 

by environmental and inflammatory factors. Direct effects on membrane lipids and proteins may come 

due to exposure to harmful chemicals, toxins, or radiation, which alter their characteristics and 

immunochemical effects in disease progression [23]. The inflammatory cytokines are also generated in 

the process of immune response and can influence membrane activity by stimulating the enzymes 

attached to the membrane to break lipids and proteins down, further weakening the membrane structure. 

Long-term inflammation, as observed in atherosclerosis or rheumatoid arthritis, may result in permanent 

injury of cell membranes, dysfunction of immune cells, vascular health, and tissue remodeling. 

Collectively, these membrane damage mechanisms demonstrate the relevance of preserving membrane 

integrity in cell health and the importance of the membranes in the pathogenesis of many diseases [24]. 

 

 
Figure 3. Role of Membrane Alterations in Disease Pathophysiology: Cancer, Neurodegeneration, and 

Infection. 

 

THERAPEUTIC STRATEGIES TARGETING MEMBRANE DYSFUNCTION 

In addition to being the focus of normal cell physiology, biological membranes are becoming 

appealing therapeutic targets that can replace membrane pathophysiology, and drug delivery and 

membrane modification techniques are the less severe approaches, followed by the more dangerous 

gene therapy and membrane stabilization therapies. One of the most important therapeutic directions 

has been the design of drug delivery systems which exploit the characteristics of membranes to facilitate 
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specificity, uptake, and efficacy; an example of this is that liposomes and lipid based nanoparticles 

exploit the natural lipid bilayer of cells to entrap drugs, protect them and facilitate fusion with cell 

membranes, rather than off target cells which promotes intracellular delivery of drugs at reduced off-

target effects [25]. They can be coded in such a way that surface ligands that recognize a specific 

membrane receptor on diseased cells – such as tumor-associated receptors – are incorporated, such that 

chemotherapeutics, genetic material, or immunomodulators have been delivered directly into 

pathological tissues. Besides serving as carriers, a few small molecules and peptides are also supposed 

to control the properties of membranes; e.g., amphipathic compounds that adjust the viscosity of a 

membrane or that destabilize pathogenic membrane domains can alter the activity of receptors or ion 

channels situated in the membrane that can correct aberrant signaling of diseases, including cancer or 

neurodegeneration [26]. At the same time, gene therapy procedures are increasingly used in repairing 

genetic membrane protein defects at the genetic level. Gene therapies aim to fix the root cause of 

membrane defects instead of treating downstream symptoms by providing functional versions of 

mutated genes, by applying the genome editing tool CRISPR-Cas systems, or by repairing splicing 

errors with an antisense oligonucleotide to restore normal protein expression and functional amenable 

membrane proteins, such as cystic fibrosis CFTR or inherited channelopathy-specific ion channels [27]. 

Those techniques are either based on viral vectors or advanced non-viral delivery vehicles, which must 

enter and temporarily interact with cellular membranes, implying the continued relevance of the 

mechanisms of cellular membrane dynamics in the rationalization of therapeutic efficacy. In addition 

to gene repairing of the specialized genes, membrane stabilization therapy is targeted at supporting or 

restoring the physical integrity of stressed or ailing membranes. Antioxidants that can reduce lipid 

peroxidation can help to prevent oxidative damage of membranes, and membrane lipid production and 

remodeling can help to preserve fluidity and strength [28]. The stabilization of membranes through 

inhibition of lipid-degrading enzymes can also be achieved indirectly, where the enzyme–catalyzed 

degradation of the lipid components occurs in the backdrop of inflammatory diseases, where membrane-

bound enzymes catalyze the degradation of lipid components. Similarly, there are also neuroprotective 

agents that aim at preserving neuronal membrane integrity in diseases like Alzheimer’s and Parkinson’s 

by blocking neurotoxic interactions of proteins with lipid bilayers and preserving synaptic membrane 

activity [29]. Together, these treatments can be observed to form a multifaceted approach to the 

treatment of membrane dysfunction – via direct control of membrane mechanics, direct delivery of 

therapeutic agents, genetic corrections of membrane protein malformations, and stabilization of 

membrane architecture under the influence of pathological insult – with greater specificity and efficacy 

of treatment of a wide range of membrane-related diseases [11]. 

 

CONCLUSION 

Conclusively, cellular function and integrity rely on the presence of biological membranes, which 
are important in ensuring selective permeability, signal transduction, transportation, and cellular 
communication. Dysfunction of membranes is an important element in the pathophysiology of many 
diseases, including cancer, neurodegenerative diseases, and infections, in which modification in the 
lipid composition of membranes, protein activity, and cellular interactions play a role in disease 
pathogenesis. Membrane damage is caused by oxidative stress, genetic mutation, and environmental or 
inflammatory conditions, which interfere with cellular homeostasis and aggravate disease. The current 
developments in membrane research have demonstrated the potential of membrane dysfunction therapy 
with drug delivery systems, gene therapy, and membrane stabilization therapy, and have given hope to 
more effective and targeted treatment, gaining back membrane function and integrity. In the future, it 
is planned to study the complex processes involved in membrane dynamics and its role in disease, and 
in particular, personalized medicine, so that individual patients can be customized in accordance with 
their own unique membrane characteristics. Innovations in membrane biophysics, construction of 
membrane-targeted therapies, and the study of membrane microdomains, such as lipid rafts, will help 
to gain a better understanding of how cells behave and how diseases develop. Also, with the 
improvement of membrane technology, including better imaging technology and high-throughput 
screening, we will have a greater capacity to investigate the functionality of the membrane, and the 
continued evolution of gene editing and nanotechnology will allow the creation of more accurate 
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corrections to the malfunctioning of membranes at the molecular scale, eventually revolutionizing the 
treatment of diseases of the membrane and improving the outcomes of patients. 
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