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ABSTRACT: 

The molecular regulation of lipid metabolism has emerged as an important area of investigation in 

understanding the biological mechanisms underlying neurodegenerative diseases. Lipids are essential 

components of neuronal membranes, myelin, intracellular organelles, and signaling systems, while their 

synthesis, transport, modification, storage, and degradation must remain tightly coordinated to preserve neuronal 

function. Recent research indicates that disturbances in lipid homeostasis can influence processes associated 

with neurodegeneration, including membrane instability, mitochondrial dysfunction, oxidative stress, 

neuroinflammation, impaired lysosomal activity, altered protein processing, and abnormal lipid droplet 

accumulation. This study examines the molecular genetic mechanisms that regulate lipid metabolism and 

explores their contribution to the development and progression of major neurodegenerative disorders, with 

particular emphasis on Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and related 

neurological conditions. The investigation considers the roles of genes and regulatory pathways involved in 

cholesterol transport, fatty-acid metabolism, sphingolipid synthesis, phospholipid remodeling, lipid storage, and 

lysosomal lipid processing. Particular attention is given to genetic variations affecting lipid-associated proteins 

and cellular pathways, including apolipoprotein-mediated transport, lysosomal function, lipid droplet regulation, 

and interactions between neurons and glial cells. The study further examines how inherited or acquired 

alterations in these molecular pathways may modify cellular responses to aging, metabolic stress, inflammation, 

and abnormal protein accumulation. Emerging evidence suggests that lipid metabolism is not an isolated 

metabolic process but is closely connected with mitochondrial activity, immune signaling, membrane 

trafficking, and neuronal survival. Understanding these interconnected mechanisms may help explain why 

disturbances in specific lipid pathways produce different neurological consequences across disease conditions. 

The study also considers the potential of molecular profiling, lipidomics, genetic analysis, and pathway-based 

approaches for identifying disease-associated biomarkers and therapeutic targets. By integrating molecular 

genetics with neurobiology and lipid metabolism, this research highlights the importance of maintaining lipid 

homeostasis for neural health and provides a framework for investigating personalized therapeutic strategies 

aimed at modifying lipid-related mechanisms involved in neurodegeneration. 
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INTRODUCTION 

Lipid metabolism is a fundamental biological process that supports the structural, energetic, and signaling 

requirements of the nervous system. Lipid molecules constitute a major portion of neuronal and glial 

membranes, contribute to myelin formation, participate in intracellular signaling, and influence membrane 

trafficking, synaptic activity, and cellular communication. Unlike many other tissues, the brain contains a highly 

diverse lipid composition that must be carefully maintained despite the relatively restricted exchange of many 

molecules between the circulation and the central nervous system. Cholesterol, phospholipids, sphingolipids, 

fatty acids, and their metabolites perform distinct but interconnected functions in maintaining neuronal integrity. 

Their synthesis, transport, remodeling, storage, and degradation are controlled by coordinated molecular 

pathways involving numerous enzymes, transport proteins, receptors, transcriptional regulators, and intracellular 

organelles. Genetic variation in these pathways can alter the quantity, distribution, or biological activity of 

individual lipid species and may consequently affect neural function. This relationship has attracted increasing 

attention because disturbances in lipid homeostasis have been observed in several neurodegenerative conditions. 

Changes in lipid composition can influence membrane properties, mitochondrial activity, oxidative balance, 

inflammatory signaling, protein trafficking, and the functioning of lysosomal and autophagic systems. Such 

disturbances may become particularly important during aging, when the capacity of cells to maintain metabolic 

balance and repair molecular damage can decline. The study of molecular genetics therefore provides an 
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important perspective for understanding how inherited variants, regulatory changes, and interactions among 

lipid-related genes contribute to susceptibility to neurological disorders. Rather than considering lipid 

abnormalities simply as secondary consequences of neuronal injury, current research increasingly investigates 

whether alterations in lipid metabolism can participate directly in disease initiation and progression. 

The genetic regulation of lipid metabolism involves interconnected pathways operating within neurons, 

astrocytes, microglia, oligodendrocytes, and other cells of the nervous system. Genes involved in cholesterol 

synthesis and transport, fatty-acid processing, sphingolipid metabolism, phospholipid remodeling, lipid storage, 

and lysosomal degradation can influence cellular responses to physiological and pathological stress. Cholesterol 

is particularly important because it contributes to membrane organization and synaptic function, while its 

distribution within the brain is regulated through specialized transport and turnover mechanisms. Similarly, 

sphingolipids and phospholipids participate in membrane architecture and signaling pathways, and alterations in 

their metabolism can affect neuronal survival and communication. Genetic differences in lipid-associated 

proteins may consequently modify cellular physiology even when their effects are not immediately apparent 

under normal conditions. One widely investigated example is variation in genes associated with lipid transport 

and neuronal homeostasis, where particular genetic variants have been linked with altered susceptibility to 

neurodegenerative disorders. However, genetic influence is complex and cannot generally be reduced to a single 

gene or pathway. Interactions between multiple genetic factors, age-related changes, environmental exposures, 

metabolic status, and cellular stress can influence how lipid disturbances develop and affect the nervous system. 

In addition, lipid metabolism is closely connected with mitochondrial function and energy production. Disrupted 

fatty-acid handling or abnormal lipid accumulation can interfere with mitochondrial processes, increase 

oxidative stress, and alter cellular energy balance. Lysosomes and autophagic pathways are similarly important 

because they participate in the degradation and recycling of cellular components, including lipid-containing 

structures. When these systems become dysfunctional, potentially harmful lipid species and damaged organelles 

may accumulate, creating conditions that can further disturb neuronal homeostasis. Understanding these 

interconnected mechanisms is therefore essential for establishing how molecular changes in lipid metabolism 

may contribute to long-term neuronal damage. 

The relationship between lipid metabolism and neurodegeneration is particularly relevant to disorders such as 

Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and related neurological conditions. 

Although these diseases differ in their clinical characteristics and pathological features, they share several 

cellular disturbances involving protein accumulation, mitochondrial dysfunction, neuroinflammation, impaired 

intracellular trafficking, and progressive neuronal loss. Lipid metabolism can intersect with each of these 

processes. Altered membrane composition may influence the processing, movement, and aggregation of 

proteins, while changes in lipid signaling can affect inflammatory responses mediated by microglia and other 

immune-related cells in the nervous system. Lipid abnormalities may also influence the interaction between 

neurons and glial cells, thereby modifying the local environment in which neurodegenerative processes occur. In 

Alzheimer’s disease, for example, cholesterol and lipid transport mechanisms have been investigated in relation 

to amyloid processing, neuronal membrane organization, and inflammatory responses. In Parkinson’s disease, 

alterations involving lipid metabolism and lysosomal pathways have attracted attention because of their 

potential relationship with α-synuclein handling and dopaminergic neuronal vulnerability. In other 

neurodegenerative disorders, abnormalities in lipid storage, membrane trafficking, and energy metabolism may 

contribute to cellular stress and impaired neuronal maintenance. Importantly, these relationships are biologically 

interconnected rather than disease-specific in a simple manner. A disturbance in one lipid pathway can influence 

other metabolic networks through feedback mechanisms and changes in cellular signaling. The resulting effects 

may vary according to cell type, genetic background, disease stage, and environmental conditions. This 

complexity makes molecular investigation particularly important because conventional measurements of total 

lipid concentration may not reveal changes in specific lipid species, their cellular location, or their functional 

significance. Genetic approaches combined with transcriptomic, proteomic, lipidomic, and biochemical analyses 

can provide a more detailed understanding of these relationships and help identify molecular signatures 

associated with disease susceptibility and progression. 

Against this background, the present study examines the molecular genetics of lipid metabolism and its role 

in neurodegenerative diseases, focusing on the biological pathways through which genetic and metabolic 

alterations may influence neuronal health. The study considers genes involved in lipid synthesis, transport, 

degradation, and signaling and evaluates their relationship with cellular mechanisms relevant to 

neurodegeneration. Particular attention is given to the interaction between lipid homeostasis, mitochondrial 

dysfunction, oxidative stress, neuroinflammation, lysosomal activity, membrane dynamics, and abnormal 

protein processing. The investigation also recognizes that genetic predisposition does not operate independently 

and that lipid-related neurological outcomes can emerge from complex interactions between inherited variants, 

cellular aging, metabolic conditions, and environmental influences. Advances in high-throughput sequencing, 

genome-wide association studies, lipidomics, single-cell analysis, and molecular profiling have created new 

opportunities to investigate these relationships at greater resolution. Such approaches can help identify genetic 

variants and lipid signatures associated with disease risk while also providing information about the biological 

pathways affected by those changes. A clearer understanding of these mechanisms may support the development 

of biomarkers for early disease detection and contribute to the identification of therapeutic targets directed 
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toward lipid homeostasis rather than solely toward downstream pathological effects. The significance of this 

field therefore extends beyond understanding lipid abnormalities as biochemical observations; it involves 

determining how genetic regulation of lipid pathways interacts with the fundamental processes required for 

neuronal survival and function. Investigating these relationships may provide a more integrated view of 

neurodegenerative disease biology and encourage the development of research strategies that connect molecular 

genetics, lipid biology, cellular neuroscience, and therapeutic discovery. 

 

METHODOLOGY 

The present study adopted an integrative molecular-genetics research approach to investigate the relationship 

between lipid metabolism, genetic regulation, and the development and progression of neurodegenerative 

diseases. The methodology was designed to combine evidence from recent peer-reviewed literature with 

molecular and pathway-level interpretation of genes associated with lipid synthesis, transport, remodeling, 

degradation, signaling, and cellular lipid storage. This approach was selected because lipid metabolism in the 

central nervous system is not controlled by a single biochemical pathway but by interconnected processes 

operating across neurons, astrocytes, microglia, oligodendrocytes, and other neural cell types. Current evidence 

indicates that lipid remodeling, oxidation, lipid-droplet metabolism, phospholipid processing, and intercellular 

lipid transfer are closely connected with neuronal and glial homeostasis and may become disrupted during 

neurodegeneration. The investigation therefore considered both individual lipid-related genes and the biological 

networks in which they participate. Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, and 

selected related neurodegenerative conditions were considered as major disease contexts because abnormalities 

in cholesterol, sphingolipids, phospholipids, fatty acids, lysosomal metabolism, and lipid transport have been 

repeatedly investigated in these disorders. 

 

RESEARCH DESIGN 

A structured integrative review design was used to identify, organize, compare, and interpret evidence 

concerning the molecular genetics of lipid metabolism and neurodegeneration. The research process consisted of 

five interconnected stages: identification of relevant literature, extraction of lipid-associated genetic information, 

classification of metabolic pathways, mapping of genetic alterations to neurodegenerative mechanisms, and 

synthesis of the findings. Rather than treating genetic variants and lipid abnormalities as independent 

observations, the methodology examined their functional relationships with membrane integrity, mitochondrial 

activity, oxidative stress, lysosomal function, neuroinflammation, protein aggregation, and neuronal survival. 

S. 

No. 

Research 

Component 
Methodological Approach 

1 Research design Integrative molecular-genetics literature analysis 

2 Primary focus Genes regulating lipid metabolism and homeostasis 

3 Major lipid classes 
Cholesterol, fatty acids, phospholipids, sphingolipids, glycerolipids and lipid-

storage components 

4 Major diseases 
Alzheimer’s disease, Parkinson’s disease, ALS and selected related 

neurodegenerative disorders 

5 Biological levels Gene, protein, pathway, lipid, cell and disease phenotype 

6 
Analytical 

perspective 
Molecular, biochemical, cellular and disease-level integration 

7 Principal outcome 
Identification of relationships between lipid-associated genetic mechanisms and 

neurodegeneration 

Literature Identification and Database Selection 

Relevant scientific publications were identified through systematic searches of major biomedical and 

multidisciplinary databases. PubMed/MEDLINE, Web of Science, Scopus, Google Scholar, and selected 

publisher databases were considered appropriate sources for locating peer-reviewed studies, review articles, 

genetic investigations, mechanistic studies, and recent advances in lipid biology. Greater emphasis was placed 

on recent literature, particularly studies published from 2020 onward, while older landmark studies were 

retained when they provided essential information concerning established genes, pathways, or disease 

mechanisms. Recent reviews have emphasized the importance of lipid metabolism and remodeling within the 

CNS and have identified dysregulated lipid pathways as relevant to neurodegenerative disease mechanisms. 

The search strategy employed combinations of keywords and Boolean operators. Core search terms included 

“lipid metabolism,” “lipid homeostasis,” “molecular genetics,” “genetic variants,” “lipid-associated genes,” 

“cholesterol metabolism,” “fatty acid metabolism,” “sphingolipid metabolism,” “phospholipid metabolism,” 

“lysosomal lipid metabolism,” “neurodegeneration,” “Alzheimer’s disease,” “Parkinson’s disease,” 

“amyotrophic lateral sclerosis,” “lipidomics,” and “neuroinflammation.” Search combinations were modified 

according to the requirements of individual databases. 
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S. No. Search Concept Representative Search Terms 

1 Molecular genetics “molecular genetics” AND “lipid metabolism” 

2 Lipid homeostasis “lipid homeostasis” AND “brain” OR “CNS” 

3 Cholesterol “cholesterol metabolism” AND “neurodegeneration” 

4 Fatty acids “fatty acid metabolism” AND “neurodegenerative disease” 

5 Sphingolipids “sphingolipid” AND “genetic” AND “neurodegeneration” 

6 Phospholipids “phospholipid metabolism” AND “neuronal dysfunction” 

7 Alzheimer’s disease “lipid metabolism” AND “Alzheimer’s disease” 

8 Parkinson’s disease “lipid metabolism” AND “Parkinson’s disease” 

9 Genetic risk “lipid genes” AND “genetic variants” AND “neurodegeneration” 

10 Cellular mechanisms “lipid metabolism” AND “mitochondria” AND “neuroinflammation” 

Selection of Relevant Studies 

Studies were selected according to predefined inclusion and exclusion criteria. The selection process was 

designed to minimize the inclusion of publications that addressed lipid metabolism only superficially or without 

a meaningful relationship to molecular genetics or neurodegeneration. Peer-reviewed original research articles, 

systematic reviews, narrative reviews, genetic association studies, genome-wide association studies, molecular 

studies, lipidomic investigations, and mechanistic studies were considered. Publications were screened initially 

according to title and abstract, followed by evaluation of the full text where sufficient information was available. 

Selection 

Category 
Inclusion Criteria Exclusion Criteria 

Publication type Peer-reviewed research and review articles 
Editorials, opinion pieces and non-

scholarly material 

Research focus Lipid metabolism, genetics and neurodegeneration Studies unrelated to neural lipid biology 

Genetic 

relevance 
Genes, variants, expression or molecular regulation 

Studies without meaningful genetic or 

molecular information 

Disease 

relevance 

Neurodegenerative or closely related neurological 

disorders 

Conditions unrelated to the research 

objectives 

Evidence 
Mechanistic, clinical, genetic, biochemical or 

lipidomic evidence 

Unsupported commentary or duplicate 

information 

Publication 

period 

Priority to recent literature; landmark older studies 

retained where necessary 

Obsolete material without continuing 

scientific relevance 

Language Primarily English-language scientific literature 
Publications without sufficient accessible 

scientific information 

Extraction of Molecular and Genetic Information 

After study selection, relevant information was systematically extracted into a structured evidence matrix. Data 

extraction focused on the identification of genes, gene products, lipid classes, biochemical pathways, cellular 

locations, disease associations, and proposed molecular mechanisms. Particular attention was given to genes 

involved in cholesterol transport and synthesis, fatty-acid metabolism, sphingolipid processing, phospholipid 

remodeling, lysosomal function, lipid-droplet regulation, and intracellular lipid trafficking. 

The extracted information was organized according to the relationship between genetic alteration and lipid-

related phenotype. Genetic evidence included common variants, rare variants, loss-of-function changes, disease-

associated mutations, altered gene expression, and pathway-level genetic associations where reported. Recent 

genetic studies have highlighted the contribution of lipid-related pathways to neurodegenerative disease 

susceptibility, while research on rare variants has also expanded understanding of genes involved in Alzheimer’s 

disease biology. 

S. No. Molecular Domain Information Extracted 

1 Gene identity Gene name and recognized biological function 

2 Genetic variation Variant, mutation or reported genetic association 

3 Gene expression Increased, decreased or altered expression 

4 Protein function Enzymatic, transport, receptor or regulatory activity 

5 Lipid class Sterol, fatty acid, sphingolipid, phospholipid or glycerolipid 

6 Cellular location Membrane, mitochondria, lysosome, endoplasmic reticulum or lipid droplet 

7 Disease relationship Reported association with neurodegenerative disease 
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8 Molecular consequence Altered synthesis, transport, degradation or signaling 

9 Cellular consequence Oxidative stress, inflammation, mitochondrial or lysosomal dysfunction 

10 Pathological consequence Protein aggregation, synaptic dysfunction or neuronal injury 

Classification of Lipid-Associated Genes and Pathways 

The identified genes were classified according to their principal contribution to lipid biology. This classification 

allowed the study to compare molecular functions across different neurodegenerative diseases. Cholesterol-

associated genes were considered separately from genes involved in fatty-acid, sphingolipid, phospholipid, 

lysosomal, and lipid-droplet metabolism. Genes with overlapping functions were assigned to multiple functional 

categories when necessary because lipid metabolic pathways are highly interconnected. 

The study also considered the relationship between lipid metabolism and cellular organelles. The endoplasmic 

reticulum is central to lipid synthesis and remodeling, mitochondria participate in lipid oxidation and energy 

metabolism, lysosomes contribute to degradation and recycling, and lipid droplets provide dynamic storage sites 

for neutral lipids. Disturbances in these systems can influence one another and may produce a progressive 

metabolic imbalance. Recent research has particularly emphasized lipid transfer between neurons and glial cells 

and the role of microglial lipid dysregulation in neuroinflammation. 

Disease-Specific Molecular Mapping 

The extracted genetic and metabolic information was subsequently mapped against major neurodegenerative 

diseases. For Alzheimer’s disease, the analysis focused on lipid transport, cholesterol regulation, membrane 

remodeling, lysosomal function, inflammatory signaling, and interactions with pathological protein processing. 

For Parkinson’s disease, attention was given to fatty-acid and sphingolipid metabolism, lysosomal pathways, 

mitochondrial dysfunction, α-synuclein-associated mechanisms, and oxidative stress. For ALS and other 

neurodegenerative disorders, lipid homeostasis, membrane maintenance, energy metabolism, and cellular stress 

pathways were evaluated according to the available evidence. 

Disease Major Lipid-Related Areas Examined Associated Cellular Mechanisms 

Alzheimer’s 

disease 

Cholesterol, phospholipids, sphingolipids, 

lipid transport 

Protein processing, inflammation, membrane 

dysfunction and synaptic injury 

Parkinson’s 

disease 

Fatty acids, sphingolipids, cholesterol and 

lipid storage 

α-synuclein biology, mitochondrial dysfunction 

and oxidative stress 

ALS 
Fatty acids, membrane lipids and energy-

related lipid pathways 

Neuronal stress, mitochondrial abnormalities and 

inflammation 

Huntington’s 

disease 

Membrane and energy-associated lipid 

pathways 

Cellular stress, mitochondrial dysfunction and 

neuronal vulnerability 

Related disorders Lysosomal and lipid-storage pathways 
Autophagy, lipid accumulation and impaired 

cellular clearance 

Evidence concerning Alzheimer’s and Parkinson’s disease indicates that abnormal cholesterol, sphingolipid, and 

glycerophospholipid metabolism can interact with protein aggregation, mitochondrial dysfunction, inflammatory 

signaling, and membrane abnormalities. Similarly, recent work has investigated fatty-acid dysregulation as an 

important component of Parkinson’s disease biology. 

Molecular Pathway Analysis 

The study examined the biological consequences of altered lipid metabolism at several interconnected levels. 

First, changes in lipid synthesis or degradation were evaluated for their potential effects on membrane 

composition. Second, altered lipid transport and intracellular trafficking were considered in relation to organelle 

function. Third, the study examined whether lipid imbalance could contribute to oxidative stress, mitochondrial 

dysfunction, neuroinflammation, lysosomal impairment, and abnormal protein accumulation. 

Particular attention was given to the possibility of feedback relationships. For example, mitochondrial 

dysfunction can increase oxidative stress and lipid peroxidation, while oxidized lipid products can further 

damage membranes and cellular organelles. Likewise, lysosomal dysfunction can interfere with lipid 

degradation and recycling, leading to lipid accumulation that may subsequently influence inflammatory 

responses. Microglial lipid dysregulation has also been associated with neuroinflammatory processes, making 

neuron–glia interactions an important component of the analysis. 

Comparative and Integrative Analysis 

A comparative analysis was conducted to identify common and disease-specific molecular patterns. Genes and 

pathways appearing in multiple disorders were examined as potential points of convergence, while disease-

specific findings were retained to avoid oversimplifying distinct pathological mechanisms. The analysis 

considered whether the same lipid pathway could produce different biological consequences depending on cell 

type, disease stage, genetic background, or environmental context. 

The evidence was synthesized across three principal levels: genetic regulation, lipid metabolic alteration, and 

neurodegenerative consequence. This framework allowed the study to move from the identification of a 

genetic factor toward interpretation of its potential biochemical and cellular significance. 



Genetics and Molecular Research 25 (20s): 2026     6 

Analytical 

Level 
Main Question Examples of Variables Examined 

Genetic 
Which genetic factors influence lipid 

metabolism? 

Variants, mutations, gene expression and 

regulatory changes 

Metabolic Which lipid pathways are altered? 
Cholesterol, fatty acids, sphingolipids and 

phospholipids 

Cellular What cellular processes are affected? 
Mitochondria, lysosomes, membranes, lipid 

droplets 

Molecular 
Which pathological mechanisms are 

involved? 

Oxidative stress, inflammation, protein 

aggregation 

Neurological What are the potential consequences? Synaptic dysfunction and neuronal degeneration 

Clinical 
How may molecular changes relate to 

disease? 

Risk, progression, biomarkers and therapeutic 

targets 

Bioinformatic and Functional Interpretation 

Where appropriate, the identified genes and molecular pathways were interpreted using functional annotation 

and pathway-based approaches. Gene-function information was organized according to biological processes, 

molecular functions, cellular components, and metabolic pathways. Particular emphasis was placed on pathways 

connecting lipid metabolism with neuronal signaling, inflammation, mitochondrial activity, lysosomal 

degradation, autophagy, and membrane trafficking. 

The methodological framework also considered evidence generated through genome-wide association studies, 

transcriptomic studies, lipidomic investigations, and other high-throughput approaches. Such integration is 

important because genetic association alone does not necessarily establish biological causation. A reported 

genetic variant was therefore interpreted together with available evidence concerning gene expression, protein 

function, lipid alteration, cellular phenotype, and disease association. Recent research using genetic approaches, 

including Mendelian-randomization analyses, has further explored potential relationships between lipid traits 

and neurodegenerative disease risk. 

Reliability and Evidence Assessment 

To improve the reliability of the synthesis, greater interpretive weight was given to studies with clearly 

described populations or experimental systems, appropriate analytical methods, reproducible molecular 

measurements, established genetic associations, and biologically supported conclusions. Findings reported by 

independent research groups were compared where possible. When studies produced conflicting observations, 

the differences were considered in relation to sample characteristics, disease stage, tissue type, lipid 

measurement techniques, genetic background, and analytical methodology rather than forcing a uniform 

conclusion. 

The evidence was also categorized according to its strength and biological level. 

Evidence Category Interpretation 

Genetic association Indicates a relationship between a genetic factor and disease or lipid phenotype 

Functional genetic evidence Provides evidence that a genetic alteration affects molecular function 

Biochemical evidence Demonstrates changes in lipid concentration, composition or metabolism 

Cellular evidence Demonstrates effects on neurons, glia or organelles 

Mechanistic evidence Connects lipid alteration with a defined pathological process 

Translational evidence Indicates potential relevance to biomarkers or therapeutic intervention 

 

Methodological Integration 

Finally, all extracted evidence was integrated into a conceptual framework linking genetic regulation → lipid 

metabolic alteration → cellular dysfunction → neurodegenerative pathology. This framework provided the 

basis for interpreting how molecular changes in lipid-associated genes may influence neuronal vulnerability. 

The methodology recognizes that lipid metabolism is a dynamic network rather than an isolated biochemical 

pathway and that its effects depend on interactions among neurons, glial cells, organelles, inflammatory 

pathways, and systemic metabolic conditions. Recent literature similarly emphasizes that lipid metabolism, 

remodeling, and intercellular transfer are integral to CNS homeostasis and that their disruption may contribute 

to neurodegenerative disease development. Through this integrative methodology, the study sought to identify 

recurring molecular patterns, disease-specific mechanisms, genetic contributors, and potential biological targets 

that can improve understanding of the relationship between lipid metabolism and neurodegeneration. 

 

RESULTS AND DISCUSSIONS 

The integrated analysis demonstrated that lipid metabolism is closely connected with the molecular and cellular 

mechanisms underlying neurodegenerative diseases. The evidence reviewed indicates that neuronal lipid 
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homeostasis depends on coordinated regulation of lipid synthesis, transport, remodeling, oxidation, storage, and 

degradation rather than on the activity of an individual metabolic pathway. Cholesterol, phospholipids, 

sphingolipids, fatty acids, and related lipid mediators were repeatedly identified as important components of 

neuronal membranes, myelin, synaptic structures, intracellular organelles, and cell-signaling systems. Recent 

research has emphasized that lipid remodeling and intercellular lipid transfer between neurons and glial cells are 

essential for maintaining central nervous system homeostasis, while disruption of these processes can contribute 

to neurodegenerative pathology. The findings of the present synthesis therefore support a network-based 

interpretation in which genetic alterations affecting lipid metabolism can influence several downstream 

processes simultaneously, including membrane instability, mitochondrial dysfunction, oxidative stress, 

lysosomal impairment, neuroinflammation, and abnormal protein accumulation. 

Relationship Between Lipid Classes and Neurodegenerative Mechanisms 

The analysis identified several major lipid classes with recurring associations across neurodegenerative 

disorders. Cholesterol was particularly important because of its role in membrane organization, synaptic 

signaling, myelin maintenance, and protein–membrane interactions. Disturbances in cholesterol distribution may 

alter membrane properties and influence the organization of proteins involved in neuronal signaling. Evidence 

also indicates that cholesterol imbalance can affect amyloid-beta and α-synuclein-related processes, providing a 

molecular connection between lipid homeostasis and pathological protein aggregation. 

Sphingolipids and glycerophospholipids similarly demonstrated substantial relevance. Changes in these lipid 

classes can influence membrane curvature, vesicular trafficking, cellular signaling, and inflammatory responses. 

Fatty-acid metabolism emerged as another important area, particularly in Parkinson’s disease, where recent 

research has proposed a strong relationship between fatty-acid dyshomeostasis and α-synuclein-associated 

pathology. The findings suggest that changes in individual lipid species should not be interpreted independently 

because alterations in one lipid pathway can affect substrate availability, signaling, membrane composition, and 

metabolic flux in interconnected pathways. 

Lipid 

Category 
Major Biological Functions Potential Neurodegenerative Consequences 

Cholesterol 
Membrane structure, synaptic function, 

myelin maintenance 

Altered membrane organization, impaired signaling 

and protein aggregation 

Phospholipids 
Membrane architecture and cellular 

signaling 

Membrane instability, oxidative damage and 

impaired trafficking 

Sphingolipids 
Signaling, membrane organization and 

myelin biology 

Inflammation, lysosomal dysfunction and altered 

neuronal signaling 

Fatty acids 
Energy metabolism, membrane 

composition and signaling 

Oxidative stress, mitochondrial dysfunction and 

protein–lipid interactions 

Glycerolipids 
Energy storage and membrane-related 

metabolism 
Lipid accumulation and cellular metabolic stress 

Oxidized lipids Signaling and products of lipid oxidation Membrane damage and inflammatory responses 

Genetic Regulation of Lipid Homeostasis 

The molecular-genetic analysis demonstrated that lipid-related genes provide an important connection between 

inherited susceptibility and altered neuronal lipid biology. Genes involved in lipid transport, lysosomal function, 

lipid sensing, membrane remodeling, and intracellular trafficking were repeatedly associated with 

neurodegenerative mechanisms. In Alzheimer’s disease, genetic evidence has particularly strengthened the 

importance of pathways involving lipid transport and microglial function. Recent research has identified rare 

variants affecting genes such as ABCA7, SORL1, and TREM2 as important contributors to understanding 

Alzheimer disease susceptibility and pathogenesis. These findings are significant because they indicate that 

genetic effects can influence not only lipid concentrations but also how neural cells detect, transport, recycle, 

and respond to lipid molecules. 

The analysis also highlighted the importance of APOE, which plays a central role in lipid transport within the 

brain. Variability in APOE-related lipid handling has been associated with differences in susceptibility to 

neurological disease, although genetic associations should not be interpreted as deterministic predictions of 

disease. The findings indicate that lipid-related genetic factors operate within broader molecular networks 

involving immune responses, protein clearance, membrane biology, and cellular stress. Consequently, genetic 

predisposition may modify the biological environment in which neurodegenerative processes develop rather 

than independently determining disease progression. 

Comparative Disease-Level Findings 

Comparison across major neurodegenerative diseases demonstrated both shared and disease-specific 

relationships between lipid metabolism and pathological processes. Alzheimer’s disease showed a particularly 

strong association with cholesterol transport, lipid-mediated membrane regulation, sphingolipid metabolism, 

microglial activity, and mechanisms involved in amyloid and tau biology. Parkinson’s disease showed 

prominent relationships involving fatty acids, sphingolipids, lysosomal metabolism, mitochondrial dysfunction, 

and α-synuclein. These findings correspond with recent evidence that abnormal cholesterol, sphingolipid, and 
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glycerophospholipid metabolism can influence Alzheimer’s and Parkinson’s disease mechanisms through 

several interconnected pathways. 

Neurodegenerative 

Disease 

Prominent Lipid-Related 

Processes 
Major Molecular/Cellular Associations 

Alzheimer’s disease 
Cholesterol transport, phospholipid 

and sphingolipid metabolism 

Amyloid processing, tau pathology, microglial 

function and synaptic dysfunction 

Parkinson’s disease 
Fatty-acid, sphingolipid and 

lysosomal lipid metabolism 

α-synuclein accumulation, mitochondrial 

dysfunction and oxidative stress 

ALS 
Membrane lipid and energy-

associated metabolism 

Neuronal stress, mitochondrial abnormalities 

and inflammation 

Huntington’s disease 
Membrane and energy-related lipid 

pathways 

Neuronal vulnerability and altered cellular 

metabolism 

Frontotemporal 

dementia 

Lysosomal and lipid-handling 

pathways 

Protein clearance, microglial dysfunction and 

neuronal degeneration 

The comparison suggests that lipid dysregulation may represent a common biological feature across different 

neurodegenerative diseases while the precise lipid pathways and cellular consequences vary according to 

disease-specific molecular environments. This distinction is important because a therapeutic approach designed 

for one lipid pathway may not necessarily produce equivalent effects in another neurodegenerative disorder. 

Lipid Metabolism, Mitochondrial Dysfunction and Oxidative Stress 

A major finding from the integrated analysis was the close relationship between lipid imbalance and 

mitochondrial dysfunction. Neurons have substantial energy requirements, and mitochondrial integrity is 

therefore essential for maintaining synaptic activity and cellular survival. Altered fatty-acid metabolism, 

excessive lipid accumulation, or lipid oxidation can interfere with mitochondrial function and increase cellular 

oxidative stress. At the same time, impaired mitochondrial activity can increase reactive oxygen species, 

promoting lipid peroxidation and generating secondary lipid products capable of damaging cellular membranes. 

This relationship indicates the possibility of a self-reinforcing metabolic cycle. An initial disturbance in lipid 

metabolism may increase oxidative stress, while oxidative damage can further alter lipid composition and 

mitochondrial membranes. The resulting dysfunction may affect energy production, intracellular trafficking, and 

neuronal signaling. Such interactions help explain why lipid abnormalities may persist and become 

progressively more damaging during neurodegenerative disease rather than remaining isolated biochemical 

abnormalities. 

Lysosomal Function, Lipid Storage and Neuroinflammation 

The results further identified lysosomal function as an important intersection between lipid metabolism and 

neurodegeneration. Lysosomes participate in the degradation and recycling of cellular materials, including 

several lipid-containing structures. When lysosomal processes are impaired, lipid substrates and damaged 

cellular components may accumulate, disrupting intracellular homeostasis. Genetic evidence from 

neurodegenerative diseases increasingly emphasizes the importance of cellular clearance pathways, particularly 

in relation to disease-associated protein accumulation. 

The relationship between lipid metabolism and neuroinflammation was particularly evident in microglial 

biology. Microglia respond to changes in their surrounding environment by altering metabolic pathways, and 

lipid accumulation can accompany changes in inflammatory state. Recent evidence identifies dysregulated 

microglial lipid metabolism as an important component of neuroinflammation and highlights progranulin, 

encoded by GRN, as a regulator of lipid-droplet formation and lysosomal lipid metabolism. These findings 

provide an important link between genetic regulation, lipid storage, lysosomal function, and inflammatory 

responses. 

Interaction Between Lipids and Protein Aggregation 

Another significant finding was the interaction between lipid metabolism and pathological protein accumulation. 

Neurodegenerative diseases are commonly characterized by abnormal accumulation or altered processing of 

proteins such as amyloid-beta, tau, and α-synuclein. The present synthesis indicates that membrane lipids can 

influence the localization, conformation, processing, and aggregation behavior of such proteins. Conversely, 

pathological proteins can interfere with lipid trafficking, organelle function, and membrane stability. 

In Alzheimer’s disease, abnormal lipid metabolism has been associated with processes involving amyloid-beta 

deposition and tau pathology, while Parkinson’s disease demonstrates a particularly notable interaction between 

lipid biology and α-synuclein. This bidirectional relationship suggests that lipid imbalance may both contribute 

to pathological protein accumulation and be worsened by it. Consequently, targeting only protein aggregation 

without considering the lipid environment may overlook an important component of disease biology. 

Integrated Molecular Relationship 

The combined findings support a model in which genetic variation influences lipid-related enzymes, transport 

proteins, receptors, regulatory molecules, or lysosomal components, resulting in changes in lipid synthesis, 

distribution, remodeling, or degradation. These metabolic changes can subsequently affect organelles and 

cellular signaling systems, eventually increasing neuronal vulnerability. 
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Genetic/Metabolic 

Alteration 
Immediate Effect 

Downstream Cellular 

Effect 

Possible Disease 

Consequence 

Altered lipid transport 
Abnormal lipid 

distribution 

Membrane and signaling 

changes 
Synaptic dysfunction 

Impaired sphingolipid 

metabolism 

Altered membrane lipid 

composition 

Signaling and 

inflammatory changes 
Neuronal vulnerability 

Abnormal fatty-acid 

metabolism 
Altered lipid oxidation Mitochondrial stress Oxidative damage 

Lysosomal lipid-

processing defect 
Lipid accumulation Impaired cellular clearance 

Protein and organelle 

accumulation 

Altered lipid-droplet 

regulation 

Excess or insufficient 

lipid storage 
Cellular metabolic stress 

Neuroinflammatory 

responses 

Cholesterol imbalance 
Modified membrane 

organization 

Altered protein–membrane 

interactions 

Synaptic and neuronal 

dysfunction 

Overall, the results indicate that the relationship between molecular genetics and neurodegeneration is best 

understood through interconnected biological pathways rather than isolated gene–disease associations. Genetic 

alterations can modify lipid homeostasis, but their pathological effects depend on cellular context, aging, 

environmental influences, metabolic state, and interactions with other genetic pathways. Recent work using 

genetic, lipidomic, and transcriptomic approaches supports increasingly detailed investigation of these 

relationships, including cell-type-specific changes in lipid metabolism. 

The findings also have implications for biomarker development and therapeutic research. Lipidomic profiling 

combined with genetic information may help identify molecular subgroups characterized by distinct metabolic 

abnormalities. However, the presence of a lipid alteration does not automatically establish that it is a primary 

cause of neurodegeneration. Some changes may arise as compensatory responses or consequences of neuronal 

injury. Future investigations should therefore integrate longitudinal genetic, lipidomic, transcriptomic, and 

cellular data to distinguish causal mechanisms from secondary metabolic effects. The overall evidence supports 

lipid metabolism as an important molecular interface connecting genetic susceptibility with membrane 

dysfunction, mitochondrial impairment, lysosomal abnormalities, neuroinflammation, protein pathology, and 

progressive neuronal degeneration. 

 

CONCLUSION 

The present study establishes that the molecular regulation of lipid metabolism represents an important 

component of the biological processes associated with neurodegenerative diseases. Lipids are not merely 

structural constituents of neuronal membranes but actively participate in membrane organization, synaptic 

communication, energy metabolism, intracellular trafficking, myelin maintenance, and cellular signaling. The 

integrated analysis indicates that genetic alterations affecting lipid transport, synthesis, remodeling, storage, and 

degradation can disturb these functions and contribute to neuronal vulnerability. Particular relationships were 

identified between lipid dysregulation and mitochondrial impairment, oxidative stress, lysosomal dysfunction, 

neuroinflammation, abnormal protein processing, and impaired cellular clearance. The involvement of genes 

and pathways associated with cholesterol, phospholipids, sphingolipids, fatty acids, and lipid droplets further 

demonstrates that neurodegeneration is influenced by interconnected metabolic networks rather than by isolated 

molecular abnormalities. Recent evidence also demonstrates that specific genetic alterations can produce 

measurable changes in neuronal or glial lipid metabolism, strengthening the biological connection between 

genetic susceptibility and lipid homeostasis. 

Overall, the findings support an integrated genetic–lipid–cellular framework for understanding 

neurodegenerative disease development and progression. The interaction between inherited or acquired 

molecular alterations and age-related metabolic stress may determine how effectively neural cells maintain lipid 

balance and respond to pathological conditions. Advances in genomics, lipidomics, transcriptomics, single-cell 

analysis, and multi-omics approaches provide opportunities to identify disease-associated lipid signatures, 

clarify cell-specific mechanisms, and investigate potential biomarkers and therapeutic targets. Emerging 

evidence involving genes such as ABCA7, APOE, GRN, and other lipid-related regulators illustrates the 

potential value of connecting genetic information with functional lipid changes rather than examining genetic 

associations independently. Nevertheless, further longitudinal and mechanistic studies are required to 

distinguish primary causal lipid disturbances from metabolic changes that occur as consequences of neuronal 

injury. A deeper understanding of these relationships may ultimately support more precise approaches to 

diagnosis, disease stratification, and therapeutic development while advancing knowledge of how molecular 

lipid regulation contributes to the complex biology of neurodegenerative diseases. 
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