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ABSTRACT 

Lipid metabolism plays a central role in maintaining cellular homeostasis and energy balance, and its dysregulation has been 

increasingly implicated in the biology of aging and the development of age-related diseases. Lipids not only serve as 

structural components of membranes and energy sources but also act as signaling molecules that influence a wide array of 

physiological processes, including inflammation, oxidative stress response, and mitochondrial function. Recent research 

highlights how alterations in lipid profiles and lipid-processing enzymes contribute to cellular senescence, 

neurodegeneration, cardiovascular diseases, and metabolic syndromes commonly observed in aging populations. 

Understanding the mechanistic links between lipid metabolism and aging offers promising avenues for therapeutic 

intervention, including dietary modulation, pharmacological targeting of lipid metabolic pathways, and the use of lipidomics 

for early detection of age-related pathologies. This review synthesizes current insights into lipid metabolic pathways and 

their profound influence on the aging process and associated diseases, aiming to illuminate potential strategies for 

promoting healthy aging and longevity. 

KEYWORDS: Lipid metabolism, biological aging, age-related diseases, cellular senescence, mitochondrial dysfunction, lipid 

signaling, neurodegeneration, cardiovascular disease, lipidomics, metabolic syndrome. 

INTRODUCTION 

Aging is an intricate and multifaceted biological 

phenomenon characterized by a progressive decline in 

physiological integrity, leading to impaired organ function 

and an increased susceptibility to a wide array of chronic 

diseases [1, 5]. This universal process, driven by a complex 

interplay of genetic, environmental, and lifestyle factors, 

manifests at the molecular and cellular levels through a 

series of interconnected changes, including genomic 

instability, telomere attrition, epigenetic alterations, loss of 

proteostasis, deregulated nutrient sensing, mitochondrial 

dysfunction, cellular senescence, stem cell exhaustion, and 

altered intercellular communication. Amidst these 

hallmarks, an emerging body of research has increasingly 

highlighted the critical and often underestimated role of 

lipid metabolism in orchestrating the trajectory of biological 

aging [1, 2, 7]. 

Beyond their conventional roles as primary energy reserves 

and integral structural components of cellular membranes, 

lipids are now recognized as dynamic signaling molecules, 

active participants in cellular communication, and crucial 

modulators of inflammatory responses [10]. The delicate 

balance of lipid synthesis, transport, storage, and 

degradation is essential for maintaining cellular and 

organismal homeostasis. However, with advancing age, this 

finely tuned metabolic machinery often undergoes 

significant dysregulation, leading to profound alterations in 

lipid profiles and metabolic pathways [1, 2]. Such age-related 

lipid dyshomeostasis has been causally linked to, and often 

precedes, the onset and progression of numerous 

debilitating age-related disorders, including but not limited 

to neurodegenerative conditions like Alzheimer's and 

Parkinson's diseases, various metabolic syndromes 

suchiovascular diseases, and even certain cancers [6, 7, 9]. 

The intricate relationship between lipid metabolism and 

aging extends across multiple biological scales, 

encompassing changes in the composition of cellular 

Frontiers in Medical and Clinical Sciences                                                                                                             (Open Access) 



FMCS, (2025)                                                                                                                                                               
 

  

https://irjernet.com/index.php/fmcs 6 

  

membranes, alterations in the efficiency of fatty acid 

oxidation, the accumulation of lipotoxic species, and the 

modulation of key signaling pathways that govern cellular 

longevity and stress responses [1, 5]. Furthermore, recent 

advancements in epigenetics have unveiled how age-

dependent modifications to DNA methylation patterns can 

directly impact lipid metabolic genes, thereby accelerating 

the aging process [4]. Cellular senescence, a state of 

irreversible growth arrest that contributes significantly to 

tissue aging and dysfunction, is also deeply intertwined with 

specific lipid species and metabolic pathways, which can 

either promote or mitigate its establishment and the 

associated pro-inflammatory secretome [3]. This 

comprehensive review aims to synthesize the current 

understanding of the profound impact of lipid metabolism 

on biological aging and its critical contributions to the 

pathogenesis of age-related diseases, drawing upon the 

latest scientific literature. By elucidating these complex 

interactions, we can pave the way for novel therapeutic 

strategies aimed at promoting healthy aging and alleviating 

the burden of age-related pathologies. 

METHODS 

This article constitutes a narrative review, meticulously 

synthesized from a curated selection of peer-reviewed 

scientific publications. The methodological approach 

involved a systematic and targeted literature search 

conducted across prominent scientific databases, primarily 

PubMed and Google Scholar. The search strategy employed 

a combination of keywords and Medical Subject Headings 

(MeSH) terms, including but not limited to "lipid 

metabolism," "aging," "age-related diseases," "cellular 

senescence," "cholesterol," "triglycerides," "fatty acids," 

"sphingolipids," "mitochondrial dysfunction," 

"peroxisomes," "epigenetics," and "longevity." Boolean 

operators (AND, OR) were utilized to refine search queries 

and maximize the retrieval of relevant articles. 

Priority was given to recent review articles, meta-analyses, 

and original research papers published within the last five to 

ten years, though seminal works were also included to 

provide foundational context. Articles were selected based 

on their direct relevance to the interplay between lipid 

metabolism and aging, their mechanistic insights, and their 

contribution to understanding the etiology or progression of 

age-related disorders. The selection process involved an 

initial screening of titles and abstracts, followed by a full-text 

review of potentially relevant articles.

 

 
                              Age-related changes in lipid metabolism and their effects on agin

Each selected article was critically appraised for its scientific 

rigor, methodological soundness, and the robustness of its 

findings. Information pertaining to specific lipid classes, 

metabolic pathways, cellular organelles (e.g., mitochondria, 

peroxisomes), and molecular mechanisms (e.g., DNA 

methylation, inflammation) linking lipids to aging and age-

related diseases was extracted. The gathered information 

was then systematically organized, categorized, and 

synthesized to construct a comprehensive and coherent 

narrative. Particular attention was paid to identifying 

consistent themes, acknowledging any contradictory 

findings, and highlighting emerging research areas to 

provide a balanced and forward-looking perspective on the 

subject. This integrative approach allowed for the 

development of a nuanced understanding of the complex and 

dynamic role of lipid metabolism in the aging process. 

RESULTS 

1. Lipid Metabolism as a Fundamental Regulator of 

Lifespan and Biological Aging: 

Accumulating evidence unequivocally positions lipid 

metabolism as a central determinant in the regulation of 

lifespan and the overall trajectory of biological aging across 

diverse organisms, from simple invertebrates to complex 

mammals [1, 10]. The aging process is consistently 
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accompanied by significant and often detrimental 

alterations in global lipid composition and the efficiency of 

various lipid metabolic pathways [1, 2]. For instance, the 

fatty acid composition of cellular membranes undergoes 

dynamic changes with age, impacting membrane fluidity, 

receptor function, and the activity of membrane-bound 

enzymes, all of which are crucial for maintaining cellular 

signaling and overall cellular integrity [1]. A shift towards 

increased saturated and monounsaturated fatty acids, often 

accompanied by a decrease in polyunsaturated fatty acids 

(PUFAs), can compromise membrane health and contribute 

to cellular dysfunction. 

The intricate balance between lipid synthesis, storage, and 

catabolism is paramount for cellular energy homeostasis, a 

process intimately linked to the mechanisms of longevity 

and aging [1, 5]. Disruptions in this delicate lipid balance can 

lead to the pathological accumulation of lipids within non-

adipose tissues, a condition known as lipotoxicity. This 

excessive lipid burden can induce cellular damage, trigger 

inflammatory responses, and impair organ function, thereby 

significantly contributing to age-related decline and the 

manifestation of chronic diseases [7]. Specific lipid classes, 

such as triglycerides, phospholipids, and cholesterol, exhibit 

distinct age-related patterns of accumulation or depletion, 

each with unique implications for cellular health. 

Furthermore, the efficiency of lipid signaling pathways, 

which involve lipid mediators like prostaglandins, 

leukotrienes, and sphingolipids, is often compromised with 

age, impacting cellular responses to stress, inflammation, 

and growth factors [10]. 

2. Pervasive Dysregulation of Lipid Metabolism in Age-

Related Pathologies: 

A substantial and growing body of research emphatically 

underscores the prominent and often causative role of 

dysregulated lipid metabolism in the etiology, progression, 

and severity of numerous age-related diseases [6, 7]. 

• Neurodegenerative Diseases: The brain, being the most 

lipid-rich organ in the body, is exceptionally vulnerable 

to the detrimental effects of lipid dysregulation during 

aging [9]. Alterations in cholesterol metabolism are 

particularly implicated in the pathogenesis of 

neurodegenerative disorders such as Alzheimer's 

disease (AD) and Parkinson's disease [6, 9]. 

Dysfunctional cholesterol transport, impaired 

cholesterol efflux, and the accumulation of oxidized 

cholesterol derivatives can contribute to amyloid-beta 

plaque formation and tau hyperphosphorylation, key 

pathological hallmarks of AD [6]. Moreover, changes in 

the metabolism of sphingolipids, another critical class of 

brain lipids, have been linked to neuronal dysfunction 

and neuroinflammation in the aging brain [9]. Lipid 

peroxidation, a consequence of increased oxidative 

stress acting on vulnerable polyunsaturated fatty acids, 

generates reactive aldehydes and other toxic 

byproducts that inflict severe damage on neuronal 

membranes and proteins, significantly contributing to 

neurodegeneration [9]. 

• Metabolic Syndromes and Cardiovascular Diseases: 

Lipid abnormalities are central to the development of 

metabolic syndrome and significantly amplify the risk of 

cardiovascular diseases, conditions that are 

overwhelmingly prevalent in the elderly population [7]. 

Common dyslipidemias observed with age include 

elevated levels of triglycerides, increased low-density 

lipoprotein (LDL) cholesterol, and often reduced high-

density lipoprotein (HDL) cholesterol. These lipid 

imbalances contribute to atherosclerosis, a chronic 

inflammatory disease characterized by plaque buildup 

in arteries, by promoting endothelial dysfunction, 

monocyte adhesion, and foam cell formation [7]. 

Furthermore, ectopic lipid accumulation in tissues like 

the liver and muscle can induce insulin resistance, a 

hallmark of type 2 diabetes, by impairing insulin 

signaling pathways [7]. The resulting chronic systemic 

inflammation, fueled by dysregulated lipid metabolism, 

creates a vicious cycle that accelerates cellular and 

tissue aging. 

• Cellular Senescence: Emerging research has established 

a direct and intricate link between lipid metabolism and 

cellular senescence, a state of irreversible cell cycle 

arrest that contributes to tissue dysfunction and chronic 

inflammation in aging organisms [3]. Specific lipid 

species and lipid metabolic pathways have been 

demonstrated to actively induce or modulate the 

senescent phenotype. For instance, an accumulation of 

saturated fatty acids and ceramides can trigger cellular 

senescence by activating stress pathways and 

promoting the senescence-associated secretory 

phenotype (SASP) [3]. The SASP, characterized by the 

secretion of pro-inflammatory cytokines, chemokines, 

and matrix metalloproteinases, further contributes to 

the aged microenvironment and systemic inflammation. 

Conversely, certain lipid mediators or pathways that 

promote lipid droplet formation or efficient lipid 

turnover may mitigate senescence [3]. This growing 

understanding suggests that targeting specific lipid 

pathways could represent novel therapeutic strategies 

for clearing senescent cells and promoting healthy aging 

[3]. 

3. Interplay with Organellar Dysfunction: Mitochondria 

and Peroxisomes: 

The functional integrity of cellular organelles, particularly 

those involved in lipid processing, is profoundly affected by 

aging and, in turn, influences lipid metabolism. 

• Mitochondrial Dysfunction: Mitochondria, often 

referred to as the cellular powerhouses, are central to 
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lipid metabolism, playing a crucial role in fatty acid β-

oxidation (the primary pathway for breaking down fatty 

acids for energy) and certain aspects of lipid synthesis 

[5]. Mitochondrial dysfunction, a widely recognized 

hallmark of aging, is intimately intertwined with 

perturbed lipid metabolism [5]. Impaired mitochondrial 

fatty acid oxidation can lead to the incomplete 

breakdown of fatty acids and the accumulation of toxic 

lipid intermediates, such as diacylglycerols and 

ceramides, which can further damage mitochondria, 

induce oxidative stress, and contribute to cellular aging 

[5]. Furthermore, changes in the composition of 

mitochondrial membrane lipids, particularly 

cardiolipin, which is essential for mitochondrial electron 

transport chain efficiency, can compromise 

mitochondrial function with age [5]. 

• Peroxisomal Dysfunction: Peroxisomes are another 

class of vital organelles involved in various metabolic 

processes, including the β-oxidation of very long-chain 

fatty acids, the synthesis of ether lipids (e.g., 

plasmalogens), and the detoxification of reactive oxygen 

species [8]. With advancing age, peroxisomal function 

often declines, leading to an accumulation of harmful 

lipids that cannot be properly metabolized [8]. This 

accumulation can contribute to oxidative stress, as 

peroxisomes are also involved in hydrogen peroxide 

metabolism, and their dysfunction can lead to an 

imbalance between ROS production and neutralization 

[8]. The impaired synthesis of plasmalogens, which are 

abundant in cell membranes and act as antioxidants, can 

further compromise cellular integrity and contribute to 

age-related pathologies [8]. Thus, the decline in 

peroxisomal efficiency directly contributes to the overall 

lipid dyshomeostasis observed in aging. 

4. Epigenetic Regulation of Lipid Metabolism in 

Accelerated Aging: 

Recent groundbreaking discoveries have elucidated a critical 

link between age-dependent DNA methylation patterns and 

the regulation of lipid metabolism, demonstrating how these 

epigenetic modifications can significantly contribute to 

accelerated aging [4]. DNA methylation, a key epigenetic 

mechanism, involves the addition of a methyl group to 

cytosine bases, primarily in CpG dinucleotides, which can 

alter gene expression without changing the underlying DNA 

sequence. With age, there are widespread changes in DNA 

methylation patterns, including both hypermethylation and 

hypomethylation at specific genomic loci. 

These age-dependent epigenetic shifts can directly impact 

the expression of genes encoding enzymes, transporters, and 

receptors involved in various aspects of lipid synthesis, 

transport, and breakdown [4]. For example, altered 

methylation of genes responsible for fatty acid desaturation, 

cholesterol synthesis, or lipoprotein assembly can lead to 

dysregulation of lipid homeostasis. Such epigenetic 

modifications can result in an unfavorable lipid profile, 

increased lipotoxicity, and impaired cellular responses to 

lipid signals, thereby contributing to the aging phenotype 

and increasing susceptibility to age-related diseases [4]. This 

highlights a crucial epigenetic mechanism by which the aging 

process influences lipid metabolism and underscores the 

exciting potential for epigenetic interventions to modulate 

lipid profiles and, consequently, the aging trajectory [4]. The 

interplay between the "epigenetic clock" and lipid metabolic 

pathways represents a promising area for future research. 

DISCUSSION 

The comprehensive evidence presented herein strongly 

reinforces the notion that lipid metabolism is far from a 

passive bystander in the aging process; rather, it emerges as 

an active, dynamic, and profoundly influential participant. 

The pervasive changes observed in lipid composition, the 

efficiency of various metabolic pathways, and the functional 

integrity of lipid-processing organelles such as mitochondria 

and peroxisomes are inextricably linked to the molecular 

and cellular hallmarks of aging and the escalating incidence 

of age-related disorders. This review underscores the 

multifaceted nature of this relationship, encompassing 

direct effects on cellular energy homeostasis, contributions 

to chronic low-grade inflammation (inflammaging), and the 

intricate interplay with epigenetic modifications that govern 

gene expression. 

The dysregulation of specific lipid species and their 

associated metabolic pathways contributes significantly to 

the diverse pathologies observed in an aging population. For 

instance, the critical role of cholesterol dyshomeostasis in 

the development and progression of neurodegenerative 

diseases, particularly Alzheimer's disease, is becoming 

increasingly evident [6]. Similarly, the profound impact of 

various lipid abnormalities on the pathogenesis of metabolic 

syndrome and cardiovascular diseases, including 

atherosclerosis and insulin resistance, is well-established 

[7]. The burgeoning understanding of how lipid metabolism 

directly influences cellular senescence [3] represents a 

particularly exciting frontier, opening up novel avenues for 

therapeutic interventions aimed at targeting senescent cells 

and mitigating their detrimental pro-inflammatory effects 

on surrounding tissues. 

Despite significant advancements, several challenges and 

gaps remain in our current understanding. While 

correlations between lipid alterations and aging are well-

documented, establishing definitive causal relationships 

requires further rigorous investigation. The precise 

molecular mechanisms by which specific lipid species exert 

their pro-aging or anti-aging effects need to be elucidated in 

greater detail. Furthermore, the complexity of lipidomics, 

involving thousands of distinct lipid species, necessitates the 
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development of more sophisticated analytical tools and 

computational approaches to comprehensively profile age-

related lipid changes at a systems level. Individual variability 

in lipid metabolism, influenced by genetics, lifestyle, and 

environment, also presents a challenge in developing 

universal interventions. 

Future research should prioritize a deeper mechanistic 

understanding of how specific lipid species and metabolic 

pathways are precisely altered during the aging process and 

how these alterations directly contribute to age-related 

functional decline and disease susceptibility. This will 

involve employing advanced lipidomics, proteomics, and 

metabolomics techniques in conjunction with genetic and 

epigenetic analyses. Longitudinal studies in human cohorts, 

coupled with targeted interventions in animal models, will 

be crucial for dissecting cause-and-effect relationships. 

Moreover, exploring the therapeutic potential of precisely 

modulating lipid metabolism, through targeted dietary 

interventions, novel pharmacological agents that restore 

lipid homeostasis, or even epigenetic editing technologies, 

holds immense promise for promoting healthy aging and 

preventing age-related pathologies. The development of 

personalized medicine approaches, tailored to an 

individual's unique lipid profile and genetic predispositions, 

will likely be key to maximizing therapeutic efficacy. 

CONCLUSION 

In conclusion, lipid metabolism plays a pivotal, dynamic, and 

often underappreciated role in the complex process of 

biological aging and the pathogenesis of age-related 

disorders. The pervasive influence of lipid dysregulation on 

fundamental cellular functions, the integrity of vital 

organelles, and the intricate epigenetic landscapes 

underscores its paramount significance as a therapeutic 

target. By unraveling the intricate connections between lipid 

metabolism and the various hallmarks of aging, we are 

poised to unlock novel strategies for extending healthspan—

the period of life spent in good health—and significantly 

mitigating the growing burden of age-related diseases in an 

increasingly aging global population. Continued dedicated 

research in this vital area promises to transform our 

understanding of aging and pave the way for a healthier 

future. 
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