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Abstract

Lipids are a diverse group of hydrophobic molecules including fats, oils, phospholipids, and steroids
that are vital for numerous biological functions including energy storage, cellular structure, and
signaling. Changes in lipid metabolism that occur as organisms age result in dysregulated lipid
profiles that are increasingly linked to chronic conditions such as cardiovascular diseases,
neurodegenerative disorders, and metabolic syndromes, thus highlighting the importance of lipids
in health span and longevity. Research has shown that aging is characterized by certain changes in
lipid composition. These shifts are not merely passive but actively contribute to cellular senescence
and inflammation, mechanisms that are central to age-related decline. In particular, the accumulation
of oxidized fatty acids has been shown to impair immune cell function, exacerbating inflammatory
responses and furthering the trajectory of aging-related diseases. The controversies surrounding the
role of dietary lipids in aging have emerged, particularly regarding the optimal types and ratios of
fats that can promote healthier aging. Certain unsaturated fats are believed to confer protective
effects, while others may contribute to health risks when consumed in excess. Furthermore,
advancements in lipidomic technologies are enhancing our understanding of individual lipid profiles
and their associations with health outcomes, paving the way for personalized dietary interventions
aimed at mitigating the effects of aging. In this review, the exploration of lipids in the context of aging
reveals a complex landscape where lipid metabolism intersects with cellular health, chronic
inflammation, and disease susceptibility, presenting both opportunities for therapeutic intervention
and ongoing challenges in nutritional science and gerontology.

Keywords: nanoimprint lithography (NIL); layout-to-SEM reconstruction; U-Net; conformal
prediction; uncertainty quantification; optical proximity correction (OPC)

Introduction

Lipids are integral to various biological processes, influencing aging and longevity through
multiple mechanisms. The relationship between lipid metabolism and aging has garnered
considerable attention, particularly regarding how alterations in lipid composition can contribute to
age-related physiological and pathological changes. Lipids function as crucial signaling molecules,
modulating nuclear transcription and facilitating cellular communication. This signaling capacity
allows lipids to play an active role in lifespan and health span regulation.

Aging can be closely associated with alterations in lipid metabolism, which can have significant
effects on the overall health and progression of age-related diseases. Multiple studies show that aging
is marked by dysregulated lipid metabolism, leading to changes in the lipid composition across
various species, including humans. As individuals age, body adiposity typically increases,
accompanied by shifts in lipid metabolite levels and the development of lipotoxicity. This increase in
lipotoxicity contributes to various age-related diseases such as cardiovascular disease, cancer, type 2
diabetes, and Alzheimer's disease. The complexities of lipid metabolism make it difficult to
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understand its precise role in aging, but advancements in lipidomic technologies are shedding light
on age-associated changes in lipid profiles. These changes are further influenced by factors such as
diet and gender, highlighting the complex dynamics of lipid metabolism in aging. Multiple reviews
have focused on how lipid metabolism contributes to aging, and in multiple cellular processes. Here
in this review, we focus on how lipids play a role in multiple age-related diseases and pave way to
timely interventions and identification of aging biomarkers to support healthy aging.

Lipid Composition Changes with Age

Lipid composition undergoes significant changes with age, influencing metabolic health, cellular
function, and disease susceptibility. As individuals grow older, shifts in lipid metabolism contribute
to various physiological alterations, including increased lipid peroxidation, disrupted lipid
homeostasis, and impaired membrane integrity. These changes play a crucial role in aging-related
disorders, such as cardiovascular diseases, neurodegenerative conditions, and metabolic
dysfunctions.

One of the most notable changes in lipid composition with age is the accumulation of oxidized
lipids. Lipid peroxidation, driven by oxidative stress, leads to the formation of reactive lipid species
that damage cellular membranes and contribute to inflammation. This process is particularly
detrimental in highly metabolic tissues such as the brain and heart, where oxidative damage
accelerates age-related degeneration. For example, alterations in brain lipid composition have been
linked to cognitive decline and neurodegenerative diseases like Alzheimer’s disease (Mutlu, Duffy,
& Wang, 2021; Wu, Liu, Yang, Ma, & Qin, 2023).

Aging also affects lipid homeostasis by altering cholesterol metabolism. Studies indicate that
older adults experience an increase in total cholesterol and low-density lipoprotein (LDL) levels while
high-density lipoprotein (HDL) levels decline, which contributes to a higher risk of atherosclerosis
and cardiovascular diseases (Sharma & Diwan, 2023; Y. Wang, Hu, Chen, & Ma, 2025). These lipid
imbalances not only impact vascular function but also promote systemic inflammation, further
accelerating aging processes.

Membrane lipid composition is another critical aspect influenced by aging. The phospholipid
content of cell membranes shifts with age, affecting membrane fluidity and cellular communication.
Changes in phosphatidylcholine and sphingolipid levels, for instance, can alter signal transduction
and impair cellular resilience against stressors. Additionally, lipid raft integrity declines with age,
disrupting receptor localization and downstream signalling pathways essential for immune function
and metabolic regulation.

Metabolic shifts associated with aging also contribute to lipid accumulation in non-adipose
tissues. This phenomenon, known as ectopic lipid deposition, is frequently observed in the liver,
muscle, and vascular system, leading to conditions such as fatty liver disease, insulin resistance, and
increased cardiovascular risk (Adebo, Gieng, & Feng, 2025). As lipid storage becomes dysregulated,
lipotoxicity further exacerbates cellular dysfunction and inflammation.

Role of Lipids in Age Related Diseases
a. Lipid Metabolism and Cardiovascular Health

The cardiovascular system of humans utilizes kilograms of ATP daily to maintain basal
metabolism and promote regular contractions, which are crucial for sustaining systemic as well as
pulmonary arterial compression. Ninety-five percent of the total energy generated by the heart is
derived through oxidative metabolism inside the mitochondria, while anaerobic glycolysis accounts
for five percent (Allard, Schonekess, Henning, English, & Lopaschuk, 1994). Changes in substrate
accessibility as well as absorption, observed in diabetes along with other metabolic disorders, affect
mitochondrial function along with cardiac metabolism of energy, including calcium dynamics
alongside homeostasis, the generation for reactive oxygen species (ROS) (Wong, Dighe, Mezera,
Monternier, & Brand, 2017), as well as the initiation of the pro-apoptotic cascade. Significantly,
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decreased fatty acid oxidation (FAO) might at times coincide with heightened glucose metabolism.
In several cells, such as cardiomyocytes, the increased synthesis of malonyl CoA functions as an
allosteric inhibitor of carnitine palmitoyl transferase, therefore restricting the transport of lipids
within mitochondria (W. Wang et al., 2019).

The heart's muscular system can change its power source due to its significant flexibility in
metabolism. The cardiac muscle diminishes its ability to generate energy effectively as well adapt to
fluctuating metabolic situations, including coronary artery disease (Davila-Roman et al., 2002);
(Neglia et al., 2007). The biology of cardiomyocytes, particularly mitochondrial function, is
consequently impacted by this metabolic imbalance. Cardiomyopathies do alter mitochondrial
dynamics, especially when it comes to the balance between fusion as well as fission. While improved
mitochondrial fusion provides protection from pressure-induced heart failure (H. Yu, Guo, Mi,
Wang, Li, & Gao, 2011), restricted integration of the inner mitochondrial membrane promotes
apoptosis and the development of heart failure. Significant changes in oxidative pathways and
metabolic models of cardiac tissue are both associated with mitochondrial dynamics. By reducing
heart oxidative stress, elevated amounts of inner membrane binding protein may have an impact on
ROS production. Cardiac substrate utilization may affect cardiac function irrespective of changes in
ATP production. It also affects lipid homeostasis, which regulates fatty acid intake, storage, and
oxidation (Schulze, Drosatos, & Goldberg, 2016).

A notable increase in anaerobic metabolism of glucose, which is associated with a greater
glycolytic flux and the accumulation of lactate and pyruvate, is a characteristic of heart failure with
reduced ejection fraction (HFrEF). Proton buildup in the cytosol is thus linked to heightened acidosis,
which exacerbates cardiac contraction by blocking contractile proteins as well as intracellular Ca2+
transport (Diakos et al., 2016). This alteration in ionic balance reduces ATP synthesis and worsens
heart failure, an energy-deficient illness. Insulin resistance is a major metabolic abnormality in HFpEF
that is mostly associated with obesity (Da Dalt, Cabodevilla, Goldberg, & Norata, 2023).

There is a noticeable decrease in aerobic glycolysis in both HFrEF as well as HFpEF. Research
on metabolism in HFpEF has been hindered by the lack of an appropriate animal model. In addition
to FAQ, 5-30% of the energy generated by a heart in good health comes from anaerobic glycolysis.
Changes in glucose uptake and oxidation may occur in a damaged heart, much as changes in FAO.
Research indicates that heightened glycolytic uptake in some heart failure models results in an
augmented flux via the pentose phosphate pathway, which regulates both cardiac redox status and
cellular proliferation (Da Dalt et al., 2023).

Lipoproteins are mostly composed of phospholipids, cholesterol, triglycerides, along with other
types of lipids. The basic makeup of lipoproteins, comprising amphipathic components such as
phospholipids as well as exterior protein molecules, alongside hydrophobic fatty acids like
triglycerides along with cholesteryl ester within their core, facilitates interaction with receptors on
cells and regulates enzymes critical to their metabolism. Chylomicrons, lipoproteins derived from
dietary fats, facilitate the transport of fatty acids, especially fat-soluble vitamins, towards the colon
more efficiently. The fatty acids are conveyed from liver cells to adjacent tissues, including the heart,
skeletal muscle, including fat tissue, by very low-density lipoproteins (VLDL), that are additionally
composed of low-density lipoproteins (LDL).

FAs, including fat-soluble vitamins, are transported across organs via a secondary lipid
transport pathway. Insulin meticulously regulates blood fatty acid levels by inhibiting the activation
of cytoplasmic lipases in adipocytes. Non-esterified fatty acids (NEFAs) bound to protein are released
by fat cells during fasting and when insulin function is impaired, as shown in diabetic complications.
Tocopherols (vitamin E) as well as retinoids (vitamin A) bind to particular proteins to facilitate their
transport from the liver to other tissues around the body.

The oxidation process of FAs generates roughly ten times the amount of ATP per molecule than
glucose. Thus, it is not unexpected since energy-demanding structures such as the kidneys and
cardiovascular system mostly depend on circulating lipids for sustenance. The cardiac muscle
acquires FAs from three sources: non-esterified fatty acids (NEFAs), chylomicrons, and very low-
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density lipoproteins (VLDL). The importance of esterified FA intake, namely lipoprotein-derived
FAs, providing a primary energy source for cardiac activity was established by studies on arterial-
venous changes in the human heart carried out in the 1960s (Ballard, Danforth, Naegle, & Bing, 1960).
Lipids from chylomicrons along with VLDL are lipolyzed and assimilated by the heart. The
absorption and almost total utilization of FAs were confirmed by a recent and comprehensive study
of metabolites in the cardiovascular systems of fasting patients undergoing cardiac catheterization.
Some HF individuals have decreased absorption of fatty acids and increased use of lactate and
ketones (Murashige et al., 2020). This research unexpectedly revealed little glucose consumption in
the hearts of both normal subjects and patients with heart failure, and did not see increased glucose
absorption in heart failure after the injection of 2-deoxyglucose.

The heart is a primary location for the absorption of non-esterified fatty acids (NEFAs). All
tissues, irrespective of morphology or circulatory supply, will take in NEFAs owing to its non-specific
translocation through cellular membranes. A receptor-mediated mechanism must be implied by the
increased absorption rates in cardiac as well as brown adipose tissues. Translocation through the
endothelium layer, movement from endothelial towards sub-endothelial tissues, and eventual lipid
absorption into cardiomyocytes are a few steps involved in the heart's absorption of NEFA. The fatty
acid transporter CD36 facilitates these activities in vivo (Glatz & Luiken, 2018; Son et al., 2018). The
genetic loss of CD36 diminishes intra-myocellular accumulation of lipid droplets, whereas CD36
overexpression enhances lipid absorption and oxidation in the heart. Although studies did not
demonstrate impaired cardiac NEFA absorption in cardiomyocyte-specific CD36 deletion mice
during acute experimental conditions (Son et al., 2018), others have shown a decrease in fatty acid
oxidation in ex vivo functional cardiac specimens using cardiomyocyte-specific inducible CD36
deletion animals. Consequently, it is probable that CD36 in cardiomyocytes and endothelial cells
facilitates either parallel or distinct phases of a singular NEFA absorption mechanism. "CD36 being
a downstream target of peroxisome proliferator-activated receptors (or PPARs)"; substantial
upregulation of either PPARa (Finck & Kelly, 2002)or PPARy (Son et al., 2007) amplifies CD36
expression, possibly leading to lipotoxicity due to heightened uptake of NEFA. The ablation of CD36
safeguarded PPARa transgenic mice against heart failure (Umbarawan et al., 2018).

The lack of lipoprotein lipase (LpL) reduces the heart's intake of the two substances, chylomicron
and VLDL triglycerides, which is in line with studies on substrate extraction in the cardiac muscle.
The cardiac cells synthesize the bulk of lipoprotein lipase (LpL), which also operates on the luminal
layer of capillary endothelial cells, where it is tethered to glycosylphosphatidylinositol-anchored
high-density lipoprotein-binding protein 1 (Basu & Goldberg, 2020). The dimensions as well as
apoprotein composition of triglyceride-rich lipids, together with their associated amino acids,
angiopoietin-like proteins (Angptls) 3, 4, and 8, collectively affect LpL functioning. The mechanism
by which LpL exits the cardiomyocyte to initiate delivery from it to endothelial cell layer remains
ambiguous. One explanation is that the release of LpL from cardiomyocytes as well as matrix heparan
sulphate proteoglycans requires heparinase activity, which is influenced by blood flow along with
hyperglycemia (C. S. Lee et al., 2022)

The reduction of LpL as well as reduced lipid absorption is, in non-stressed settings,
compensated by an increased glucose uptake. In conditions of increased energy demand under
tension, LpL knockout hearts exhibit increased heart failure in the presence of transaortic coarctation
along with hypertension. The transgenic production of GLUT1 in cardiomyocytes improves the
absorption of glucose as well as fixes a number of defects seen in cardiac LpL knockout animals (Khan
et al., 2013). A similar phenotype is produced by the sustained overexpression of the specific LpL
blocker angiopoietin-like protein 4 (Angptl4). These data indicate that heart LpL deletion results in
cardiac dysfunction owing to inadequate substrate for ATP synthesis. Those lacking LpL have no
signs of cardiac failure, maybe owing to the elevated requirement for energy of the mouse heart, that
beats about eight to ten times more frequently than the human heart (Shang & Rodrigues, 2021),
therefore indicating a deficiency within substrate delivery .
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The pivotal role of lipid utilization in cardiac function is shown by obesity, a disease linked to
increased fatty acid oxidation. Fast insulin resistance is induced in the heart by high-fat diets;
however, the phenotype is quite moderate due to the ablation of insulin signalling. Mice with GLUT1
mutations unique to the heart show a 50% reduction in glucose uptake and utilization. These animals'
vulnerability to heart failure is not increased by elevated FAO. When fed a normal diet, GLUT1
transgenic mice exhibit normal cardiac function; nevertheless, when fed a high-fat diet, they develop
heart failure. Therefore, compounds that promote the breakdown of both glucose and fatty acids are
not harmless. According to this theory, diabetic cardiomyopathy is caused by increased fatty acid
and glucose uptake in the heart. As a result, it is precise to predict that the sodium-glucose co-
transporter inhibitors, as opposed to insulin sensitizers, would lessen heart failure in diabetic
patients.

b. Lipids in Neurodegenerative Diseases

The proper growth along with the operation of the central nervous system (CNS) depends on
lipids. The two most prevalent lipid classes in the central nervous system are sphingolipids as well
as cholesterol, which are mostly present in myelin fiber (Giussani, Prinetti, & Tringali, 2020). The
basic building blocks of membranes are lipids, whose composition, level of unsaturation, along with
fatty acyl tail length may influence vesicle fusion and secretion, lipid raft microdomains, and
membrane fluidity. Sphingosine, a ceramide metabolite, is bioactive and regulates several cellular
activities, including signalling, apoptosis, mitochondrial activity, immunological response, and
metabolism (G. Wang & Bieberich, 2018)

Neurodegenerative diseases are increasingly linked to lipids. Alzheimer's disease (AD),
Parkinson's disease (PD), along with other neurological conditions have been related to an increasing
proportion of genes relevant to lipid metabolism that have been identified by Mendelian genetics,
genome-wide association studies (GWAS), and transcriptome investigations. The main genetic risk
factor for AD is the apolipoprotein epsilon4 allele, which is essential for the brain's uptake of
cholesterol. Recent studies using GWAS for AD have identified many risk genes linked to lipid
metabolism (Chew, Solomon, & Fonteh, 2020). Lipid metabolism has been connected to a growing
number of PD-related risk loci and responsible genes, such as PLA2G6/PARK14, SCARB2, SMPD],
SREBF1, as well as DGKQ), that have been recently studied (Alecu & Bennett, 2019). Since mutations
in GBA are the most important genetic risk factor for Parkinson's disease, as was previously
mentioned, GBA is a crucial gene in ceramide metabolism.

FAs, glycerolipids, glycerophospholipids, sphingolipids, along with cholesterol are among the
lipids whose contents have changed in lipidomic analysis of tissues from AD patients and animal
models (Chew, Solomon, & Fonteh, 2020). Autopsy tissue from AD patients' brains revealed
deficiencies in phospholipids, particularly the proportion of ethanolamine plasmalogen to
phosphatidylethanolamine. Since the balance of these two interconnected and individually
controlled lipids can influence cellular death vs viability, ceramide has attracted a lot of interest due
to the ceramide-sphingosine-1-phosphate (S-1-P) rheostat (Taniguchi & Okazaki, 2020). Ceramide
possesses pro-inflammatory, pro-apoptotic, as well as autophagic characteristics, while 5-1-P exhibits
a pro-survival effect via G-protein coupled receptor signalling. By promoting the aggregation of A3
via associations with lipid rafts—which are rich in cholesterol and sphingolipids—and ceramide-
enriched exosomal membranes, ceramide contributes to the aetiology of AD (Czubowicz, Jesko,
Wencel, Lukiw, & Strosznajder, 2019). Ceramide levels have been shown to be higher in a number of
investigations that have looked at tissue from AD patients and animal models of the illness.
Compared to age-matched controls, brain cells from AD patients with mild, moderate, to severe
symptoms showed higher levels of total ceramide (Han, M Holtzman D Fau - McKeel, McKeel Dw Jr
Fau - Kelley, Kelley ] Fau - Morris, & Morris, 2002). Inmunohistochemical study of the frontal cortex
revealed increased ceramide levels in astrocytes, and ceramide concentrations were higher in the
cerebrospinal fluid (CSF) in AD patients compared to ALS patients and controls. Elevated initial
levels of both long-chain ceramides C22:0 as well as C24:0 were shown to be suggestive of cognitive

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2175.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2025 d0i:10.20944/preprints202506.2175.v1

6 of 32

decline and hippocampus shrinkage in plasma from a small group of people with AD, moderate
cognitive impairment, and control subjects (Mielke et al., 2010). Increased initial concentrations of
long-chain ceramides are associated with an increased risk of AD, according to a study of sera from
a longitudinal experiment that included 99 women in their 80s (Mielke et al., 2012). According to
Savica et al. (Savica et al, 2016), patients with AD and DLB had higher serum ceramide
concentrations. It has been shown that animal models of AD have higher levels of ceramides in their
brain tissue.

PD is also associated with significant changes in lipid metabolism. Even spontaneous PD
patients without GBA mutations were found to have reduced GCase activity in postmortem tissue,
despite the fact that it is not unexpected that GBA carriers with PD may have lipid metabolic
disorders (Murphy et al., 2014). Furthermore, there was an inverse relationship between the degree
of GBA enzyme activity decline and a-syn expression; however, this study did not assess big
molecular weight a-syn oligomers (Murphy et al., 2014). Further research has shown that GCase
enzyme activity is reduced in PD patients with sporadic PD who do not have GBA mutations, but to
a lesser extent than in GBA carriers with PD. The idea of GBA enzymatic dysfunction is not a
prerequisite for ceramide accumulation is supported by the fact that sporadic PD patients exhibit
changed levels of glucosylceramide and ceramide, the two components of substrate and product
generated by GCase enzyme activity. Extracellular vesicles extracted from Parkinson's disease (PD)
patients' brain tissue showed greater levels of membrane ceramides, which improved their binding
affinity for a-synuclein and led to increased a-synuclein accumulation, aggregation, and propagation
(Kurzawa-Akanbi et al., 2021). These studies suggest that reduced GCase activity and the resulting
alterations in the breakdown of lipids play a key role in the pathogenic process of Parkinson's disease.
Finally, reducing the GCase substrate in a mouse model of GBA PD by inhibiting glucosylceramide
synthase reduced insoluble a-syn oligomerisation and ubiquitinated protein accumulation,
providing strong evidence that addressing impaired the metabolism of lipids in PD can lessen the
underlying pathology.

Ceramides have a variety of bioactive activities, however it's unclear whether they have
neurotoxic or neuroprotective qualities. It is hypothesized that decreased ceramide may also
contribute to the pathophysiology of GBA-related Parkinson's disease (PD), as GBA mutations cause
glucosylceramide to accumulate and perhaps lower ceramide levels. In support of this theory, GCase-
deficient HEK293 cells treated with exogenous C18-Ceramide or the acid-dependent ceramidase
Carmofur showed decreased levels of a-syn and restored autophagy secretion (M. J. Kim, Jeon,
Burbulla, & Krainc, 2018). In iPSC-derived dopaminergic neurons heterozygous for a GBA mutation,
similar outcomes were seen, with Carmofur treatment resulting in lower amounts of oxidized «a-
synuclein species and ubiquitinated proteins (M. J. Kim et al., 2018).

Improved ceramide as well as glucosylceramide breakdown leads to further downstream lipid
alterations with unclear pathogenic consequences at this time. Glucosyl sphingosine levels were
significantly higher in the double-mutant transgenic mouse model heterozygous for GBA and
expressing wild-type human a-syn through its endogenous promoter, while glucosylceramide,
ceramide, along with sphingosine concentrations were similar to those of wild-type GBA controls
that were not expressing human a-syn (Ikuno et al., 2019). This is most likely caused by lysosomal
acid ceramidase deacylating glucosylceramide, which results in the buildup of glucosyl sphingosine,
which is also seen in Gaucher's disease. When glutamyl sphingosine exits the lysosome, non-
lysosomal GBA2 hydrolyses it into ceramide, sphingosine, and sphingosine-1-phosphate (Abed
Rabbo, Khodour, Kaguni, & Stiban, 2021), causing complex and poorly understood alterations in
downstream lipids.

Due to  their  concentration in late  endosome-lysosomes,  phospholipid
bis(monoacylglycerol)phosphate (BMP) molecules are important lipids in neurodegeneration.
Cultured neurons along with an induced knockout mouse model exhibit increased exosome secretion
when Vps34, a lipid kinase required for the synthesis of phosphatidylinositol-3-phosphate (PI3P),
which is reduced in the AD brain and is an important regulator of endosomal trafficking, is inhibited
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(Miranda et al., 2018). Lysosomal stress increased the generation of exosomes, and C-terminal APP
fragments were identified as exosomal cargo during this time. Along with ceramides as well as
sphingomyelin, the resulting exosomes showed a notable concentration of BMPs (Miranda et al.,
2018). Interestingly, several urine BMPs were shown to be associated with bearers of the LRRK2
G2019S mutant who had cognitive decline and Parkinson's disease (Alcalay et al., 2020). BMPs may
be a biomarker for lipid alterations associated with neurodegeneration involving endo-lysosomal
failure, since LRRK2, the main genetic component in Parkinson's disease, is also related to endo-
lysosomal function (Erb & Moore, 2020).

Changes in the breakdown of lipids may potentially contribute to neurodegenerative illness by
directly affecting aggregation-prone proteins. This claim about a-syn is supported by substantial
evidence. In the presence of polyunsaturated FAs, a-syn oligomerizes into insoluble clusters;
saturated fatty acids do not cause this process, while oligomerization is influenced by the length of
the fatty acyl chain. When a-syn interacted with the lipid bilayer in an in vitro system utilizing
microscopic uni-lamellar vesicles, it took on an amyloid-like form (Galvagnion et al., 2015). Studies
show that in Alzheimer's disease, exposure to specifically engineered phospholipid vesicles
accelerates AP fibrillization and increases binding because of the vesicles' prominent membrane
curve (~30 nm diameter; (Sugiura, Ikeda, & Nakano, 2015). However, it is unknown if the level of A3
aggregation seen in this in vitro study is comparable to that observed in exosomes or synaptic vesicles
(SVs) in vivo.

c. Inflammation and Lipids

Lipid metabolism is crucial in regulating inflammation in both acute and chronic illnesses.
Dietary and endogenous lipids exhibit both pro-inflammatory and anti-inflammatory characteristics,
even though lipoprotein profiles along with composition influence atherogenic and
immunomodulatory mechanisms. Therapeutic tactics and dietary treatments aimed at lipid
metabolism are potential methods to reduce inflammation and enhance immune response in people
with obesity, cardiovascular disease, chronic metabolic along with inflammatory illnesses,
autoimmunity, and pathogen defense (Andersen, 2018, 2022; Andersen, Murphy, & Fernandez, 2016).

Diverse lipid species exhibit immunomodulatory and pro-/anti-inflammatory characteristics,
including fatty acids including their metabolites, sterols, complex lipids (such as
glycerophospholipids as well as sphingolipids), and lipoproteins. Kumar et al. examined the distinct
impacts of polyunsaturated fatty acids and their metabolites on immunological function and health
consequences in humans. The recent developments of how fatty acids influence the inflammatory
activity of various immune cell subsets (e.g., T cells, neutrophils, macrophages) by modulating
membrane fluidity, acting as precursors for bioactive oxylipin derivatives, and additionally
activating membrane-associated pattern recognition receptors (PRRs), including those in the toll-like
receptor (TLR) family, as well as functioning as agonists for members of the peroxisome proliferator-
activated receptor (PPAR) family of nuclear receptors—all of which play a role in regulating cellular
inflammatory responses. The recent clinical trials examined the beneficial impact of n-3
polyunsaturated fatty acids as well as Mediterranean-style eating habits on various health outcomes,
including coronary heart disease, obesity, preservation of muscle strength in ageing, chronic kidney
disease, allergies, and depression. Kumar et al. examined current advancements in analytical mass
spectrometry techniques and statistical methodologies for lipidomics research, highlighting the need
for more standardization and comparative analysis as the field evolves (Kumar et al., 2019) (Table 1).

Table 1. Effects of Various Lipids and Their Metabolites on Immune Cells.

Lipid Source Immune Cell  Function Reference
Macrophaces Acts as a ligand for
FA 18:0, 182, 18:3, ACTOPRABES  ppAR-q and PPAR-y  (Kliewer etal.,
Endogenous including .
20:4 receptors, regulating 1997)
hepatocytes

immune responses
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Reduces LN infiltration
and T-cell activation; (Draper et al.,

FA 18:2n-6 Dietary intake Dendritic cells decreases IL-12 and 2014)
increases IL-10
Alveolar Enhances phagocytosis (Turek, Schoenlein,
FA 18:3n-3 Supplement and increases TNF-a  Clark, & Van
macrophages . .
production Alstine, 1994)
Suppresses T-cell (Rossetti, Seiler,
FA 18:3n-3 Oral T-cells proliferation DeLuca, Laposata,
& Zurier, 1997)
PLA2-II mediated Increases mac-1 (CD-  (Takasaki,
FA 20:4 releas.e of ' . Neutrophils 11b/CD1'8) e'xpression, Kawauchi,
arachidonic acid supporting immune Yasunaga, &
(no metabolism) response Masuho, 1996)

Reduces mast cell (X. Wang, Ma,
FA 20:5 Synthetic Mast cells L. Kang, & Kulka,
activation
2015)
Promotes adhesion to  (Bates, Ferrante,

Neutrophils endothelial cells (CD11a Harvey, & Poulos,

FA 20:4, FA 20:5, Endogenous,

FA 22: 1
6 supplement and CD11b) 1993)
Increases IL-12 levels (Zapata-Gonzalez
FA 22:6 n-3 Synthetic Dendritic cells  while reducing IL-6 and P

10 et al., 2008)

Facilitates adhesion to

Leukotriene B4 S:dolge?;fr?tsr Neutrophils endothelial cells (CD11a (Bates et al., 1993)
PP and CD11b)
Suppresses TH1 gr E:;:G;Srol:i);w
PGE2 E L hocyt inhibiti ! !
G ndogenous ymphocytes ;Esllaé)nie (l:l)y C1;1 r11b1 ing Smeenk, Wijdenes,
producto & Aarden, 1995)
Palmitic acid Supplement NLRP3 Increases production of (Sui, Luo, Xu, &
(C16:0) pp inflammasome IL-1p and IL-18 Hua, 2016)
1 t LRP R IL-13, TNF-
Oleic acid (C1g:1) Supplementand  NLRP3 educes IL-16, TNF-ov o ot a1, 2011)

dietary sources  inflammasome and IL-6 levels

Using ex vivo peripheral blood mononuclear cells (PBMCs) from patients with metabolic
syndrome, Sureda et al. (Sureda et al., 2020) described the unique effects of free non-esterified
saturated (palmitic acid), monounsaturated (oleic acid), n-3 polyunsaturated (a-linolenic and
docosahexaenoic acid (DHA)), and n-6 polyunsaturated (y-linolenic alongside arachidonic acid (AA))
fatty acids on inflammatory gene expression and H202 production. With the conditions of metabolic
and fat tissue dysfunction marked by increase in blood concentrations in unrestricted non-esterified
fatty acids, this translational research approach mimics the physiological environment of diverse
immune cell populations within the cardiovascular system. By reducing the mRNA expressions of
interleukin 6 (IL-6), nuclear factor k B (NFxB), as well as tumor necrosis factor o« (TNFa) in
lipopolysaccharide (LPS)-stimulated peripheral blood mononuclear cells (PBMCs), Sureda et al.
(Sureda et al., 2020) showed that DHA had the strongest anti-inflammatory effect. Conversely, oleic
acid decreased the expression of cyclooxygenase 2 (COX2) while increasing the expression of TLR2
in both LPS-stimulated and non-stimulated PBMCs. Remarkably, both the anti-inflammatory o-
linolenic acid and the traditionally pro-inflammatory arachidonic acid (AA) exhibited pro-oxidative
along with anti-inflammatory properties, as evidenced by increased H202 production and decreased
inflammatory gene expression in lipopolysaccharide-stimulated peripheral blood mononuclear cells
(PBMCs). These findings highlight the complexity and diversity of evaluating the inflammatory
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characteristics of fatty acids in varied cell types and complex disease states, such metabolic syndrome,
which are marked by varying degrees of associated risk factors. To determine if these findings are
consistent with inflammation-induced functional and protein-level changes in immune cells and
whether similar ex vivo immunological reactions to fatty acids are seen in individuals without
metabolic syndrome, further investigation is required.

Both Hellstrom et al. (Hellstrom et al., 2020) and Yakah et al. (Yakah et al., 2021), investigated
the relationship between fatty acid profiles as well as markers of inflammation in both infants along
with preterm animal models, offering proof that emphasizes the importance of preserving AA:DHA
ratios to improve health in infancy.

Yakah et al. (Yakah et al., 2021) investigated the effects of several lipid drops on inflammatory
immune responses to Escherichia coli-derived LPS in preterm pigs, which at 32 weeks gestation and
later show similar developmental stages and clinical traits to human newborns. Since lipid emulsions
rich in soybean oil or n-3 polyunsaturated fatty acids are frequently given to preterm newborns yet
associated with different health outcomes, this study has important therapeutic implications.
Importantly, whereas elevated levels of AA in the cell membrane are associated with detrimental
health outcomes in chronic inflammatory diseases, they may provide vital protection against
infections in premature infants. While n-3 polyunsaturated FA-rich lipid drops reduced
immunostimulatory sphingomyelin metabolites and IL-13 concentrations in response to LPS, 100%
soybean oil administration resulted in increased plasma AA:DHA ratios as well as levels of AA-
derived prostaglandins as well thromboxanes. This suggests that fish-oil-based lipid emulsions may
weaken pathogen defenses in preterm infants.

The association between blood DHA as well as AA levels and systemic inflammatory markers
was examined by Hellstrom et al. (Hellstrom et al., 2020) in 90 preterm infants (less than 28 weeks
gestation), with as well as without early systemic inflammation, which is defined by elevated levels
of C-reactive protein (>20 mg/L) and IL-6 (>1000 pg/mL) within 72 hours of birth, regardless of
whether the infants' blood cultures tested positive for bacteria or fungi, which would indicate sepsis.
While there were no differences in AA levels, extremely preterm neonates with early systemic
inflammation had lower DHA concentrations in cord blood on postnatal day 1 than those without.
Similarly, although cord blood IL-6 levels showed a negative relationship with DHA and AA levels,
there was no discernible difference in DHA and AA levels between infants regardless of fetal
inflammatory response condition or histological chorioamnionitis, which are defined by umbilical
cord inflammation with or without neutrophil infiltration into fetal stem vessels, as well as maternal
neutrophil penetration through the amnion, chorionic plate, or subchorionic space. While the
injection of lipid emulsions rich in certain fatty acids may vary in their ability to modulate
inflammatory responses, research suggests that blood concentrations of DHA and AA may influence
some clinical results in preterm neonates. Furthermore, these studies suggest possible differences
across taxa (humans vs pigs) as well as the classification of preterm birth based on gestational age
(preterm versus very preterm, for example).

In a different preliminary study, Laparra Llopis et al. (Laparra Llopis, Brown, & Saiz, 2020)
demonstrated the possible impact of non-lipid bioactive food ingredients on lipid-immune pathways
and the correlation between hepatic fatty acid composition as well as immune inflammation in a
mouse model for hepatocellular carcinoma (HCC) fed a high-fat diet. The investigation team found
that the PI components of these bioactive foods reduced mortality and inhibited HCC tumor
advancement, which was correlated with a decrease in hepatic triglyceride accumulation. This was
in accordance with previous studies that identified the immunomodulatory as well as macrophage-
polarizing characteristics of glucosides compared to Chenopodium quinoa ("quinoa") as well as
glycoproteins from Salvia hispanica ('chia seeds") exhibiting serine-type protease inhibitor (PI)
activity. Better liver health was associated with the PI generated from Chenopodium quinoa, which
also improved hepatic PUFA enrichment and reduced plasma hepcidin. Dietary PIs further increased
the levels of immune markers F4/80 and CD74, leading to better hepatic cytokine as well as
chemokine profiles. These findings imply a more robust immune response to combat HFD-induced
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immunosuppression and the progression of HCC. Additionally, PI helped to mitigate negative
changes in intestinal immune markers, but it did not fully restore the altered microbiome profiles
associated with high-fat diets and HCC. In addition to providing evidence that dietary and non-lipid
food components may be used as therapeutic tools to target endogenous lipid metabolism and
enhance immune results in chronic disease contexts, these findings are consistent with other research
that highlights the importance of the lipid-immune relationship in cancer pathophysiology (G. Yu,
Yang, Peng, & Lv, 2021).

Among the different kinds of lipids or derivatives, lipoproteins may also affect inflammation
along with immune cell function. Because of their capacity to carry biologically active lipids, anti-
inflammatory as well as antioxidant proteins, and regulate immune cell activation by promoting
cellular cholesterol efflux and rearranging receptors for pattern recognition and associated
coreceptors inside membrane lipid rafts, high-density lipoproteins (HDL) are known for their various
immunomodulatory as well as anti-inflammatory properties. In their first research publication,
Huang et al. (J. Huang et al., 2020) underlined the importance of HDL lipid peroxidation in preserving
its anti-inflammatory along with cholesterol-accepting qualities. Researchers found that the pro-
oxidative enzyme myeloperoxidase (MPO) may be inhibited by paraoxonase 1 (PON1), an HDL-
associated antioxidant enzyme that neutralizes oxidized phosphatidylcholine moieties and prevents
lipid hydroperoxides from building up in lipoproteins. As a result of this inhibition, less
malondialdehyde (MDA) is produced, which may covalently crosslink HDL-associated
apolipoprotein Al (apoAl) and hinder HDL's advantageous anti-inflammatory and cholesterol-
effluxing capabilities. The study's findings suggested that PON1 and HDL function may work
together to influence the progression of CVD in patients with familial hypercholesterolemia (FH), an
autosomal dominant condition marked by significantly elevated levels of low-density lipoprotein
cholesterol (LDL-C) and early onset cardiovascular disease (CVD). These individuals also showed
decreased PONI1 activity, increased MDA-apoAl crosslinking, and impaired cholesterol efflux
capacity. They also found that the negative effects of MPO on HDL function were mitigated by the
reactive dicarbonyl scavengers pentyl-pyridoxamine (PPM) and 2-hydroxybenzylamine (2-HOBA).
According to the results, PON1 and HDL antioxidant pathways may be targeted in order to improve
the outcomes of immunomodulatory and cardiovascular diseases.

Lipids and Inflammation

Lipids play a crucial role in inflammation both as structural components of cell membranes and
as bioactive signaling molecules. Among them eicosanoids are a class of lipid-derived mediators
synthesized from arachidonic acid and other polyunsaturated fatty acid (PUFAs).They are central to
the regulation of inflammation, with pro - inflammatory and anti-inflammatory effects.

Eicosanoids and Inflammation

Eicosanoids have diverse effects on inflammation depending on their type and context:

Different types of Eicosanoids are Prostaglandins, Thromboxanes, Leukotrienes, Lipoxins which
regulate inflammation in different conditions. Prostaglandins (PGs) are lipid compounds derived
from arachidonic acid that play a crucial role in the inflammatory response. Prostaglandins are
synthesized via the cyclooxygenase (COX) pathway, which includes COX-1 and COX-2 enzymes.
COX-1 is constitutively expressed and involved in homeostatic functions, whereas COX-2 is induced
during inflammation and leads to the production of pro-inflammatory prostaglandins such as PGE2
and PGL: (J. Liu, 2025). PGE: is the most studied prostaglandin in inflammation. It promotes
vasodilation, enhances leukocyte infiltration, and modulates cytokine production. In rheumatoid
arthritis, increased levels of PGE: correlate with disease severity, making it a potential biomarker and
therapeutic target (J. Liu, 2025). Despite their role in inflammation, some prostaglandins contribute
to resolution and tissue repair. Lipid mediators derived from PGs, such as lipoxins and resolvins,
help dampen excessive immune responses and promote healing (Fukuishi, 2025). This dual nature
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makes prostaglandins an interesting target for drug development, as selective modulation could lead
to better therapeutic outcomes. Thromboxanes (TXs) is a bioactive lipid derived from arachidonic
acid via the cyclooxygenase (COX) pathway. It plays a vital role in hemostasis, vasoconstriction,
platelet aggregation, and immune cell recruitment. Thromboxane A2 (TXA:) is synthesized from
prostaglandin H> (PGH2) through the action of thromboxane synthase. TXA: acts via the
thromboxane-prostanoid (TP) receptor, which is present on platelets, endothelial cells, smooth
muscle cells, and immune cells. This activation leads to different responses like: Platelet aggregation
which can cause enhanced thrombosis and inflammation, Vasoconstriction which reduces blood flow
and increasing local inflammatory responses, Leukocyte recruitment which stimulate neutrophil and
monocyte adhesion, cytokine release which promote TNF-a, IL-1f3, and IL-6 production, amplifying
inflammation (Paredes, Hernandez-Cortes, Falahat, Rancan, Arias-Diaz, & Vara, 2024).
Leukotrienes, particularly leukotriene B4 (LTB4) , which is a potent chemoattractant for neutrophils
and cysteinyl leukotrienes (CysLTs: LTC4,LTD4 and LTE4), which are primarily involved in
bronchoconstriction and increased vascular permeability (Ghorbanzadeh, Azizolahi, Behmanesh,
Forouhar, Foroughinia, & Nabizadeh, 2025). They contribute to neutrophil recruitment, increased
vascular permeability, and bronchoconstriction, making them central players in allergic reactions and
airway inflammation (Rahmawati et al., 2024). Moreover, leukotriene receptor antagonists, such as
montelukast, have been widely used to manage asthma and allergic rhinitis due to their ability to
block the pro-inflammatory effects of CysLTs (Conway, White, Borish, Shaker, & Lee, 2024).

3.2 Lipoxins (LXs) are specialized pro-resolving lipid mediators derived from arachidonic acid
that play a pivotal role in orchestrating the resolution phase of inflammation (Brennan, Kantharidis,
Cooper, & Godson, 2021). Unlike pro-inflammatory eicosanoids, lipoxins act as endogenous "braking
signals" to dampen excessive immune responses and restore tissue homeostasis (Chiang & Serhan,
2020). Lipoxins, primarily lipoxin A4 (LXA4) and lipoxin Bs (LXBs), exert their anti-inflammatory
effects through the formyl peptide receptor 2 (FPR2/ALX) (Serhan & Levy, 2018). Activation of this
receptor reduces neutrophil recruitment, stimulates macrophage efferocytosis, and inhibits pro-
inflammatory cytokine production (Levy, Clish, Schmidt, Gronert, & Serhan, 2001). Additionally,
lipoxins modulate endothelial cell function, preventing excessive vascular permeability and tissue
damage (Pils, Terlecki-Zaniewicz, Schosserer, Grillari, & Lammermann, 2021). Several studies
highlight the therapeutic potential of lipoxins in inflammatory diseases such as asthma, arthritis, and
cardiovascular conditions (Chandrasekharan & Sharma-Walia, 2015; Serna, Mosquera Escudero, &
Garcia-Perdomo, 2023). For example, in asthma, lipoxins reduce leukocyte infiltration and mucus
hypersecretion, mitigating airway inflammation (Serna, Mosquera Escudero, & Garcia-Perdomo,
2023)In cardiovascular diseases, lipoxins help resolve vascular inflammation and prevent
atherosclerotic plaque progression (Serhan, Chiang, & Dalli, 2015).

Lipoxins promote the resolution of inflammation through multiple mechanisms:

1. Inhibition of Neutrophil Recruitment and Activation: Lipoxins counteract the pro-
inflammatory actions of leukotrienes by suppressing neutrophil migration, adhesion, and activation
(Basil & Levy, 2016). LXA4 binds to its receptor FPR2/ALX (formyl peptide receptor 2/lipoxin A4
receptor), inhibiting neutrophil chemotaxis and reducing oxidative burst activity (Serhan & Levy,
2018).

2. Promotion of Macrophage-Mediated Clearance: A crucial step in resolving inflammation is
the clearance of apoptotic cells (efferocytosis). Lipoxins enhance macrophage phagocytosis of
apoptotic neutrophils, thereby preventing secondary necrosis and the propagation of inflammation
(Schwab, Chiang, Arita, & Serhan, 2007).

3. Regulation of Pro-Inflammatory Cytokines: Lipoxins inhibit the release of pro-inflammatory
cytokines such as TNF-a, IL-1p, and IL-6 while promoting the production of anti-inflammatory
cytokines such as IL-10 (Hodges et al., 2017). This shift creates a favorable environment for
inflammation resolution.

4. Restoration of Tissue Homeostasis: Lipoxins facilitate tissue regeneration by modulating
fibroblast activity and promoting wound healing (Ortiz-Munoz, Mallavia, Bins, Headley, Krummel,
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& Looney, 2014). They also reduce vascular permeability, thereby preventing excessive fluid
accumulation in inflamed tissues.

3.3. Sphingolipids and inflammatory Responses

Sphingolipids are a class of bioactive lipids that play crucial roles in cellular processes, including
inflammation, apoptosis, and immune responses. These lipids include ceramide, sphingosine, and
sphingosine-1-phosphate (51P), which regulate inflammatory signaling pathways (Hannun & Obeid,
2018). Ceramide, a central molecule in sphingolipid metabolism, is known to induce inflammatory
responses by activating signaling cascades such as nuclear factor-kappa B (NF-kB) and mitogen-
activated protein kinases (MAPKs) (Maceyka, Harikumar, Milstien, & Spiegel, 2012). These pathways
promote the production of pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNEF-
a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1{3), which are key mediators in inflammatory
diseases such as atherosclerosis and rheumatoid arthritis (Chaurasia & Summers, 2021). S1P, another
crucial sphingolipid metabolite, exhibits dual roles in inflammation. It can act as a pro-inflammatory
molecule by binding to its G-protein-coupled receptors (S1PR1-5) and modulating immune cell
trafficking and vascular integrity (Gaire & Choi, 2021). In contrast, S1P also has anti-inflammatory
effects by promoting the resolution of inflammation and tissue repair mechanisms (Spiegel &
Milstien, 2003). Dysregulation of sphingolipid metabolism (Xie et al., 2025) has been implicated in
various chronic inflammatory disorders, including inflammatory bowel disease (IBD), asthma, and
neuroinflammatory diseases like multiple sclerosis (Green, Maceyka, Cowart, & Spiegel, 2021).
Targeting sphingolipid signaling has emerged as a potential therapeutic strategy, with sphingosine
kinase inhibitors and S1P receptor modulators being explored for treating inflammatory diseases
(Brinkmann et al., 2010).

In conclusion, sphingolipids play a pivotal role in inflammatory responses through complex
signaling pathways that regulate immune cell function and cytokine production. Understanding their
mechanisms provides insights into developing novel therapeutic interventions for inflammatory
disorders.

3.4. Lipid Signaling Pathways in Neurodegeneration

Lipid signaling plays a crucial role in the regulation of neuronal function and survival. Various
lipid molecules, including sphingolipids, phospholipids, and cholesterol derivatives, are key
modulators of cellular signaling pathways that control inflammation, oxidative stress, and cell death.
In neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's disease (PD), and
amyotrophic lateral sclerosis (ALS), alterations in lipid metabolism and signaling contribute to
disease progression. This article explores the major lipid signaling pathways implicated in
neurodegeneration, highlighting recent research and potential therapeutic strategies.

A. Role of Sphingolipid signaling in neurodegeneration

Sphingolipids, particularly ceramides and sphingosine-1-phosphate (S1P), regulate cell fate by
mediating apoptosis, autophagy, and inflammation. Ceramide accumulation has been observed in
neurodegenerative diseases and is linked to neuronal apoptosis and synaptic dysfunction (Alaamery
et al.,, 2021; Green et al., 2021). S1P, on the other hand, plays a neuroprotective role by activating pro-
survival pathways, including the PI3K/Akt pathway. The PI3K/Akt pathway is critical for neuronal
survival, as it prevents apoptosis and oxidative stress. S1P binds to its receptors (51PR1-5), triggering
a cascade that includes activation of PI3K, which in turn phosphorylates and activates Akt. This
activation promotes cell survival by inhibiting pro-apoptotic factors like Bad and caspase-9, while
stimulating survival proteins such as Bcl-2. It was observed that S1P protects against oxidative stress-
induced neuronal death by activating the PI3K/Akt pathway in neurodegenerative models. Their
findings suggest that targeting S1P metabolism could be a therapeutic strategy for AD and PD
((Czubowicz et al., 2019)). SIP counteracts neuroinflammation and apoptosis in AD by activating
PI3K/Akt and ERK pathways, reducing neurotoxic effects. Disruptions in S1P receptor 1 (S1PR1)
signaling impair PI3K/Akt activation in AD mouse models, leading to neuronal loss and cognitive
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deficits. SIP signaling through PI3K/Akt enhances neuronal resilience against oxidative stress,
reducing dopaminergic neuron loss in PD models (W. Wang, Zhao, & Zhu, 2023).

1. Phospholipase and lipid metabolism

Phospholipase A2 (PLA2) regulates lipid homeostasis and inflammation. Overactivation of
PLA2 leads to excessive production of arachidonic acid and eicosanoids, exacerbating
neuroinflammation in diseases like multiple sclerosis (MS) and AD (Monaghan, 2025). This process
disrupts neuronal membranes and promotes neurotoxicity.

2. Lipid Peroxidation and Ferroptosis

Lipid peroxidation, a form of oxidative damage to lipids, contributes to neurodegeneration. The
ferroptosis pathway, characterized by iron-dependent lipid peroxidation, is implicated in conditions
such as PD and ALS (Lin et al., 2022; Russo et al., 2025). The Nrf2 signaling pathway has been
identified as a key regulator of lipid metabolism, offering a potential therapeutic target.

3. Cholesterol and Alzheimer’s Disease

Cholesterol metabolism is vital for synaptic function, but its dysregulation is a hallmark of
neurodegenerative diseases. Impaired cholesterol transport due to mutations in apolipoprotein E
(ApoE) leads to amyloid-beta plaque formation in AD (Mesmin, 2025). The modulation of lipid rafts
and their interaction with amyloid precursor protein (APP) influences disease progression.

4. Wnt Signaling and Lipid interaction

The Wnt signaling pathway is involved in neuronal survival and plasticity. Studies have shown
that lipids influence Wnt signaling by modulating its receptors and downstream targets (Jia, Bian, &
Chang, 2025). Disruptions in this pathway have been linked to neurodevelopmental and
neurodegenerative disorders.

3.5. Lipid Accumulation and Neuroinflammation

Lipid metabolism plays a critical role in maintaining brain homeostasis, and its dysregulation
can lead to neuroinflammation, a key pathological feature of various neurodegenerative diseases,
including Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS). Lipid
accumulation in the central nervous system (CNS) can trigger immune responses, leading to chronic
inflammation that exacerbates neuronal damage. The brain is highly enriched in lipids, including
phospholipids, sphingolipids, and cholesterol, which are essential for synaptic function, neuronal
survival, and myelin sheath integrity (Estes Raja Elizabeth, 2021), However, disturbances in lipid
metabolism, such as excessive accumulation of cholesterol and sphingolipids, have been linked to
neuroinflammation and neurodegeneration (Zhao, Zhang, Sanders, & Duan, 2023).

Mechanisms of Lipid-Induced Neuroinflammation

Lipid accumulation in the CNS contributes to neuroinflammation through several mechanisms:

1. Microglial Activation: Excessive lipids can activate microglia, the primary immune cells of the
CNS, leading to the release of pro-inflammatory cytokines such as interleukin-1f (IL-1{3), tumor
necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6) (Shao, Wang, Wu, Wu, & Zhang, 2022).

2. Oxidative Stress: Lipid peroxidation products, such as malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE), contribute to oxidative damage, exacerbating neuroinflammation
(Nixon, 2013; Stern & Johnson, 2008).

3. Dysregulated Lipophagy: Impairment of lipophagy, a lipid clearance mechanism mediated by
autophagy, results in lipid droplet accumulation in microglia and astrocytes, leading to
persistent inflammation (Haidar, Loix, Bogie, & Hendriks, 2021)

Dietary Lipids and Aging
Effects of Dietary Interventions

Dietary lipid interventions have a profound impact on human health, influencing metabolic
processes, cardiovascular function, and overall disease risk. Lipids, including saturated fats,
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unsaturated fats, and essential fatty acids, play crucial roles in cellular function, inflammation, and
energy metabolism. The quality and quantity of dietary lipids consumed can significantly affect lipid
profiles, inflammatory markers, and chronic disease progression.

One of the most well-documented effects of dietary lipid interventions is their role in
cardiovascular health. Replacing saturated fats with unsaturated fats, particularly omega-3 fatty
acids, has been shown to reduce low-density lipoprotein (LDL) cholesterol levels, lower
inflammation, and decrease the risk of atherosclerosis and coronary artery disease (Dawczynski et
al., 2025). Omega-3 fatty acids, found in fatty fish and flaxseeds, are particularly effective in
improving endothelial function and reducing triglyceride levels, making them essential components
of heart-healthy diets.

Additionally, lipid interventions play a crucial role in metabolic health. High-fat, low-
carbohydrate diets, such as the ketogenic diet, have gained attention for their ability to improve
insulin sensitivity and promote weight loss in individuals with type 2 diabetes (Kolivas, Fraser,
Schweitzer, Brukner, & Moschonis, 2025). By shifting energy metabolism from glucose to fatty acids
and ketones, these diets can enhance metabolic flexibility and reduce reliance on insulin. However,
long-term adherence and potential cardiovascular risks associated with high saturated fat intake
remain areas of ongoing research.

Lipid intake also influences inflammatory pathways. Diets rich in monounsaturated and
polyunsaturated fats, such as the Mediterranean diet, have been shown to reduce systemic
inflammation, partly through modulation of lipid rafts in immune cells (Lai, Gervis, Parnell,
Lichtenstein, & Ordovas, 2025). In contrast, excessive intake of trans fats and omega-6 fatty acids,
commonly found in processed foods, has been linked to chronic inflammation and an increased risk
of metabolic syndrome.

Beyond metabolic and cardiovascular health, dietary lipid interventions impact cognitive
function and neurodegenerative diseases. Omega-3 fatty acids, particularly docosahexaenoic acid
(DHA), are essential for maintaining neuronal integrity and synaptic plasticity. Studies have
demonstrated that diets enriched with omega-3s can reduce the risk of Alzheimer's disease and age-
related cognitive decline by lowering neuroinflammation and oxidative stress (Liang, Zhao, Jin, &
Hou, 2025). Conversely, diets high in saturated fats may promote neurodegeneration by increasing
oxidative damage and impairing blood-brain barrier function.

Furthermore, lipid interventions play a role in gut health. Recent studies suggest that dietary
fats influence the gut microbiome, which in turn affects systemic inflammation and metabolic health.
High-fat diets rich in healthy fats, such as olive oil, have been associated with a more diverse gut
microbiota, while excessive saturated fat intake may promote dysbiosis and contribute to
inflammatory diseases (Busanello, Menezes, Koller, Volz Andreia, & de Almeida, 2025).

Interestingly, dietary interventions and lifestyle modifications have been shown to mitigate
some of these age-related lipid changes. For instance, diets rich in omega-3 fatty acids and
antioxidants can help preserve membrane integrity and reduce lipid peroxidation, thereby improving
metabolic and cognitive health in aging individuals (P. Liu, Chen, Jiang, & Diaz-Cidoncha Garcia,
2025). Additionally, caloric restriction and intermittent fasting have been associated with improved
lipid metabolism, reducing the accumulation of harmful lipid species and promoting longevity. Lipid
composition undergoes significant alterations with age, influencing health and disease progression.
Understanding these changes provides valuable insights into aging-related conditions and highlights
potential therapeutic strategies to promote healthy aging.

Personalized Dietary Approaches

Personalized dietary lipid approaches focus on tailoring fat intake to an individual's genetic
profile, metabolic needs, and health conditions. Advances in nutrigenomics and lipidomics have
allowed researchers to identify how different lipid types affect people based on genetic variations,
lifestyle, and microbiome composition. These approaches offer a promising way to optimize health,
manage metabolic disorders, and reduce disease risk.
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One of the primary motivations behind personalized lipid interventions is the variation in lipid
metabolism among individuals. Genetic differences influence how efficiently a person processes and
utilizes dietary fats. For example, polymorphisms in the Apolipoprotein E (APOE) gene affect lipid
transport and metabolism, altering the risk of cardiovascular diseases and Alzheimer's disease
(Krishnamurthy et al., 2024; C. C. Liu, Liu, Kanekiyo, Xu, & Bu, 2013). Individuals with the APOE4
variant may benefit from reducing saturated fat intake and increasing omega-3 fatty acids to improve
lipid profiles and cognitive function.

Beyond genetics, gut microbiota plays a crucial role in lipid metabolism and inflammation. The
gut microbiome composition affects how dietary lipids are digested and absorbed, influencing
cholesterol metabolism and the production of bioactive lipid molecules (Brown, Clardy, & Xavier,
2023). Recent research suggests that specific probiotic and prebiotic interventions can modify lipid
absorption and reduce inflammation, making microbiome-targeted dietary adjustments a promising
strategy in personalized nutrition.

Personalized lipid approaches are also essential in managing metabolic disorders such as obesity
and diabetes. Low-carbohydrate, high-fat diets, such as the ketogenic diet, have been effective in
improving insulin sensitivity and promoting weight loss, but their success varies among individuals.
Some people respond better to higher monounsaturated or polyunsaturated fat intake, while others
benefit from reduced overall fat consumption (DiNicolantonio & O'Keefe, 2022). Understanding
individual lipid responses can help optimize dietary recommendations for metabolic health.

Cardiovascular health is another area where personalized dietary lipid strategies are beneficial.
Traditional dietary guidelines recommend reducing saturated fat intake to lower LDL cholesterol
and cardiovascular risk. However, emerging evidence suggests that individual responses to dietary
fats are highly variable, with some people experiencing no adverse effects from moderate saturated
fat intake (Berisha, Hattab, Comi, Giglione, Migliaccio, & Magni, 2025). Omega-3 fatty acids from fish
oil or plant sources are commonly recommended for cardiovascular protection, but their effectiveness
depends on an individual's genetic and metabolic background.

Personalized lipid approaches also extend to cognitive health. Omega-3 fatty acids, particularly
docosahexaenoic acid (DHA), are essential for brain function, and deficiencies have been linked to
neurodegenerative diseases. However, the extent of benefit from DHA supplementation depends on
genetic factors, age, and baseline lipid status (Cuffaro, Lamminpaa, Niccolai, & Amedei, 2024). This
highlights the need for tailored dietary strategies to support brain health throughout life.
Personalized dietary lipid approaches offer a more effective way to optimize health by considering
genetic, metabolic, and microbiome variations. As research advances, integrating precision nutrition
into dietary guidelines will help improve disease prevention and treatment outcomes.

Energy Regulation and Lipid Metabolism

Lipid metabolism plays a fundamental role in energy regulation, influencing processes such as
energy storage, mobilization, and expenditure. Lipids serve as the body's primary energy reservoir,
with triglycerides stored in adipose tissue acting as a long-term fuel source. When energy demand
increases, lipid breakdown (lipolysis) releases free fatty acids into circulation, providing an efficient
means of sustaining cellular metabolism.

A key regulator of lipid metabolism is the balance between lipogenesis (fat synthesis) and
lipolysis (fat breakdown). Insulin, secreted in response to high glucose levels, promotes lipogenesis
by stimulating fatty acid and triglyceride synthesis in adipose tissue and the liver (Zhang, Lan, Ma,
Ji, & Li, 2025). Conversely, during fasting or energy scarcity, lipolysis is activated, driven by
hormones such as glucagon, catecholamines, and cortisol, which trigger the hydrolysis of
triglycerides into glycerol and free fatty acids for oxidation (Y. Wang et al., 2025). The process of (3-
oxidation occurs in the mitochondria, where fatty acids undergo sequential degradation to generate
ATP, the primary cellular energy currency.

Mitochondria play a central role in lipid metabolism by converting fatty acids into energy
through oxidative phosphorylation. Dysregulation of mitochondrial function has been implicated in
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metabolic disorders such as obesity, diabetes, and cardiovascular disease (J. H. Lee et al., 2025).
Emerging research highlights the impact of mitochondrial efficiency in determining energy
expenditure, with variations in mitochondrial function influencing an individual's propensity for
weight gain or metabolic flexibility (Das, Sauceda, & Webster, 2021; Hartsoe, Holguin, & Chu, 2024).

Lipid metabolism is also intricately linked to thermogenesis and energy homeostasis. Brown
adipose tissue (BAT) and beige fat are specialized fat depots that burn lipids to generate heat, a
process known as non-shivering thermogenesis. This process is mediated by uncoupling protein 1
(UCP1), which disrupts the mitochondrial proton gradient, allowing energy dissipation as heat
instead of ATP synthesis (Duan, Ren, Jiang, Ding, Wang, & Wang, 2025). Activating thermogenic
pathways has been proposed as a strategy for combating obesity and improving metabolic health.

Another critical aspect of lipid metabolism is its role in signalling pathways that regulate energy
homeostasis. Lipid-derived molecules such as ceramides, diacylglycerols, and lysophosphatidic acids
act as bioactive mediators that influence insulin signalling, inflammation, and metabolic adaptation
(Shen, Zhang, Jiang, Li, Chen, & Jiang, 2025). Disruptions in lipid signalling contribute to insulin
resistance and metabolic syndrome, underscoring the importance of maintaining lipid balance for
overall health.

Dietary lipid composition also plays a significant role in regulating energy metabolism. Diets
rich in omega-3 fatty acids, for example, have been shown to enhance fatty acid oxidation and reduce
inflammation, whereas excessive consumption of saturated fats may lead to lipid accumulation and
metabolic dysfunction (DiNicolantonio & O'Keefe, 2022). The gut microbiome further modulates
lipid metabolism, with certain bacterial species influencing fat absorption and energy extraction from
food. Lipid metabolism is central to energy regulation, affecting processes such as fat storage,
oxidation, thermogenesis, and metabolic signalling. Understanding the mechanisms governing lipid
metabolism offers insights into metabolic health and provides avenues for therapeutic interventions
targeting obesity, diabetes, and other metabolic disorders.

Table 2.
Aspect Key Findings Mechanisms Involved Reference
Lipid accumulation
contributes to metabolic
d1sorde1.*s maging Dysregulation of lipid
. . populations. Increased ..
Lipid Metabolism & *. . metabolism, increased fat
. dietary inflammatory . . (Zeb et al., 2025)
Aging . storage, and inflammation
index (DII) scores correlate ..
. . accelerate metabolic aging.
with metabolic
dysfunction, especially in
individuals under 60.
Diets rich in saturated fats
accelerate aging by
increasing oxidative stress
and inflammation. Older Increased oxidative stress
High-Fat Diets & ’
'8 é e adults show reduced mitochondrial dysfunction, (Leitao et al., 2022)
Longevity . s . .
metabolic flexibility, and systemic inflammation.
making it harder to
metabolize high-fat diets
efficiently.
Omega-3 polyunsaturated
fatty acids (PUFAs) protect Anti-inflammatory effects,
Omega-.?’.Fatty Acidsagainst ' improved syr}aptic function, (Haapala, 2025)
& Cognitive Aging neurodegeneration, neuroprotection, and reduced

cardiovascular diseases, lipid peroxidation.
and metabolic decline.
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Lipid composition
influences gut microbiota, Fatty acids modulate gut (Bezirtzoglou,
Gut Microbiota &  impacting immune bacteria diversity, improve gut Plaza-Diaz, Song,
Lipids function and inflammationbarrier integrity, and regulate Xie, &
regulation, which affect  inflammation. Stavropoulou, 2025)
aging.
High cholesterol levels are
linked to i d risk of
ec o 11,1cre'ase HIS O Affects [-amyloid plaque (Kroglund,
Alzheimer’s disease and . .. .
Cholesterol & . . formation, neuronal Ciesielski, Ostnes,
L . cognitive decline. . . . .
Cognitive Decline . inflammation, and synaptic ~ Patten, Borga, &
Managing cholesterol .
plasticity. Jaspers, 2025)

levels through diet can
reduce these risks.

Aging alters metabolic
response to dietary fats,
increasing the risk of

. . Hormonal changes, reduced
obesity-related diseases. &

Aging & Obesity Unlike diet-induced r.ne'tabol'ic re.lte, and impaired (Z. Liu et al., 2025)
. . lipid oxidation.

obesity, aging-related

obesity is more resistant to

weight loss interventions.

Lipid medjiators regulate

mitochondrial health,
Mitochondrial ? ffect.m%cl?ll};lar a;glg gl'. Dyts relfule;te.d ilplc? ttransport m (Gonzales, Seubert,
Function & Aging mpaired lipid metabolism mitochondria leads to & Paes, 2025)

in mitochondria oxidative stress and apoptosis.
contributes to aging-
related diseases.
Traditional diets high in
plant-based lipids (olive
Centenarian Diets & oil, nuts, seeds) are
Longevity associated with lower

Plant-based lipids provide anti-
inflammatory effects and (Zhang et al., 2025)

L support cardiovascular health.
oxidative stress and better PP

lipid profiles.

Moderate animal product
intake combined with a

Bal tial fatt id
plant-based diet improves alances essential Iatty aci

Flexitarian Diet & . . intake, reduces saturated fat  (Bruns-Numrich,
. lipid profiles and .
Aging . consumption, and enhances  2025)
cardiovascular health, :
. . metabolic health
supporting healthier
aging.

Lipids in Cellular Signalling
Mechanisms of Lipid Signalling

Lipids play a crucial role in cellular signalling, acting as key regulators of various physiological
processes, including cell growth, differentiation, apoptosis, and immune responses. Lipid signalling
is primarily mediated by bioactive lipid molecules such as phosphoinositide’s, sphingolipids, and
eicosanoids, which participate in complex signalling cascades that regulate cellular functions. The
mechanisms of lipid signalling involve lipid modifications, lipid-protein interactions, and the
activation of signalling pathways that lead to specific cellular responses.

One of the most well-studied lipids signalling pathways involves phosphoinositide’s, which are
phosphorylated derivatives of phosphatidylinositol. These lipids serve as substrates for kinases such
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as phosphoinositide 3-kinase (PI3K), which phosphorylates phosphatidylinositol 4,5-bisphosphate
(PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Vanhaesebroeck, Guillermet-
Guibert, Graupera, & Bilanges, 2010). PIPs acts as a secondary messenger that recruits and activates
signalling proteins, including Akt, a key kinase involved in cell survival and metabolism. The
hydrolysis of PIP2 by phospholipase C (PLC) generates two important secondary messengers: inositol
1,4,5-trisphosphate (IPs), which promotes calcium release from the endoplasmic reticulum, and
diacylglycerol (DAG), which activates protein kinase C (PKC), further modulating cellular responses
(Berridge & Irvine, 1989).

Sphingolipid metabolism also plays a significant role in lipid-mediated signalling. Sphingolipids
such as ceramide, sphingosine, and sphingosine-1-phosphate (S1P) act as critical regulators of cell
fate. Ceramide, often generated in response to cellular stress, induces apoptosis by activating stress-
related kinases such as c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase
(MAPK) (Hannun & Obeid, 2018). In contrast, S1P promotes cell survival, proliferation, and immune
cell trafficking through its interaction with S1P receptors, which are G-protein-coupled receptors
(GPCRs) (Maceyka et al., 2012). The balance between ceramide and SIP levels is crucial for
determining cell fate, highlighting the importance of lipid signalling in maintaining cellular
homeostasis.

Another critical class of lipid signalling molecules is eicosanoids, which are derived from
arachidonic acid metabolism. These bioactive lipids include prostaglandins, leukotrienes, and
thromboxane’s, which are synthesized by cyclooxygenases (COX) and lipoxygenases (LOX).
Eicosanoids play essential roles in inflammation, immune responses, and vascular homeostasis
(Funk, 2001). Prostaglandins, for instance, mediate pain and inflammation by activating specific
GPCRs, leading to downstream signalling events that regulate gene expression and cellular
responses.

Lipid rafts, specialized membrane microdomains rich in cholesterol and sphingolipids, also
serve as signalling platforms that facilitate interactions between membrane proteins and intracellular
signalling molecules. These lipid rafts modulate the activation of receptors such as receptor tyrosine
kinases (RTKs) and GPCRs, which initiate downstream signalling pathways that control cell
proliferation and immune responses (Simons & Toomre, 2000). Lipid signalling is a fundamental
aspect of cellular regulation, involving multiple pathways and molecules that coordinate cellular
responses. The interplay between different lipid species and their signalling mechanisms is crucial
for maintaining cellular function and homeostasis, and dysregulation in lipid signalling pathways is
associated with various diseases, including cancer, neurodegenerative disorders, and metabolic
diseases.

Role of Specific Lipids

Increases in Membrane Cholesterol Impact on Receptor Signalling

Structural studies have identified cholesterol as a key regulator of G-protein coupled receptor
(GPCR) signalling (Byrne et al., 2016). The cysteine-rich domain of Smoothened (Smo), which binds
extracellular cholesterol, is essential for proper Hedgehog (Hh) signalling. This site functions as an
allosteric agonist, and mutations or antagonists that block it inhibit Hh pathway activation (P. Huang
etal., 2016). Additionally, sterol-induced conformational shifts are sufficient to activate Smo, though
the precise origin of these sterols and their regulatory mechanisms remain unclear. Notably,
increased cellular cholesterol levels have been associated with enhanced Hh signalling (Luchetti et
al., 2016).

Membrane lipid composition is highly dynamic and tightly regulated. Liver X receptor (LXR)
activation by elevated oxysterol levels stimulates ATP-binding cassette transporter (ABCA1)
expression, promoting cholesterol efflux (Luchetti et al., 2016). If this process is impaired, cholesterol
accumulation can become cytotoxic and has been linked to Toll-like receptor (TLR) activation (Joseph,
Castrillo, Laffitte, Mangelsdorf, & Tontonoz, 2003). While LXR signalling is known to suppress TLR-
driven inflammatory gene expression, the direct interaction between these pathways remains
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debated. Recent research in macrophages has demonstrated that LXR/ABCA1-mediated reduction of
cholesterol in lipid rafts disrupts TLR4 recruitment of key adaptor proteins, such as MyD88 and
TRAF6, ultimately preventing inflammatory signalling (Ito et al., 2015).

Given the profound impact of membrane composition on cellular function and disease, lipid-
targeted therapies are emerging as a promising field. However, due to the complexity and dynamic
nature of lipid-protein interactions, a deeper understanding of how lipids influence receptor activity
is essential for the development of effective treatments.

Extent of Phospholipid Saturation and Cell Signalling

Phospholipid saturation plays a crucial role in cell signalling by influencing membrane stiffness
and elasticity, enabling adaptation to varying temperatures (Mclsaac, Stadnyk, & Lin, 2012).
Polyunsaturated fatty acids (PUFAs) have been shown to interfere with lipopolysaccharide (LPS)-
induced activation of Toll-like receptor 4 (TLR4), which subsequently promotes nuclear factor kappa
B (NF-xB) signalling. Recent findings by Schoeniger et al. revealed that instead of acting at the gene
expression level, PUFA enrichment alters TLR4 signalling by disrupting plasma membrane (PM)
microdomains (Schoeniger, Fuhrmann, & Schumann, 2016). Lipid rafts, which serve as essential
platforms for TLR4 activation by facilitating protein-ligand interactions, are particularly affected by
these modifications. This study highlights how subtle changes in membrane composition can
significantly influence inflammation and cellular responses (Schumann, Leichtle A Fau - Thiery,
Thiery ] Fau - Fuhrmann, & Fuhrmann, 2015).

Dietary intake also modulates phospholipid saturation in cell membranes. In fruit flies, Randall
et al. demonstrated that dietary manipulation reduced polyunsaturated phospholipid content
sevenfold, leading to a two- to threefold decline in photoreceptor responses. This reduction impacted
G-protein coupled receptor (GPCR) signalling in Drosophila photoreceptors, which relies on
membrane mechanical forces induced by phospholipase C (PLC)-mediated phosphoinositide (PIP)
hydrolysis (Randall et al., 2015).

Additionally, diet influences Notch1 signalling in endothelial cells, affecting inflammation and
atherosclerosis (Briot et al., 2015). A study showed that high cholesterol feeding in mice for three days
significantly reduced Notchl protein levels in the aortic endothelium without altering transcript
levels. Although the underlying mechanism remains unclear, this reduction in Notch1 signalling led
to increased inflammatory cell adhesion and robust atherosclerotic plaque formation, mirroring
effects observed in Notchl-deficient mice. These findings underscore the critical role of lipid
composition in regulating cellular signalling and disease progression.

Plasma Membrane Proteins Contribute to the Formation of Lipid Microdomains

Integral membrane proteins and those linked to the cytoskeleton can restrict the lateral diffusion
of plasma membrane (PM) lipids, thereby retaining specific lipids within the inner leaflet. For
instance, cortical actin assemblies, or asters, which bind and immobilize phosphatidylserine (PS) in
the inner leaflet, have also been implicated in clustering glycophosphatidylinositol (GPI)-anchored
proteins in the outer leaflet, significantly influencing cell signalling (Fritzsche et al., 2017). Proteins
anchored via lipid modifications, including GPI, palmitoyl, myristoyl, or cholesterol moieties,
naturally segregate into ordered lipid raft domains (M. Tomishige, Sako, & Kusumi, 1998).
Additionally, cholesterol-mediated interactions between PS immobilized by asters in the inner leaflet
and lipid anchors in the outer leaflet are believed to facilitate raft formation (N. Tomishige,
Takahashi, Pollet, Richert, Mély, & Kobayashi, 2024).

Similarly, caveolae—vesicular invaginations of the membrane—are stabilized by scaffolding
proteins such as caveolin, which interacts with cholesterol (Laude & Prior, 2004). These domains not
only regulate cell signalling and endocytosis but also contribute to cholesterol transport and
homeostasis, highlighting their crucial role in membrane organization and function.
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Interplay Between Lipids and Proteins in Vesicular Formation, Trafficking
and Signalling

Cell signalling depends on the precise regulation of receptor delivery and removal from the cell
surface, a process tightly controlled by protein-lipid interactions during exocytosis and endocytosis
(Tabeling et al., 2015). Recent research has highlighted how both lipids and proteins influence
vesicular trafficking and intracellular transport, which in turn modulates signalling pathways.
Glycerophospholipids, for instance, play a key role in regulating vesicle movement, while
glycosylphosphatidylinositol (GPI) anchors and sphingolipids affect SNARE-mediated membrane
fusion by altering lipid sorting in the endoplasmic reticulum (Ogiso, Taniguchi, & Okazaki, 2015).

Vesicle formation is another critical aspect of lipid-protein interactions in signalling
(Milovanovic et al, 2015). Membrane curvature, essential for vesicle budding, is driven by
hydrophobic mismatch caused by protein crowding, as well as scaffolding interactions with coat
proteins (Busch, Houser, Hayden, Sherman, Lafer, & Stachowiak, 2015). When membrane proteins
with large extramembrane domains diffuse within the bilayer, they create molecular crowding,
reducing available membrane surface area and influencing lipid organization. These lipid-protein
interactions play a fundamental role in shaping vesicular transport and its impact on cellular
communication.

Impact on Aging and Health

Lipids play a fundamental role in aging and health, influencing metabolic processes, cellular
signalling, and disease susceptibility. As individuals age, lipid metabolism undergoes significant
changes, contributing to both beneficial and detrimental health outcomes. Alterations in lipid
composition impact cellular function, inflammation, and neurodegenerative diseases, making them
critical targets for aging-related research and interventions.

Aging is associated with shifts in lipid metabolism that influence systemic health. One major
change is an increase in circulating lipid levels, which can lead to metabolic disorders such as obesity,
insulin resistance, and cardiovascular disease (Naik et al., 2025). Lipid peroxidation, driven by
oxidative stress, accelerates aging by damaging cellular membranes and promoting inflammation,
which is a key factor in age-related diseases such as atherosclerosis and neurodegeneration (P. Wang,
Li, Kong, Zheng, & Miao, 2025). Furthermore, cholesterol homeostasis is disrupted with age, leading
to an accumulation of lipid droplets in tissues, a phenomenon that has been linked to increased
inflammation and reduced cellular resilience (Ahmad & Fusciello).

Lipids also play a crucial role in cognitive aging and neurodegenerative diseases such as
Alzheimer’s disease. Disruptions in lipid metabolism affect synaptic plasticity, myelin integrity, and
neuronal survival. Studies have shown that high serum lipid levels correlate with cognitive decline,
with lipid peroxidation contributing to neuronal damage and impaired brain function (Boccardi et
al., 2025). Antioxidants and lipid-modulating therapies are being explored as potential strategies to
counteract oxidative stress and improve lipid balance in the aging brain (Naik et al., 2025).

Mitochondrial function, which declines with age, is heavily influenced by lipid metabolism.
Mitochondria rely on lipid-derived energy sources, and any disruption in lipid availability or
processing can contribute to reduced energy production and increased oxidative damage. Pahal et al.
(Pahal, Mainali, Balasubramaniam, Shmookler Reis, & Ayyadevara, 2025) emphasize that lipid
imbalances can impair mitochondrial respiration, leading to accelerated aging and increased
vulnerability to metabolic diseases.

The relationship between lipids and aging extends to immune regulation. Chronic low-grade
inflammation, also known as inflammaging, is driven in part by lipid metabolism dysfunction.
Elevated levels of free fatty acids and cholesterol contribute to immune dysregulation, promoting a
pro-inflammatory state that exacerbates age-related conditions (Mohammed et al, 2025).
Interestingly, interventions targeting lipid metabolism, such as dietary modifications and
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pharmacological approaches, have been shown to reduce inflammation and improve metabolic
health in aging individuals.

Lipid-lowering therapies, including statins, are widely used to mitigate cardiovascular risk, but
emerging research suggests they may also influence aging processes beyond cardiovascular health.
Some studies indicate that lipid-lowering drugs can modulate inflammatory pathways and oxidative
stress, potentially extending lifespan and improving overall health outcomes (D. H. Kim et al., 2025).
However, the effects of long-term lipid modulation on aging are still being investigated. Lipid
metabolism is intricately linked to aging and overall health. Dysregulation of lipid homeostasis
contributes to metabolic disorders, cognitive decline, mitochondrial dysfunction, and immune
system aging. Understanding the role of lipids in aging provides valuable insights for developing
targeted interventions to promote healthy aging and reduce the burden of age-related diseases.

Table 3.
Lipid Type Signalling Role Pathway Involved Mechanism Reference
PIP2 and PIP3
.+ 1. .. Keyregulators of activate kinases
PhoSp,hfmdyhnOSItOlintracellular PI3K-AKT Pathwayinvolved in cell (Neff & Radka,
(PI) Lipids . . . 2025)
signalling growth, survival,
and metabolism
Regulate cell Ceramide
. . gu . Sphingomyelinase accumulation (Wei, Wong, &
Sphingolipids survival, apoptosis, . .
. . Pathway induces apoptosis Boland, 2023)
and inflammation
and stress response
Cholesterol acts as
Modulate a co-factor for
Sterols (Cholesterol, membrane fluidity Hedge}'log & Wnt Hedg'ehog . (Jiang et al., 2025)
Oxysterols) and receptor Signalling proteins, affecting
function developmental
processes
Ficosanoids Prostaglandins
iat PGE2) activate EP
(Prostaglandins, Medla © . NF-kB and MAPK (PGE2) activate (Hao et al., 2025;
. inflammation and receptors,
Leukotrienes, . Pathways . Tang et al., 2025)
L. immune responses modulating
Lipoxins) .
cytokine release
LPA and S1P
Control cell activate G-protein-

. .. proliferation, GPCR Signaling  coupled receptors,
Lysophospholipids migration, and (LPA, S1P influencing (Hao et al., 2025)
(LPA, S1P) .

immune cell Receptors) cytoskeletal
trafficking remodelling and
immune function
Activation of
cannabinoid
Bndocannabinoids B2 Receptor modares 0CSRHGnY
(Anandamide, 2- pam p p ! . . p . Rittchen, & Sturm,
and synaptic Signaling neurotransmitter
AQG) O . 2021)
plasticity release and anti-
inflammatory
pathways
Oxidized iﬁiﬁ;aﬁon 4 ROS&Nrf2 Ir:;z;t:;;h ition (Srivastavaetal,
Phospholipids " Pathways P & 2025)
redox homeostasis receptors,
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modulating
oxidative stress
responses
Lipid components
in exosomes
. transport bioactive
Mediat:
. . cdiate EV-mediated molecules between (Odehnalova et al.,
Exosomal Lipids  intercellular . . . .
. Signaling cells, influencing  2025)
communication .
tumor progression
and immune
response
Lipid peroxidation
products drive
. Regulate iron- ferroptosis,
F tosis- 38 MAPK & ERK
crroptosis dependent cell P . & affecting cancer  (Chen et al., 2025)
Associated Lipids Signaling
death and
neurodegenerative
diseases
Enhance drug LNPs encapsulate
Lipid Nanoparticles delivery and mRNA RNA and modulate
P 1., 202
(LNPs) immune Therapeutics cellular uptake via (Papp et al, 2025)
modulation lipid composition

Therapeutic Implications
Therapeutic Strategies Targeting Thromboxane

Since thromboxane plays a central role in inflammation, several therapeutic approaches have
been explored. Aspirin (COX-1 Inhibitor) blocks thromboxane synthesis, reducing inflammation and
cardiovascular risk (Fabbrini & Vago, 2024). Thromboxane Receptor (TP) Antagonists is like the drug
Terutroban block TXA: receptors, showing promise in vascular and autoimmune diseases (Adao,
Perez-Vizcaino, Redwan, & Bras-Silva, 2024). TXA: Synthase Inhibitors prevent TXA: formation,
reducing platelet activation and leukocyte infiltration (Reilly, Doran, Smith, & FitzGerald, 1986).

Therapeutic Strategies Targeting Leukotrienes

Due to their strong inflammatory role, leukotrienes are targets for anti-inflammatory drugs,
including. 5-Lipoxygenase (5-LOX) Inhibitors this drugs block leukotriene synthesis at the enzyme
level, reducing inflammation (Parvez, Bhavani, Gupta, Werz, & Aparoy, 2025). Leukotriene Receptor
Antagonists (LTRAs) are drugs like montelukast and zafirlukast selectively block leukotriene
receptors, providing relief from asthma and allergic inflammation (Matera, Cazzola, Rogliani, &
Patella, 2025).

Therapeutic Potential of S1P(Sphingosine-1-phosphate)-Based Modulators

Given its neuroprotective effects, SIP modulation has been proposed as a potential therapeutic
strategy. Drugs like fingolimod, an S1P receptor modulator, have shown promise in experimental
models of neurodegeneration. fingolimod enhances PI3K/Akt signaling, preventing neuronal loss in
neurodegenerative models.

Targeting Lipid Signaling Pathways Offer Potential Therapeutic Strategies for Neurogenerative Disease

Lipid metabolism modulators Drugs that alter ceramide and sphingolipid levels can prevent
apoptosis in neurodegenerative conditions. Antioxidants agents that inhibit lipid peroxidation, such
as Nrf2 activators, reduce oxidative stress in PD and ALS. Cholesterol-lowering drugs like Statins
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and ApoE modulators may slow AD progression. PLA2 inhibitors substances that reduce PLA2
activity could decrease neuroinflammation and membrane damage.
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