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Abstract

Glioblastoma (GBM) exhibits profound metabolic reprogramming, among which the bal-
ance between unsaturated and saturated fatty acids (UFA/SFA) emerges as a critical
determinant of tumor behavior and treatment response. Recent studies have shown that
fatty acid metabolic reprogramming is a key mechanism driving GBM progression. Abnor-
malities in fatty acid uptake, synthesis, desaturation, and oxidation collectively reshape
the lipid composition of tumor cells, particularly by altering the unsaturated /saturated
fatty acid ratio. Monounsaturated fatty acids mainly promote tumor cell proliferation and
membrane biosynthesis, polyunsaturated fatty acids can induce lipid peroxidation and
ferroptosis under specific stress conditions, whereas excessive saturated fatty acids can
cause lipotoxicity when desaturation is limited. Key enzymes in fatty acid metabolism con-
stitute a regulatory network and provide potential therapeutic targets for GBM. In addition,
fatty acid metabolism can remodel the tumor immune microenvironment, especially by
affecting the functional state of tumor-associated macrophages. Rather than targeting a
single lipid species or isolated metabolic enzyme, therapeutic strategies that recalibrate the
UFA /SFA ratio may provide a more integrated approach to restraining GBM progression
and improving treatment sensitivity.

Keywords: glioblastoma; fatty acid metabolism; unsaturated /saturated fatty acid ratio

1. Introduction

Glioblastoma (GBM) is one of the most common and biologically aggressive tumors of
the adult nervous system, with rapid growth, strong invasiveness, and marked treatment
resistance. Even with maximal safe resection combined with chemoradiotherapy and tumor
treating fields, the median survival of patients remains less than two years [1,2]. With
continued research, it has become increasingly recognized that, in addition to classic gly-
colytic reprogramming, GBM also exhibits marked lipid metabolic abnormalities, including
multiple processes such as fatty acid uptake, de novo synthesis, chain elongation, desatu-
ration, storage, and oxidative utilization; together, these processes participate in the core
network governing tumor growth, membrane synthesis, redox homeostasis, and therapy
resistance [3]. Chemically, fatty acids can be classified by the number of double bonds
into saturated fatty acids (SFA; no double bond), monounsaturated fatty acids (MUFA;
one double bond), and polyunsaturated fatty acids (PUFA; two or more double bonds) [4].
These structural differences not only determine the arrangement of fatty acids in cellular
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membranes, but also affect membrane fluidity, susceptibility to lipid peroxidation, and
the activity of related signaling pathways [5,6]. Multi-omics studies have shown that
different molecular subtypes of GBM display distinct lipidomic profiles, and the lipid
composition of tumor tissue differs markedly from that of normal brain tissue, particu-
larly in PUFA-related phospholipids, very-long-chain fatty acids, and glycerolipids [7].
This suggests that fatty acid compositional imbalance is not merely an accompanying
phenomenon, but may directly influence the biological behavior of glioma, differences in
molecular subtyping, and divergence in treatment response. Therefore, this review focuses
on the sources, metabolism, and functions of MUFAs, PUFAs, and SFAs in glioblastoma,
with a central theme that the imbalanced UFA /SFA ratio acts not merely as a metabolic
consequence but as a master regulator integrating membrane biology, signal transduction,
cell fate decisions, and immune modulation in GBM. It further emphasizes how this ratio
affects glioma proliferation, invasion, ferroptosis sensitivity, remodeling of the immune
microenvironment, and clinical treatment response, and discusses potential translational
directions to provide a theoretical basis for GBM treatment.

2. Effects of Unsaturated and Saturated Fatty Acids on GBM Phenotypes
2.1. Cell Proliferation and Metabolic Reprogramming

GBM exhibits pronounced lipid metabolic reprogramming, one of its core features
being a dual dependence on fatty acids as both energy substrates and structural molecules.
Tumor cells maintain sustained proliferation in hypoxic and nutrient-restricted environ-
ments through fatty acid uptake, storage, and beta-oxidation [8]. In GBM, the formation
of abundant lipid droplets is regarded as an important hallmark of fatty acid metabolic
reprogramming. These lipid droplets can release fatty acids through autophagy, thereby
maintaining energy homeostasis and promoting tumor cell survival and growth [9]. In-
hibition of key enzymes involved in fatty acid oxidation can significantly suppress GBM
growth, indicating that fatty acids are not only membrane components, but also important
energy sources driving tumor proliferation [10].

Among different fatty acids, MUFAs are one of the most direct lipid substrates support-
ing GBM proliferation, with oleic acid (C18:1) being the most representative example [11].
Taib B et al. found that adding oleic acid to U138 GBM cells induced the accumulation of
lipid droplets containing oleic-acid-enriched triglycerides, while simultaneously enhancing
fatty acid oxidation and glucose metabolism, ultimately markedly increasing glioma cell
proliferation [12]. Although established GBM cell lines such as U138 are widely used for
mechanistic studies of lipid metabolic regulation, their metabolic characteristics may not
fully capture the heterogeneity of patient tumors, and findings from these models should be
interpreted together with evidence from patient-derived systems. Another study showed
that oleic acid can bind fatty acid-binding protein 7 (FABP7), promote its nuclear transloca-
tion, and induce nuclear lipid droplet formation, thereby upregulating the transcription
of proliferation-related genes through regulation of histone acetylation and ultimately
driving glioma cell proliferation [11]. FABP7 is highly expressed in glioma stem cells and
participates in the intracellular transport of PUFAs and MUFAs; this “fatty acid chaper-
one” function enhances the support of fatty acids for glioma stemness and proliferative
capacity [13]. At the metabolic level, MUFA generation depends on desaturases such as
SCD1/5. This process not only provides substrates for membrane lipid synthesis, but also
prevents lipotoxicity caused by SFA accumulation, and is therefore considered a key step
in maintaining lipid homeostasis in tumor cells [14].

The effects of PUFAs on glioma cells are more complex. In GBM, their role shows
a “double-edged sword” effect, as they can participate in membrane construction while
also inducing cellular injury under specific conditions [8]. On the one hand, PUFAs can be
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incorporated into phospholipids and regulate membrane fluidity and receptor function,
thereby promoting signal transduction [15]; on the other hand, exogenous PUFAs, especially
omega-3 fatty acids, can disrupt lipid homeostasis, induce lipid droplet breakdown and the
accumulation of free fatty acids, and subsequently trigger lipid peroxidation and inhibit
tumor growth [8]. For example, the functions of omega-6 PUFAs (such as arachidonic
acid, AA) and omega-3 PUFAs (such as docosahexaenoic acid, DHA) in tumor cells are
opposite [16]. Similar evidence has also been reported in other tumors, where omega-3
PUFAs have been shown to inhibit PI3K/Akt signaling and suppress tumor growth in
breast cancer and colorectal cancer [17,18].

Unlike unsaturated fatty acids, SFA in GBM more often represents a form of “metabolic
stress,” and whether it can be converted to MUFA in time determines its effect [19]. When
the activity of desaturases such as SCD1 is limited, intracellular accumulation of SFA (such
as palmitic acid, PA) can induce endoplasmic reticulum stress, mitochondrial dysfunction,
and apoptosis, a phenomenon known as lipotoxicity [20]. In GBM, the lipid metabolic
system rapidly converts SFA into MUFA or stores it in lipid droplets to avoid this toxicity,
thereby maintaining the proliferative capacity of the cells [21]. Reports have indicated
that brain tumor tissues are rich in unsaturated fatty acids but relatively deficient in SFA,
suggesting that tumor cells are more inclined to accumulate unsaturated fatty acids [12].
Therefore, from the perspective of metabolic balance, SFA itself is not the main driver of
proliferation; rather, it indirectly supports tumor growth by being converted into MUFA,
which explains why changes in the SFA /MUFA ratio are highly important for tumor fate.

Overall, the roles of MUFAs, PUFAs, and SFAs in GBM are not isolated; instead, they
form a dynamic balance system: MUFAs mainly promote proliferation and membrane
synthesis, PUFAs can induce metabolic collapse and cell death under specific conditions,
whereas SFAs are continuously regulated as metabolic intermediates between toxicity
and utilization. Changes in fatty acid composition and in the UFA /SFA ratio not only
determine cellular energy supply but also affect epigenetic regulation, membrane archi-
tecture, and signaling networks, thereby jointly driving metabolic reprogramming and
malignant progression in glioma. Notably, the molecular structure of fatty acids (chain
length and double-bond position) also affects their arrangement in the cell membrane,
thereby modulating membrane fluidity and receptor function [15,22,23]. Critically, the net
effect on GBM cells is not determined by any single fatty acid species, but by the UFA /SFA
ratio. A high MUFA /SFA ratio favors proliferation, survival, and membrane biosynthesis,
whereas a high PUFA /SFA ratio predisposes cells to lipid peroxidation and ferroptosis
under oxidative or therapeutic stress.

2.2. Cell Apoptosis and Therapy Resistance

Glioma cells are highly sensitive to changes in fatty acid composition, and lipid
peroxidation is a key hub linking fatty acid metabolism to cell death. Its dysregulation can
simultaneously drive apoptosis, ferroptosis, and changes in treatment response [24]. The
main source of lipid peroxidation is PUFA-enriched membrane phospholipids. Because
these lipids contain multiple double bonds, they are highly susceptible to free radical chain
reactions under oxidative stress, thereby disrupting membrane integrity and inducing cell
death [25]. Lipid peroxidation is a driving force of ferroptosis, and PUFAs are incorporated
into phospholipids through the action of related enzymes, forming oxidizable PUFA-
PE, which is the critical substrate basis for ferroptosis [17,26,27]. In this process, lipid
peroxidation not only directly damages membrane structure, but also exacerbates reactive
oxygen species (ROS) accumulation and further activates the mitochondrial apoptosis
pathway, forming a positive feedback loop of “peroxidation-death” [6,24].
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PUFAs in GBM exhibit a typical “pro-death effect,” especially under exogenous sup-
plementation or treatment-induced conditions [27]. Studies have shown that increasing
intracellular PUFA levels can markedly enhance lipid peroxidation, thereby inducing
ferroptosis and inhibiting tumor growth [28]. At the same time, in the context of chemora-
diotherapy, PUFA-driven lipid peroxidation can amplify ROS-mediated damage and thus
enhance tumor cell killing, suggesting potential value for treatment sensitization [29]. For
example, Kant et al. found that under radiotherapy, a PUFA-rich diet (especially omega-3)
caused lipid droplets in tumor cells to rupture and release free fatty acids, increasing lipid
peroxidation and thereby enhancing the cytotoxic effect of radiotherapy on glioma [8].
However, glioma cells possess escape mechanisms, such as downregulating acyl-CoA
synthetase long-chain family member 4 (ACSL4) to reduce PUFA incorporation or upreg-
ulating antioxidant systems such as glutathione peroxidase 4 (GPX4) to eliminate lipid
peroxidation products, thereby suppressing PUFA-mediated cell death [27,30]; this process
is also considered closely related to temozolomide (TMZ) resistance [31]. Therefore, the
function of PUFAs depends on the dynamic balance between “peroxidation burden” and
“antioxidant capacity.”

Unlike PUFAs, MUFAs mainly act as “protective lipids” in the regulation of cell death,
reducing lipid peroxidation by competitively replacing PUFAs in membrane phospho-
lipids [25]. Studies have shown that MUFAs (such as oleic acid) can significantly reduce
the proportion of PUFAs in the membrane, thereby decreasing the sites attacked by ROS
and inhibiting ferroptosis [32]. In GBM, this reduction in membrane PUFA content often
depends on the activity of desaturases such as SCD1, which convert SFA into MUFA, thus
maintaining membrane fluidity while avoiding excessive oxidative damage [20]. Therefore,
MUFAs not only participate in proliferation, but also play a key role in suppressing lipid
peroxidation and maintaining cell survival.

By contrast, SFA in GBM can either induce cell death or, under specific conditions,
contribute to the development of resistance [20]. On one hand, when SFA (such as palmitic
acid) accumulates excessively and cannot be desaturated, it can induce endoplasmic retic-
ulum stress, mitochondrial injury, and ROS generation, thereby triggering apoptosis or
non-apoptotic cell death (lipotoxicity) [33]. On the other hand, in the context of metabolic
reprogramming, SFA can be rapidly converted into MUFA or stored in lipid droplets,
thereby avoiding toxic accumulation and indirectly enhancing cell survival [34,35]. Parik S
et al. reported that inhibiting desaturases so that palmitic acid cannot be converted into
unsaturated fatty acids leads to intracellular accumulation of palmitic acid and induces
apoptosis; this accumulation of SFA has a synergistic effect with radiotherapy and TMZ
chemotherapy and can re-sensitize TMZ-resistant glioma cells [31]. More importantly, SFA
is also involved in protein palmitoylation, a modification that regulates the localization
and signaling activity of key receptors such as EGFR, thereby affecting cellular responses
to radiotherapy and chemotherapy [34,35].

Opverall, fatty acids determine the sensitivity of glioma cells to treatment by regulating
the axis of “lipid peroxidation-antioxidant defense-cell death.” When PUFAs predominate,
cells are more prone to lipid peroxidation and to entering ferroptotic or apoptotic programs,
thereby increasing treatment sensitivity; when the MUFA ratio rises or antioxidant systems
are activated, cells can more effectively remove lipid peroxidation products and thus ac-
quire resistance to chemotherapy and radiotherapy [26]. The impact of fatty acid ratios
on death sensitivity has been validated in multiple tumors. For example, in hepatocel-
lular carcinoma and breast cancer, upregulation of SCD1 increases the MUFA ratio and
significantly suppresses ferroptosis while promoting drug resistance [36,37]. In summary,
MUFAs, PUFAs, and SFAs do not independently regulate cell fate; rather, they jointly deter-
mine the death threshold and treatment response of glioma cells through dynamic balance,
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providing an important theoretical basis for targeting fatty acid metabolism to overcome
resistance. Thus, the biologic consequence of fatty acid remodeling is best interpreted as a
balance problem: MUFA enrichment raises the threshold for lipid-peroxidation-mediated
death, whereas PUFA enrichment lowers this threshold and may sensitize GBM cells to
radiotherapy, chemotherapy, or ferroptosis-inducing interventions.

2.3. Cell Migration/Invasion and Stemness

The migration and invasion of glioma cells are not simply due to increased cellular
motility, but result from the combined effects of fatty acid uptake, transport, oxidative
energy production, and membrane lipid remodeling. Fatty acid metabolism promotes
stronger infiltrative capacity and adaptability of glioma cells by providing energy and struc-
tural support for cytoskeletal rearrangement, adhesion transitions, and distal survival [38].

Among unsaturated fatty acids, FABP7 is a key hub regulating invasion. Nuclear
localization of FABP7 is more common in infiltrative glioma and is closely associated with
poor prognosis in EGFR-overexpressing GBM. Inhibition of FABP7 in neurosphere-like
glioma cells can simultaneously weaken proliferation and migration, indicating that this
fatty acid-binding protein is not only involved in fatty acid transport, but also in maintain-
ing invasive phenotypes [39]. DHA and AA show opposite effects on migration in glioma:
DHA binds FABP7 and retains it in the nucleus, thereby inhibiting migration, whereas
AA binding to FABP7 promotes migration by upregulating COX-2 and downregulating
PPARy. This indicates that the determinant of phenotype is not the absolute amount
of a single fatty acid, but rather the internal balance of PUFAs and their coupling with
FABP7 [16]. Glioma stem cells are also highly dependent on FABP7; their highly expressed
neurosphere-like cells more closely resemble the invasive phenotype of the primary tu-
mor [40], and FABP7-related fatty acid transport capacity helps maintain the adaptability
and heterogeneity of the stem cell pool [41]. In other tumors, DHA similarly suppresses
invasion and migration, whereas AA can promote motility through lipid raft-associated
receptors and lipoxygenase pathways [42].

Compared with unsaturated fatty acids, direct evidence for MUFAs in glioma migra-
tion is relatively limited. However, studies in other tumors have shown that oleic acid can
promote migration and invasion of breast cancer through the FFAR1/4-EGFR-AKT axis,
and that CD36 preferentially takes up MUFAs during cell detachment to buffer palmitic
acid toxicity and maintain metastatic potential [43,44]. Therefore, in GBM, MUFAs are more
likely to indirectly enhance invasiveness by maintaining membrane fluidity, buffering SFA
toxicity, and supporting adhesion/cytoskeletal signaling. In addition, there is evidence
that MUFAs help maintain stemness; Hale JS et al. reported that in high-fat diet models,
especially those rich in MUFAs, tumor stem cells increased significantly, tumor growth
accelerated, and adaptability to ischemia and necrosis became stronger [45].

Unlike unsaturated fatty acids, SFA (such as palmitic acid) can reduce cardiolipin
in glioma cell mitochondria and promote cytochrome c release, thereby activating the
mitochondrial apoptosis pathway [46]. In other tumors, palmitic acid may either inhibit
growth and metastasis or avoid lipotoxicity through CD36-mediated MUFA compensa-
tion [46]. At present, research on saturated fatty acids in GBM has focused mainly on
their lipotoxic effects when present in excess. SCD1 maintains endoplasmic reticulum
homeostasis and tumor-initiating capacity in glioma stem cells, and inhibition of SCD1
leads to SFA accumulation, induces ER stress and apoptosis, and impairs RAD51-mediated
DNA repair [20]. Recent studies have also shown that SCD1 and the brain-specific isoform
SCD5 have non-redundant desaturase functions in GBM, and together support stem cell
maintenance and genomic stability. This indicates that glioma cells rely on desaturation
programs to reduce SFA in order to sustain invasive survival advantages [20]. In addition to
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synthesis and desaturation, fatty acid oxidation (FAO) is also involved in GBM infiltration.
Acyl-CoA binding protein (ACBP) maintains GBM invasion by enhancing FAO; meanwhile,
FAO can also drive radioresistance and CD47-mediated immune evasion, suggesting that
invasiveness, stemness maintenance, and therapy resistance share the same lipid metabolic
reprogramming network [10,47].

3. Expression and Mechanisms of Key Fatty Acid Metabolic Enzymes
in GBM

The phenotypic consequences of fatty acid imbalance described above are closely
linked to the activity of key metabolic enzymes that regulate fatty acid synthesis, desatura-
tion, elongation, and oxidation. Fatty acid metabolic reprogramming in GBM is essentially a
continuous reaction network centered on “acetyl-CoA supply-de novo fatty acid synthesis-
fatty acid desaturation-long-chain fatty acid elongation,” and each key enzyme determines
whether tumor cells can maintain membrane lipid renewal and growth advantages un-
der hypoxia, nutritional fluctuations, and therapeutic stress [48]. Glioma cells meet the
demand for fatty acids during rapid proliferation by upregulating fatty acid synthesis and
desaturation enzymes, including ATP citrate lyase (ACLY), acetyl-CoA carboxylase (ACC),
fatty acid synthase (FASN), desaturases (such as SCD1, SCD5, FADS1/2), and fatty acid
elongases (the ELOVL family) [22,49,50].

At the upstream end of this network, ACLY converts citrate into cytosolic acetyl-CoA.
In GBM cells, ACLY is enriched not only in pseudopod-like structures, but also in the
increase in acetyl-CoA, which can promote cell adhesion and migration through H3K27ac
remodeling and Ca2*-NFAT1 signaling [51]. Further downstream, EGFRvIII, PI3K/Akt, and
mTORCI can translate oncogenic signals into a lipogenic transcriptional program through
SREBP-1, driving expression of ACLY, ACC, FASN, and SCD, thereby stably converting
proliferative signals into fatty acid synthesis flux [52]. In GBM, the SOAT1-SREBP-1 axis
can regulate the lipogenic program through a feedback mechanism involving lipid droplets
and cholesteryl esters, indicating a clear transcriptional basis for GBM dependence on fatty
acid synthesis [53]. ACC1/ACC2 are key gatekeepers that convert acetyl-CoA into malonyl-
CoA. In EGFRVIII glioma cells, inhibition of ACC not only reduces de novo lipogenesis
(DNL), but also suppresses proliferation and impairs mitochondrial fitness, indicating
that ACC is both a rate-limiting node in fatty acid synthesis and an important metabolic
inflection point [54].

FASN is located at the terminal step of de novo fatty acid synthesis and is responsible
for generating palmitic acid, the most basic saturated fatty acid backbone [55]. In GBM,
FASN-related lipogenic programs are closely associated with malignant progression, and
the recently reported FGFR3-FASN interaction suggests that in some recurrent epithelioid
GBMs, the FASN node can be abnormally activated through structural rearrangement [56].
Related studies have also shown that FASN is highly expressed in GBM and is associated
with tumor grade; inhibition of FASN blocks lipid synthesis and induces cell-cycle arrest
and apoptosis in glioma cells [57-59]. For example, targeting FASN with cerulenin reduces
glioma cell proliferation and increases apoptosis markers [59]. Inhibition of FASN also
downregulates stem cell markers such as SOX2, Nestin, and CD133 [49], suggesting that
it is also crucial for maintaining glioma stemness. In addition, Zhang W et al. reported
that FASN can enhance stemness and the inflammatory microenvironment by promoting
EGFR palmitoylation and activating STAT1 signaling, thereby recruiting pro-oncogenic
macrophages [60]. FASN plays multiple pro-tumor roles in GBM and is a potential thera-
peutic target.

If FASN determines whether the SFA backbone can be synthesized, then SCD1 and
the brain-specific isoform SCD5 determine whether these SFAs can be promptly converted
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into MUFAs, a step that is particularly critical in GBM. SCD1 and SCD5 are responsible
for converting saturated fatty acids into MUFAs. In GBM, SCD1/5 are generally upreg-
ulated, increasing MUFA content in membranes and improving membrane fluidity and
signaling efficiency [20]. Recent studies suggest that SCD5 preferentially desaturates C18:0
and participates in lipid remodeling [61]. GBM does not rely solely on SCD1, but also
uses SCD1/5SCD5 together to maintain the MUFA pool and membrane lipid homeostasis.
Inhibition of SCD1 leads to phospholipid remodeling and cytotoxicity, and can reduce TMZ
resistance through the Akt/GSK3 /3-catenin axis [20]. Overall, SCD activity maintains
endogenous MUFA supply, and SCD inhibitors have been shown to suppress glioma cell
proliferation and resistance to combination therapy [62].

Parallel to the SFA-to-MUFA pathway is the PUFA synthesis branch mediated by
FADS1/2 and ELOVL5/2. FADS1/2 introduce double bonds during PUFA synthesis,
whereas ELOVL5/ELOVL2 extend the carbon chain to generate long-chain fatty acids.
FADS and ELOVL determine long-chain PUFA levels, and cancer cell studies have shown
that FADS2 can help cells survive through endoplasmic reticulum stress-related adaptive
mechanisms when SCD1 is inhibited, while ELOVL5 can support proliferation and invasion
by promoting PUFA elongation [63]. Therefore, they are likely involved in regulating the
PUFA pool, membrane composition, and treatment response in GBM. Studies have found
that inhibition of FADS2 or ELOVL2 blocks PUFA generation and leads to accumulation
of the saturated fatty acid palmitic acid, thereby enhancing TMZ efficacy [31,64]. Chen Z
et al. noted in other tumors that a shift from the conventional SCD1-dependent MUFA
synthesis pathway to FADS2 products (such as n-10 MUFAs) is associated with increased
tumor invasiveness [65].

This entire enzymatic system ultimately determines the intracellular ratio of SFA,
MUFA, and PUFA in tumor cells, and changes in this ratio further affect membrane fluidity,
endoplasmic reticulum homeostasis, DNA damage repair, and treatment sensitivity; at
the phenotypic level, these changes can be summarized as alterations in proliferation,
adhesion/invasion, stemness maintenance, and drug resistance (Table 1) [66].

Table 1. Key fatty acid metabolic enzymes and their biological roles in GBM.

Metabolic Module

Key Major Representative

Role in GBM

Enzymes Function Inhibitors

Acetyl-CoA supply

Support tumor growth,

Convert citrate to acetyl-CoA BMS-303141 (ACLY)

and de novo ACL\I{:’ AASCNC1/2’ and promote de novo fatty proléfieorsat;ciﬁé ;rilse:r;lkgane ND-646 (ACC)
lipogenesis acid synthesis Y . TVB-2640 (FASN)
stemness maintenance
Convert saturated fatty acids  Increase membrane fluidity,
Fatty acid into monounsaturated fatty maintain ER homeostasis,
desaturation SCD1, SCD5 acids (MUFAs) and maintain promote stemness and CAY10566, A939572
membrane lipid homeostasis therapy resistance
Regulate PUFA pools,
PUFA synthesis FADS1/2, Catalyze PUFA desaturation membrane composition,
and elongation ELOVL2/5 and elongation adaptive metabolism and SC-26196 (FADS2)
TMZ response
. Rate-limiting enzyme Suppor.ts m.etabo.hc .
Fatty acid . . . adaptation, invasion, Etomoxir,
s CPT1A controlling mitochondrial .
[3-oxidation g o stemness and Perhexiline
fatty acid oxidation .
therapy resistance

Ferroptosis- ;;Criiligiteﬁgﬁsiilrﬁs Determines susceptibility to

associated lipid ACSL4 PROSPROAP lipid peroxidation and Triacsin C *
. and regulates .
remodeling ferroptotic cell death

ferroptosis sensitivity

* Triacsin C is a broad-spectrum ACSL inhibitor and is not specific for ACSL4.
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4. Imbalanced Unsaturated/Saturated Fatty Acid Ratios Reshape Membrane
Microdomains and Drive Signal Transduction and Cell Dynamics

The unsaturated /saturated fatty acid ratio (UFA /SFA) is not merely a metabolic readout
but an important determinant of the transition of cell membranes from a liquid-ordered to a

liquid-disordered state, and it also serves as a key bridge linking metabolism to signal trans-
duction [23,67]. This effect depends not only on the overall degree of unsaturation, but also on
the number and position of double bonds, as well as the position of the first double bond in the

carbon chain, all of which further alter membrane thickness, flexibility, permeability, and local

curvature [68]. SFA more readily forms liquid-ordered lipid rafts together with cholesterol
and sphingolipids, whereas UFA, because of the “kink” introduced by double bonds, weakens

the stability of membrane microdomains and the spatial organization of receptors [23,69]
SFA Dominance (Rigid Membrane,

EGFR

tight lipid packing, increases membrane deformability, and promotes membrane bending,
fusion, and microdomain remodeling. Therefore, changes in the UFA /SFA ratio directly affect
Within this framework (Figure 1), membrane microdomains constitute the structural basis
through which the UFA /SFA ratio exerts its effects [70]
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Figure 1. UFA /SFA ratio reshapes membrane microdomains and signal transduction. Schematic

illustration showing how alterations in the unsaturated-to-saturated fatty acid (UFA/SFA) ratio
modulate plasma membrane organization and downstream cellular behaviors in GBM. Changes
in fatty acid composition influence lipid raft/microdomain stability, thereby regulating the spatial
distribution and clustering of receptors such as EGFR/EGFRVIII and integrins. These membrane

structural dynamics further modulate oncogenic signaling pathways (e.g., PI3K/Akt, MAPK), endo-
cytosis, and cytoskeletal remodeling, ultimately affecting glioma cell proliferation, invasion, stemness

maintenance, and therapeutic response. SFA, saturated fatty acid; UFA, unsaturated fatty acid
These cholesterol- and sphingolipid-rich microdomains can act as signaling platforms

to enrich receptors and downstream effector molecules, thereby determining the spatial
organization of signal transduction [71,72]. In glioblastoma, studies have shown that EGFR
and its mutant EGFRVIII are closely associated with caveolin-1/caveolae on the cell mem-
brane surface, and that caveolin-1 is upregulated in tumor tissue, suggesting that GBM

cells may maintain aberrant receptor signaling by regulating membrane microdomains [73]

Alterations in membrane fatty acid saturation can influence receptor organization by modi-
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fying lipid packing, membrane order, and the stability of cholesterol-rich microdomains.
These changes may affect the spatial clustering, activation threshold, and endocytosis
dynamics of membrane receptors, thereby influencing downstream signaling intensity. In
this context, changes in the UFA /SFA ratio directly affect lipid raft stability and receptor
distribution on the membrane, thereby modulating the activation strength of key pathways
such as PI3K/Akt and MAPK [4,71]. Notably, the influence of different degrees of unsatu-
ration on signaling is nonlinear: a moderate increase in UFA facilitates lateral diffusion of
membrane proteins and complex formation, whereas excessive unsaturation may disrupt
lipid raft structure and cause disassembly of signaling platforms [23,72]. This “balanced
state” suggests that glioma does not simply pursue a high unsaturation level, but rather
finely regulates the UFA /SFA ratio to optimize signaling [4].

Beyond receptor signaling, the UFA /SFA ratio further affects cell behavior by altering
membrane mechanical properties [23]. Increased UFA reduces membrane rigidity and in-
creases bending capacity, thereby promoting membrane budding, vesicle formation, and
membrane fusion [23]. These changes directly influence endocytosis and recycling pathways,
and endocytosis is itself an important mechanism for regulating the persistence and termi-
nation of receptor signaling. For example, integrin endocytosis and redistribution depend
on changes in membrane microdomains and membrane curvature, which determine the
strength of adhesion between cells and the extracellular matrix and thereby affect migration
capacity [74]. In tumor cells, accelerated integrin turnover is usually associated with increased
invasiveness; therefore, the UFA /SFA ratio indirectly regulates migration and invasion by
affecting membrane dynamics [74,75], and this mechanism is of even greater significance in
GBM [76,77]. Studies have shown that stress such as radiotherapy can induce glioma cells
to accumulate UFA and form lipid droplets, thereby buffering endoplasmic reticulum stress
and maintaining cell survival, suggesting that an increased UFA /SFA ratio is an adaptive
survival response to therapy, which may paradoxically confer resistance while also increasing
vulnerability to subsequent oxidative insults [77]. Meanwhile, excessive unsaturation can
increase membrane lipid susceptibility to oxidative stress, indicating that glioma must main-
tain a dynamic balance between “signaling optimization” and “oxidative risk” [8]. Therefore,
therapies that alter the UFA /SFA ratio, such as PUFA supplementation or SCD inhibition,
could not only impact metabolism but also directly disrupt the physical integrity of membrane
signaling hubs, providing a dual mechanism of action. Cross-tumor studies further support
this view; for example, in ovarian cancer, SCD-mediated desaturation protects cells from
saturated fatty acid-induced ER stress and apoptosis, whereas SCD inhibition suppresses
tumor growth [78]. In addition, omega-3 PUFAs can disturb lipid raft structure and alter the
localization of immune signaling complexes, thereby affecting immune responses [79,80].

The UFA/SFA ratio can therefore be regarded as a core hub linking “fatty acid
metabolism-membrane structure-signal transduction—cell behavior”. By regulating mem-
brane microdomains, membrane mechanics, and signaling platform stability, it ultimately
influences GBM proliferation, invasion, and therapeutic response [4,81].

5. Fatty Acid Metabolism and the Glioma Immune Microenvironment

The immune microenvironment of GBM is composed of tumor cells, microglia,
monocyte-derived tumor-associated macrophages (TAMs), a small number of lymphocytes,
and antigen-presenting cells [82] (Figure 2). Recent single-cell and spatial multi-omics
studies have further shown that GBM contains a TAM subpopulation enriched in lipid
droplets, metabolically active, and more proliferative, especially in the mesenchymal sub-
type [83-85]. Recent studies have shown that TAMs can take up myelin debris via CD36
to form lipid-laden macrophages enriched in lipid droplets, and subsequently transfer
myelin-derived lipids back to tumor cells via the LXR-ABCA1/ABCGI1 axis, thereby en-
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hancing MES-like GBM growth while maintaining an immunosuppressive phenotype. This
“tumor-TAM-myelin” lipid cycle provides direct evidence for GBM immune—metabolic
crosstalk [83,84,86]. From the perspective of tumor biology, fatty acid uptake, lipid droplet
formation, and fatty acid oxidation (FAO) often drive TAMs toward an M2-like, immuno-
suppressive program and promote angiogenesis, tissue remodeling, and tumor invasion,
while CD36, FABP4/5, and related lipid metabolic networks are key interfaces connecting
exogenous lipids with macrophage functional reprogramming [86-89].
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Figure 2. Fatty acid metabolism reshapes the GBM immune microenvironment. Schematic overview
of metabolic crosstalk between glioblastoma cells and stromal/immune cells mediated by fatty
acid metabolism. Tumor cells and tumor-associated macrophages (TAMs) engage in active lipid
exchange (e.g., CD36-mediated uptake, LXR-ABCA1/ABCGI-dependent transfer), forming a “tumor-
TAM-myelin” lipid cycle that reinforces an immunosuppressive phenotype. Differential fatty acid
utilization— including fatty acid oxidation (FAO), lipid droplet formation, and altered fatty acid
composition—differentially modulates the functional states of TAMs, CD8+ T cells, regulatory T
cells (Tregs), natural killer (NK) cells, dendritic cells (DCs), and myeloid-derived suppressor cells
(MDSCs), collectively tilting the immune balance toward suppression and tumor progression.

In addition to myeloid cells, fatty acid metabolism also affects CD8+ T cells. Under
nutrient deprivation and hypoxic conditions, moderate fatty acid utilization and FAO
can help effector T cells maintain function and, in some models, improve response to
immunotherapy; however, lipid overload, abnormal fatty acid uptake, and persistent
metabolic stress are more likely to drive T-cell dysfunction or exhaustion [90-93]. Reg-
ulatory T cells (Tregs) exhibit another pattern of lipid metabolic adaptation: they often
rely more on FAO, fatty acid uptake, and pathways such as FABP5/CD36 to maintain
survival and suppressive function within the tumor microenvironment, making lipid-rich
environments more likely to favor immunosuppression and indirectly weaken anti-tumor
immunity [90,94-96]. Natural killer (NK) cells are also strongly influenced by fatty acid
metabolism. In the tumor microenvironment, lipid overload and oxidative stress impair
their cytotoxic activity, whereas metabolic reprogramming may help NK cells maintain
survival and killing capacity in harsh conditions. Thus, fatty acids are not only the “fuel” of

https://doi.org/10.3390 /biomedicines14081757


https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757

11 of 20

tumor cells, but also a fundamental variable determining whether innate immune effector
functions can operate normally [97,98]. Dendritic cells (DCs) and myeloid-derived suppres-
sor cells (MDSCs) further amplify this effect: a high-fat state can disturb DC homeostasis
and antigen-presenting capacity by enhancing mitochondrial FAO, while MDSCs often
maintain immunosuppressive function by switching from glycolysis to FAO, thereby jointly
weakening T-cell priming and the amplification of anti-tumor immunity [99-101].

PUFAs are generally more involved in membrane remodeling and inflammatory
buffering, whereas excessive SFA more readily triggers metabolic stress responses and
drives myeloid cells toward an immunosuppressive phenotype. However, this direction is
clearly dependent on cell type and disease stage. Therefore, in GBM, a more appropriate
interpretation is not that a certain class of fatty acid is absolutely beneficial or harmful, but
rather that they collectively shape the balance between immunosuppressive and immune-
activating states by altering TAM polarization, antigen presentation, effector T-cell function,
and innate immune cell states [102-104]. Thus, the significance of fatty acids should not
be limited to energy supply or structural lipids; they should be regarded as a common
language regulating TAM education, antigen presentation, T-cell effector function, NK
cell killing, and MDSC suppression. From a translational perspective, blocking fatty acid
uptake, lipid droplet formation, or FAO, or reshaping the fatty acid composition to reduce
immunosuppressive lipid signaling, may act synergistically with checkpoint inhibitors,
myeloid-targeted therapies, and metabolic interventions.

6. Nutritional and Targeted Therapies for Fatty Acid Metabolism

Among nutritional interventions, ketogenic diet (KD) or ketogenic metabolic therapy
(KMT) is the most established approach, whose core strategy is to reduce glucose availabil-
ity and alter substrate supply in an attempt to amplify the metabolic vulnerability of tumor
cells [105]. The KEATING randomized feasibility study, together with subsequent system-
atic reviews, clinical framework proposals, case reports, and clinical studies, suggests that
these strategies are feasible and relatively safe in GBM, but the current clinical evidence
remains exploratory overall, mainly reflecting feasibility, adherence, and biological signals
rather than definitive survival benefit [106]. KMT remains worthy of further investiga-
tion because GBM does not rely solely on glucose for energy; experimental studies have
shown that GBM can use fatty acids and ketone bodies to sustain growth under ketogenic
conditions, and positron emission/isotopic tracing, metabolic flux analysis, and ketone-
ester supplementation models further demonstrate that tumors rapidly switch substrate
utilization according to the nutritional environment. Therefore, dietary intervention is
more suitable as a “metabolic stress amplifier” and a sensitizer to standard therapy, rather
than as a stand-alone replacement for surgery, radiotherapy, and TMZ [107,108]. This also
explains why the current translational focus has shifted from “whether to use ketogenic
therapy” to “how to use it precisely,” including patient selection, setting the intensity
of fatty acid /ketone supply, monitoring the glucose-ketone index (GKI), and evaluating
long-term tolerability, while integrating it into routine treatment workflows as much as
possible [109]. In GBM, KMT is more like an adjuvant therapy that needs to match the
individual metabolic background, rather than a one-size-fits-all approach.

Unlike the strategy of “restricting carbon sources,” a PUFA-rich modified diet is an
approach that exploits metabolic vulnerability [28]. GBM is highly dependent on lipid
uptake and storage, and exogenous PUFAs can “hijack” this metabolic pathway. After being
incorporated into lipid droplets, PUFAs induce their breakdown, release free fatty acids, and
trigger lipid peroxidation, thereby synergizing with radiotherapy to amplify cytotoxicity. This
finding suggests that the key to nutritional therapy for brain tumors is not total fat content,
but rather the type and proportion of fatty acids and their coupling with radiotherapy [8].
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Among targeted pharmacologic strategies, ACC1/ACC2 and FASN represent key
nodes in de novo fatty acid synthesis, because they determine the flux of acetyl-CoA into
palmitic acid and subsequent membrane lipids; EGFRvVIII GBM is particularly sensitive
to ACC inhibition, and the FASN inhibitor TVB-2640/denifanstat has already entered a
phase II clinical study in recurrent high-grade astrocytoma [110], indicating that “blocking
fatty acid synthesis” is no longer merely conceptual but already has clinical translational
feasibility. From the perspective of balancing fatty acid desaturation, SCD1 determines
the efficiency of SFA-to-MUFA conversion, thus affecting membrane fluidity, endoplasmic
reticulum homeostasis, lipotoxicity threshold, and response to TMZ [20,111]. In GBM,
SCD1 inhibition leads to saturated fatty acid accumulation, increased ER stress, apoptosis,
and impaired DNA repair, making this one of the most druggable desaturation nodes [20].
On the fatty acid catabolism side, GBM has a clear dependence on FAO. Carnitine palmi-
toyltransferase 1A (CPT1A) is the rate-limiting enzyme that governs entry of fatty acids into
mitochondrial beta-oxidation and is a key gatekeeper of this pathway. The CPT1 inhibitor
etomoxir combined with TMZ can reduce stemness and invasiveness of patient-derived
tumorspheres (PDTs) and prolong survival in animals, thus FAO inhibition is considered
a feasible strategy to overcome GBM metabolic adaptation and therapy resistance [112].
However, the pharmacological limitations of FAO inhibitors are also important: etomoxir
has been shown in other cancer types to have obvious off-target and dose-limiting effects,
so it is more appropriate to advance cautiously under biomarker and metabolic-phenotype
guidance [113,114]. In contrast, the CPT1/CPT2 inhibitor perhexiline has shown the abil-
ity to cross the blood-brain barrier and produce FYN-dependent anti-tumor effects in
GBM, suggesting that fatty acid-related drugs need not revolve only around CPT1 and can
also be extended to the broader lipid metabolic network through drug repurposing [115].
Fatty acid uptake is also worth attention, because CD36 is not only a gatekeeper for ex-
ogenous long-chain fatty acids entering tumor and immune cells, but is also associated
with metastasis initiation, lipid droplet accumulation, and immunosuppression; the GBM
CD36/TSP-1/CD47 axis has been proposed as a translational node, and the CD36 inhibitor
SMS121 has been shown in other myeloid tumors to block fatty acid uptake and reduce cell
activity, providing a useful reference for blocking exogenous lipid entry in GBM [86].

Therefore, future strategies should move beyond single-agent metabolic interven-
tion toward rational combinations of diet, targeted inhibitors, and standard-of-care ther-
apy. Dietary remodeling, FASN/ACC/SCD/CPT1/CD36 inhibition, TMZ, radiotherapy,
and anti-angiogenic therapy may be integrated according to tumor metabolic phenotype.
Lipidomics-based assessment of the tumor UFA /SFA ratio, together with FASN and SCD1
expression levels, could serve as predictive biomarkers to stratify patients for metabolic
therapy and to monitor adaptive resistance. However, clinical translation of metabolic
targeting in GBM remains challenging due to limited drug delivery across the blood-
brain barrier, substantial intratumoral heterogeneity, and the lack of validated biomarkers
for patient stratification. Future studies integrating lipidomic profiling with molecular
classification will be essential to identify patients most likely to benefit from metabolic
interventions. Nanoparticles co-delivering PUFAs and SCD inhibitors may help over-
come the blood-brain barrier and synergistically disrupt the UFA /SFA balance in situ,
thereby improving intracranial exposure while concentrating metabolic pressure within
the tumor microenvironment [116].

7. Conclusions and Future Directions

Fatty acid metabolic reprogramming in GBM has profound effects on its biological be-
havior and therapeutic response. The dynamic balance among MUFAs, PUFAs, and SFAs not
only affects membrane lipid composition, signal transduction, and mechanical properties of
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glioma cells, but also participates in their proliferation, migration/invasion, stemness main-
tenance, cell death, therapy resistance, and remodeling of the immune microenvironment.
In particular, the UFA /SFA ratio has emerged as an integrative indicator of lipid metabolic
reprogramming and provides a useful framework for understanding malignant progression in
GBM. Although the UFA /SFA ratio conceptually reflects the balance between lipid saturation
and desaturation, a standardized quantitative UFA /SFA index has not yet been established in
human GBM. Current lipidomic studies primarily quantify individual fatty acids or lipid sub-
classes rather than a unified UFA /SFA ratio, and differences in tissue sampling, lipid classes
analyzed, and analytical methodologies have hindered direct quantitative comparison across
studies. Nevertheless, current evidence generally supports an overall shift toward increased
lipid unsaturation in GBM, suggesting that the biological significance of the UFA /SFA ratio
currently lies in reflecting the dynamic state of lipid remodeling rather than a fixed numerical
threshold. Future standardized and spatially resolved lipidomic analyses may facilitate the
establishment of clinically comparable UFA /SFA metrics.

Beyond its biological significance, the UFA /SFA ratio also shows potential as a metabolic
biomarker for GBM. Tissue-based lipidomic profiling is technically feasible, whereas its
application in liquid biopsy remains exploratory because evidence from blood or cerebrospinal
fluid is still limited. However, several barriers currently prevent clinical implementation,
including marked intratumoral heterogeneity, the lack of standardized lipidomic workflows
and diagnostic cut-off values, and the absence of large prospective clinical validation studies.
Therefore, further methodological standardization and multicenter validation will be essential
before the UFA /SFA ratio can be translated into routine clinical testing.

Future studies should further move from “descriptive correlations” to “causal mecha-
nism dissection” and “clinical translation validation.” On the one hand, spatial lipidomics,
single-cell multi-omics, and metabolic flux analysis are needed to define fatty acid profile
differences across different regions, molecular subtypes, and cell populations in glioma,
especially the spatial heterogeneity of the UFA /SFA ratio at the tumor margin, necrotic core,
stem-like cell populations, and immune cell populations. On the other hand, more refined
functional validation systems are needed around key enzymes and key fatty acids to clarify
how fatty acid metabolism determines tumor fate through pathways such as membrane
microdomains, oxidative stress, ferroptosis, and immune regulation. More importantly,
interventions targeting fatty acid metabolism should be combined as much as possible with
current standard therapy, immunotherapy, and radiotherapy/chemotherapy, and patients
who truly benefit should be selected based on metabolic stratification, thereby promoting
this field from basic research to precision medicine.

The significance of fatty acid metabolism in GBM is no longer limited to “energy
supply” or “membrane construction”; rather, it has risen to a comprehensive regulatory
network connecting metabolism, membrane biology, cell fate, and the immune ecosys-
tem. Research built around this network will provide new theoretical foundations and
intervention strategies for GBM stratification and combined diagnosis and treatment.
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ABCALl ATP-Binding Cassette Transporter Al

ABCG1 ATP-Binding Cassette Transporter G1

ACC Acetyl-CoA Carboxylase

ACLY ATP Citrate Lyase

ACSL4 Acyl-CoA Synthetase Long-Chain Family Member 4
Akt Protein Kinase B

CD36 Cluster of Differentiation 36

COX-2 Cyclooxygenase-2

CPT1A Carnitine Palmitoyltransferase 1A

DCs Dendritic Cells
DHA Docosahexaenoic Acid
EGFR Epidermal Growth Factor Receptor

EGFRvIII  Epidermal Growth Factor Receptor Variant III
ELOVL Elongation of Very Long Chain Fatty Acids
FABP7 Fatty Acid-Binding Protein 7

FAO Fatty Acid Oxidation
FADS1/2  Fatty Acid Desaturase 1 and 2
FASN Fatty Acid Synthase

GBM Glioblastoma

GKI Glucose-Ketone Index

GPX4 Glutathione Peroxidase 4

KD Ketogenic Diet

KMT Ketogenic Metabolic Therapy
LXR Liver X Receptor

MAPK Mitogen-Activated Protein Kinase

MDSCs Myeloid-Derived Suppressor Cells

MUFA Monounsaturated Fatty Acid

mTORC1  Mechanistic Target of Rapamycin Complex 1

NK Natural Killer

PA Palmitic Acid

PIBK Phosphoinositide 3-Kinase

PPARy Peroxisome Proliferator-Activated Receptor gamma
PUFA Polyunsaturated Fatty Acid

ROS Reactive Oxygen Species

SCD1 Stearoyl-CoA Desaturase 1

SCD5 Stearoyl-CoA Desaturase 5

SFA Saturated Fatty Acid

SOAT1 Sterol O-Acyltransferase 1

SOX2 SRY-Box Transcription Factor 2

SREBP-1  Sterol Regulatory Element-Binding Protein 1
STAT1 Signal Transducer and Activator of Transcription 1
TAMs Tumor-Associated Macrophages

T™Z Temozolomide

Tregs Regulatory T Cells

UFA Unsaturated Fatty Acid

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757 15 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Stupp, R,; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs. Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma: A Randomized Clinical Trial. JAMA 2017, 318, 2306-2316. [CrossRef] [PubMed]

GBD 2016 Brain and Other CNS Cancer Collaborators. Global, regional, and national burden of brain and other CNS cancer,
1990-2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 376-393. [CrossRef]
[PubMed]

Miska, J.; Chandel, N.S. Targeting fatty acid metabolism in glioblastoma. J. Clin. Investig. 2023, 133, e163448. [CrossRef] [PubMed]
Rohrig, F.; Schulze, A. The multifaceted roles of fatty acid synthesis in cancer. Nat. Rev. Cancer 2016, 16, 732-749. [CrossRef]
[PubMed]

Kao, TJ.; Lin, C.L.; Yang, W.B; Li, H.Y.; Hsu, T.I. Dysregulated lipid metabolism in TMZ-resistant glioblastoma: Pathways,
proteins, metabolites and therapeutic opportunities. Lipids Health Dis. 2023, 22, 114. [CrossRef] [PubMed]

Singh, S.; Mohapatra, L; Barik, D.; Zheng, H.; Kim, S.; Sharma, M.; Chen, C.C.; Singh, G. Harnessing ferroptosis to transform
glioblastoma therapy and surmount treatment resistance. Cell Death Discov. 2025, 11, 448. [CrossRef] [PubMed]

Wang, L.B.; Karpova, A.; Gritsenko, M.A.; Kyle, ].E.; Cao, S.; Li, Y.; Rykunov, D.; Colaprico, A.; Rothstein, J.H.; Hong, R.; et al.
Proteogenomic and metabolomic characterization of human glioblastoma. Cancer Cell 2021, 39, 509-528.e20. [CrossRef] [PubMed]
Kant, S.; Zhao, Y.; Kesarwani, P.; Alka, K.; Oyeniyi, ].E.; Mohammad, G.; Ashrafi, N.; Graham, S.F; Miller, C.R.; Chinnaiyan, P.
Enhanced lipid metabolism serves as a metabolic vulnerability to polyunsaturated fatty acids in glioblastoma. JCI Insight 2026,
11, €191465. [CrossRef] [PubMed]

Wu, X,; Geng, F,; Cheng, X.; Guo, Q.; Zhong, Y.; Cloughesy, T.F; Yong, W.H.; Chakravarti, A.; Guo, D. Lipid Droplets Maintain
Energy Homeostasis and Glioblastoma Growth via Autophagic Release of Stored Fatty Acids. iScience 2020, 23, 101569. [CrossRef]
[PubMed]

Jiang, N.; Xie, B.; Xiao, W.; Fan, M; Xu, S.; Duan, Y.; Hamsafar, Y.; Evans, A.C.; Huang, J.; Zhou, W,; et al. Fatty acid oxidation
fuels glioblastoma radioresistance with CD47-mediated immune evasion. Nat. Commun. 2022, 13, 1511. [CrossRef] [PubMed]
Umaru, B.A.; Kagawa, Y.; Ohsaki, Y,; Pan, Y.; Chen, C.T.; Chen, D.K.; Abe, T.; Shil, S.K.; Miyazaki, H.; Kobayashi, S.; et al. Oleic
acid-bound FABP? drives glioma cell proliferation through regulation of nuclear lipid droplet formation. FEBS J. 2023, 290,
1798-1821. [CrossRef] [PubMed]

Taib, B.; Aboussalah, A.M.; Moniruzzaman, M.; Chen, S.; Haughey, N.J.; Kim, S.F,; Ahima, R.S. Lipid accumulation and oxidation
in glioblastoma multiforme. Sci. Rep. 2019, 9, 19593. [CrossRef] [PubMed]

Choi, W.S.; Xu, X.; Goruk, S.; Wang, Y.; Patel, S.; Chow, M.; Field, C.J.; Godbout, R. FABP7 Facilitates Uptake of Docosahexaenoic
Acid in Glioblastoma Neural Stem-like Cells. Nutrients 2021, 13, 2664. [CrossRef] [PubMed]

Peck, B.; Schug, Z.T.; Zhang, Q.; Dankworth, B; Jones, D.T.; Smethurst, E.; Patel, R.; Mason, S.; Jiang, M.; Saunders, R.; et al.
Inhibition of fatty acid desaturation is detrimental to cancer cell survival in metabolically compromised environments. Cancer
Metab. 2016, 4, 6. [CrossRef] [PubMed]

Xu, X.; Wang, Y.; Choi, W.S.; Sun, X.; Godbout, R. Super resolution microscopy reveals DHA-dependent alterations in glioblastoma
membrane remodelling and cell migration. Nanoscale 2021, 13, 9706-9722. [CrossRef] [PubMed]

Mita, R.; Beaulieu, M.].; Field, C.; Godbout, R. Brain fatty acid-binding protein and omega-3/omega-6 fatty acids: Mechanistic
insight into malignant glioma cell migration. J. Biol. Chem. 2010, 285, 37005-37015. [CrossRef] [PubMed]

Huang, Z.; Liu, C.A,; Cai, P.Z.; Xu, EP.;; Zhu, W.]J.; Wang, WW,; Jiang, H.P. Omega-3PUFA Attenuates MNU-Induced Colorectal
Cancer in Rats by Blocking PI3K/AKT/Bcl-2 Signaling. Onco Targets Ther. 2020, 13, 1953-1965. [CrossRef] [PubMed]

Huang, L.H.; Chung, H.Y.; Su, H.M. Docosahexaenoic acid reduces sterol regulatory element binding protein-1 and fatty acid
synthase expression and inhibits cell proliferation by inhibiting pAkt signaling in a human breast cancer MCF-7 cell line. BMC
Cancer 2017, 17, 890. [CrossRef] [PubMed]

Terry, A.R; Hay, N. Emerging targets in lipid metabolism for cancer therapy. Trends Pharmacol. Sci. 2024, 45, 537-551. [CrossRef]
[PubMed]

Pinkham, K,; Park, D.].; Hashemiaghdam, A.; Kirov, A.B.; Adam, I.; Rosiak, K.; da Hora, C.C.; Teng, J.; Cheah, P.S.; Carvalho,
L.; et al. Stearoyl CoA Desaturase Is Essential for Regulation of Endoplasmic Reticulum Homeostasis and Tumor Growth in
Glioblastoma Cancer Stem Cells. Stern Cell Rep. 2019, 12, 712-727. [CrossRef] [PubMed]

Cheng, X.; Geng, E; Pan, M.; Wu, X.; Zhong, Y.; Wang, C.; Tian, Z.; Cheng, C.; Zhang, R.; Puduvalli, V,; et al. Targeting DGAT1
Ameliorates Glioblastoma by Increasing Fat Catabolism and Oxidative Stress. Cell Metab. 2020, 32, 229-242.e8. [CrossRef]
[PubMed]

Kou, Y.; Geng, F.; Guo, D. Lipid Metabolism in Glioblastoma: From De Novo Synthesis to Storage. Biomedicines 2022, 10, 1943.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.1001/jama.2017.18718
https://www.ncbi.nlm.nih.gov/pubmed/29260225
https://doi.org/10.1016/s1474-4422(18)30468-x
https://www.ncbi.nlm.nih.gov/pubmed/30797715
https://doi.org/10.1172/jci163448
https://www.ncbi.nlm.nih.gov/pubmed/36594473
https://doi.org/10.1038/nrc.2016.89
https://www.ncbi.nlm.nih.gov/pubmed/27658529
https://doi.org/10.1186/s12944-023-01881-5
https://www.ncbi.nlm.nih.gov/pubmed/37537607
https://doi.org/10.1038/s41420-025-02744-x
https://www.ncbi.nlm.nih.gov/pubmed/41057317
https://doi.org/10.1016/j.ccell.2021.01.006
https://www.ncbi.nlm.nih.gov/pubmed/33577785
https://doi.org/10.1172/jci.insight.191465
https://www.ncbi.nlm.nih.gov/pubmed/41364525
https://doi.org/10.1016/j.isci.2020.101569
https://www.ncbi.nlm.nih.gov/pubmed/33083736
https://doi.org/10.1038/s41467-022-29137-3
https://www.ncbi.nlm.nih.gov/pubmed/35314680
https://doi.org/10.1111/febs.16672
https://www.ncbi.nlm.nih.gov/pubmed/36325660
https://doi.org/10.1038/s41598-019-55985-z
https://www.ncbi.nlm.nih.gov/pubmed/31863022
https://doi.org/10.3390/nu13082664
https://www.ncbi.nlm.nih.gov/pubmed/34444824
https://doi.org/10.1186/s40170-016-0146-8
https://www.ncbi.nlm.nih.gov/pubmed/27042297
https://doi.org/10.1039/d1nr02128a
https://www.ncbi.nlm.nih.gov/pubmed/34018532
https://doi.org/10.1074/jbc.M110.170076
https://www.ncbi.nlm.nih.gov/pubmed/20834042
https://doi.org/10.2147/ott.S241298
https://www.ncbi.nlm.nih.gov/pubmed/32184629
https://doi.org/10.1186/s12885-017-3936-7
https://www.ncbi.nlm.nih.gov/pubmed/29282029
https://doi.org/10.1016/j.tips.2024.04.007
https://www.ncbi.nlm.nih.gov/pubmed/38762377
https://doi.org/10.1016/j.stemcr.2019.02.012
https://www.ncbi.nlm.nih.gov/pubmed/30930246
https://doi.org/10.1016/j.cmet.2020.06.002
https://www.ncbi.nlm.nih.gov/pubmed/32559414
https://doi.org/10.3390/biomedicines10081943
https://www.ncbi.nlm.nih.gov/pubmed/36009491
https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757 16 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lorent, ].H.; Levental, K.R.; Ganesan, L.; Rivera-Longsworth, G.; Sezgin, E.; Doktorova, M.; Lyman, E.; Levental, I. Plasma
membranes are asymmetric in lipid unsaturation, packing and protein shape. Nat. Chem. Biol. 2020, 16, 644—652. [CrossRef]
[PubMed]

Hu, Z.; Mi, Y;; Qian, H.; Guo, N.; Yan, A.; Zhang, Y.; Gao, X. A Potential Mechanism of Temozolomide Resistance in Glioma-
Ferroptosis. Front. Oncol. 2020, 10, 897. [CrossRef] [PubMed]

Kim, S.Y.; Tang, M.; Lu, T.; Chih, S.Y.; Li, W. Ferroptosis in glioma therapy: Advancements in sensitizing strategies and the
complex tumor-promoting roles. Brain Res. 2024, 1840, 149045. [CrossRef] [PubMed]

Zhuo, S.; He, G.; Chen, T, Li, X,; Liang, Y.; Wu, W.; Weng, L.; Feng, J.; Gao, Z.; Yang, K. Emerging role of ferroptosis in
glioblastoma: Therapeutic opportunities and challenges. Front. Mol. Biosci. 2022, 9, 974156. [CrossRef] [PubMed]

Jia, B.; Li, J.; Song, Y.; Luo, C. ACSL4-Mediated Ferroptosis and Its Potential Role in Central Nervous System Diseases and Injuries.
Int. ]. Mol. Sci. 2023, 24, 10021. [CrossRef] [PubMed]

Dierge, E.; Debock, E.; Guilbaud, C.; Corbet, C.; Mignolet, E.; Mignard, L.; Bastien, E.; Dessy, C.; Larondelle, Y.; Feron, O.
Peroxidation of n-3 and n-6 polyunsaturated fatty acids in the acidic tumor environment leads to ferroptosis-mediated anticancer
effects. Cell Metab. 2021, 33, 1701-1715.e5. [CrossRef] [PubMed]

Ye, L.F,; Chaudhary, K.R.; Zandkarimi, F; Harken, A.D.; Kinslow, C.J.; Upadhyayula, P.S.; Dovas, A.; Higgins, D.M.; Tan, H.;
Zhang, Y.; et al. Radiation-Induced Lipid Peroxidation Triggers Ferroptosis and Synergizes with Ferroptosis Inducers. ACS Chem.
Biol. 2020, 15, 469-484. [CrossRef] [PubMed]

Banu, M.A.; Dovas, A.; Argenziano, M.G.; Zhao, W.; Sperring, C.P.; Cuervo Grajal, H.; Liu, Z.; Higgins, D.M.; Amini, M.; Pereira,
B.; et al. A cell state-specific metabolic vulnerability to GPX4-dependent ferroptosis in glioblastoma. EMBO . 2024, 43, 4492-4521.
[CrossRef] [PubMed]

Parik, S.; Fernandez-Garcfa, J.; Lodi, F.; De Vlaminck, K.; Derweduwe, M.; De Vleeschouwer, S.; Sciot, R.; Geens, W.; Weng,
L.; Bosisio, EM.; et al. GBM tumors are heterogeneous in their fatty acid metabolism and modulating fatty acid metabolism
sensitizes cancer cells derived from recurring GBM tumors to temozolomide. Front. Oncol. 2022, 12, 988872. [CrossRef] [PubMed]
Magtanong, L.; Ko, PJ.; To, M.; Cao, J.Y.; Forcina, G.C.; Tarangelo, A.; Ward, C.C.; Cho, K,; Patti, G.J.; Nomura, D.K;; et al.
Exogenous Monounsaturated Fatty Acids Promote a Ferroptosis-Resistant Cell State. Cell Chem. Biol. 2019, 26, 420-432.e9.
[CrossRef] [PubMed]

Hsiao, Y.H.; Lin, C.I; Liao, H.; Chen, Y.H.; Lin, S.H. Palmitic acid-induced neuron cell cycle G2/M arrest and endoplasmic
reticular stress through protein palmitoylation in SH-SY5Y human neuroblastoma cells. Int. . Mol. Sci. 2014, 15, 20876—20899.
[CrossRef] [PubMed]

Yang, X.; Liu, Y.; Wang, Z.; Jin, Y.; Gu, W. Ferroptosis as a new tool for tumor suppression through lipid peroxidation. Commun.
Biol. 2024, 7, 1475. [CrossRef] [PubMed]

Zhang, G.; Fang, Y,; Li, X.; Zhang, Z. Ferroptosis: A novel therapeutic strategy and mechanism of action in glioma. Front. Oncol.
2022, 12,947530. [CrossRef] [PubMed]

Zhao, Y.; Li, M.; Yao, X,; Fei, Y.; Lin, Z,; Li, Z; Cai, K.; Zhao, Y.; Luo, Z. HCAR1/MCT1 Regulates Tumor Ferroptosis through the
Lactate-Mediated AMPK-SCD1 Activity and Its Therapeutic Implications. Cell Rep. 2020, 33, 108487. [CrossRef] [PubMed]

Wu, Z.,; Zhang, F; Yang, K.; He, W. CircSCD1 inhibits ferroptosis in breast Cancer through stabilizing SCD1 protein via
deubiquitinase OTUBL. Sci. Rep. 2025, 15, 12351. [CrossRef] [PubMed]

Garcia, J.H.; Jain, S.; Aghi, M.K. Metabolic Drivers of Invasion in Glioblastoma. Front. Cell Dev. Biol. 2021, 9, 683276. [CrossRef]
[PubMed]

Liang, Y,; Bollen, A.W.; Aldape, K.D.; Gupta, N. Nuclear FABP7 immunoreactivity is preferentially expressed in infiltrative glioma
and is associated with poor prognosis in EGFR-overexpressing glioblastoma. BMC Cancer 2006, 6, 97. [CrossRef] [PubMed]
Sun, P; Xia, S.; Lal, B.; Shi, X.; Yang, K.S.; Watkins, P.A_; Laterra, J. Lipid metabolism enzyme ACSVL3 supports glioblastoma
stem cell maintenance and tumorigenicity. BMC Cancer 2014, 14, 401. [CrossRef] [PubMed]

De Rosa, A.; Pellegatta, S.; Rossi, M.; Tunici, P.; Magnoni, L.; Speranza, M.C.; Malusa, F; Miragliotta, V.; Mori, E.; Finocchiaro, G.;
et al. A radial glia gene marker, fatty acid binding protein 7 (FABP?), is involved in proliferation and invasion of glioblastoma
cells. PLoS ONE 2012, 7, €52113. [CrossRef] [PubMed]

Jiang, Y.L.; Li, X;; Tan, YW.; Fang, Y.J.; Liu, K.Y.; Wang, Y.F.; Ma, T.; Ou, Q.J.; Zhang, C.X. Docosahexaenoic acid inhibits the
invasion and migration of colorectal cancer by reversing EMT through the TGF-f31/Smad signaling pathway. Food Funct. 2024,
15,9420-9433. [CrossRef] [PubMed]

Marcial-Medina, C.; Ordofiez-Moreno, A.; Gonzalez-Reyes, C.; Cortes-Reynosa, P.; Perez Salazar, E. Oleic acid induces migration
through a FFAR1/4, EGFR and AKT-dependent pathway in breast cancer cells. Endocr. Connect. 2019, 8, 252-265. [CrossRef]
[PubMed]

Pascual, G.; Avgustinova, A.; Mejetta, S.; Martin, M.; Castellanos, A.; Attolini, C.S.; Berenguer, A.; Prats, N.; Toll, A.; Hueto, ].A,;
et al. Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nature 2017, 541, 41-45. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.1038/s41589-020-0529-6
https://www.ncbi.nlm.nih.gov/pubmed/32367017
https://doi.org/10.3389/fonc.2020.00897
https://www.ncbi.nlm.nih.gov/pubmed/32656078
https://doi.org/10.1016/j.brainres.2024.149045
https://www.ncbi.nlm.nih.gov/pubmed/38821335
https://doi.org/10.3389/fmolb.2022.974156
https://www.ncbi.nlm.nih.gov/pubmed/36060242
https://doi.org/10.3390/ijms241210021
https://www.ncbi.nlm.nih.gov/pubmed/37373168
https://doi.org/10.1016/j.cmet.2021.05.016
https://www.ncbi.nlm.nih.gov/pubmed/34118189
https://doi.org/10.1021/acschembio.9b00939
https://www.ncbi.nlm.nih.gov/pubmed/31899616
https://doi.org/10.1038/s44318-024-00176-4
https://www.ncbi.nlm.nih.gov/pubmed/39192032
https://doi.org/10.3389/fonc.2022.988872
https://www.ncbi.nlm.nih.gov/pubmed/36338708
https://doi.org/10.1016/j.chembiol.2018.11.016
https://www.ncbi.nlm.nih.gov/pubmed/30686757
https://doi.org/10.3390/ijms151120876
https://www.ncbi.nlm.nih.gov/pubmed/25402647
https://doi.org/10.1038/s42003-024-07180-8
https://www.ncbi.nlm.nih.gov/pubmed/39521912
https://doi.org/10.3389/fonc.2022.947530
https://www.ncbi.nlm.nih.gov/pubmed/36185243
https://doi.org/10.1016/j.celrep.2020.108487
https://www.ncbi.nlm.nih.gov/pubmed/33296645
https://doi.org/10.1038/s41598-025-96868-w
https://www.ncbi.nlm.nih.gov/pubmed/40210941
https://doi.org/10.3389/fcell.2021.683276
https://www.ncbi.nlm.nih.gov/pubmed/34277624
https://doi.org/10.1186/1471-2407-6-97
https://www.ncbi.nlm.nih.gov/pubmed/16623952
https://doi.org/10.1186/1471-2407-14-401
https://www.ncbi.nlm.nih.gov/pubmed/24893952
https://doi.org/10.1371/journal.pone.0052113
https://www.ncbi.nlm.nih.gov/pubmed/23284888
https://doi.org/10.1039/d4fo02346c
https://www.ncbi.nlm.nih.gov/pubmed/39189524
https://doi.org/10.1530/ec-18-0543
https://www.ncbi.nlm.nih.gov/pubmed/30721135
https://doi.org/10.1038/nature20791
https://www.ncbi.nlm.nih.gov/pubmed/27974793
https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757 17 of 20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hale, ].S.; Otvos, B.; Sinyuk, M.; Alvarado, A.G.; Hitomi, M.; Stoltz, K.; Wu, Q.; Flavahan, W.; Levison, B.; Johansen, M.L.; et al.
Cancer stem cell-specific scavenger receptor CD36 drives glioblastoma progression. Stem Cells 2014, 32, 1746-1758. [CrossRef]
[PubMed]

Buratta, M.; Castigli, E.; Sciaccaluga, M.; Pellegrino, R.M.; Spinozzi, F.; Roberti, R.; Corazzi, L. Loss of cardiolipin in palmitate-
treated GL15 glioblastoma cells favors cytochrome c release from mitochondria leading to apoptosis. . Neurochem. 2008, 105,
1019-1031. [CrossRef] [PubMed]

Duman, C.; Di Marco, B.; Nevedomskaya, E.; Ulug, B.; Lesche, R.; Christian, S.; Alfonso, ]J. Targeting fatty acid oxidation via
Acyl-CoA binding protein hinders glioblastoma invasion. Cell Death Dis. 2023, 14, 296. [CrossRef] [PubMed]

Cortes Ballen, A.I; Amosu, M.; Ravinder, S.; Chan, J.; Derin, E.; Slika, H.; Tyler, B. Metabolic Reprogramming in Glioblastoma
Multiforme: A Review of Pathways and Therapeutic Targets. Cells 2024, 13, 1574. [CrossRef] [PubMed]

Zekanovic, S.; Achaiber Sing, P.; Leenstra, S.; Lamfers, M.L.M. Cut the fat: Targeting cholesterol and lipid metabolism in
glioblastoma. Cell Death Dis. 2025, 16, 717. [CrossRef] [PubMed]

Zhao, W.; Ouyang, C.; Zhang, L.; Wang, J.; Zhang, ].; Zhang, Y.; Huang, C.; Xiao, Q.; Jiang, B.; Lin, F; et al. The proto-oncogene
tyrosine kinase c-SRC facilitates glioblastoma progression by remodeling fatty acid synthesis. Nat. Commun. 2024, 15, 7455.
[CrossRef] [PubMed]

Beckner, M.E.; Fellows-Mayle, W.; Zhang, Z.; Agostino, N.R.; Kant, ].A.; Day, B.W.; Pollack, L.F. Identification of ATP citrate lyase
as a positive regulator of glycolytic function in glioblastomas. Int. |. Cancer 2010, 126, 2282-2295. [CrossRef] [PubMed]

Ru, P; Hu, P; Geng, E; Mo, X.; Cheng, C.; Yoo, ].Y.; Cheng, X.; Wu, X.; Guo, ].Y.; Nakano, I.; et al. Feedback Loop Regulation of
SCAP/SREBP-1 by miR-29 Modulates EGFR Signaling-Driven Glioblastoma Growth. Cell Rep. 2016, 16, 1527-1535. [CrossRef]
[PubMed]

Geng, F; Cheng, X.; Wu, X,; Yoo, ].Y,; Cheng, C.; Guo, J.Y.; Mo, X,; Ru, P.; Hurwitz, B.; Kim, S.H.; et al. Inhibition of SOAT1
Suppresses Glioblastoma Growth via Blocking SREBP-1-Mediated Lipogenesis. Clin. Cancer Res. 2016, 22, 5337-5348. [CrossRef]
[PubMed]

Jones, ].E.; Esler, W.P; Patel, R.; Lanba, A.; Vera, N.B.; Pfefferkorn, J.A.; Vernochet, C. Inhibition of Acetyl-CoA Carboxylase 1
(ACC1) and 2 (ACC2) Reduces Proliferation and De Novo Lipogenesis of EGFRvIII Human Glioblastoma Cells. PLoS ONE 2017,
12, €0169566. [CrossRef] [PubMed]

Giinenc, A.N.; Graf, B.; Stark, H.; Chari, A. Fatty Acid Synthase: Structure, Function, and Regulation; Subcellular Biochemistry;
Springer: Berlin/Heidelberg, Germany, 2022; Volume 99, pp. 1-33. [CrossRef] [PubMed]

Korbecki, J.; Bosiacki, M.; Gutowska, I.; Chlubek, D.; Baranowska-Bosiacka, I. Biosynthesis and Significance of Fatty Acids,
Glycerophospholipids, and Triacylglycerol in the Processes of Glioblastoma Tumorigenesis. Cancers 2023, 15, 2183. [CrossRef]
[PubMed]

Ruiz-Pérez, M.V,; Sainero-Alcolado, L.; Oliynyk, G.; Matuschek, I.; Balboni, N.; Ubhayasekera, S.; Snaebjornsson, M.T.; Makowski,
K.; Aaltonen, K.; Bexell, D.; et al. Inhibition of fatty acid synthesis induces differentiation and reduces tumor burden in childhood
neuroblastoma. iScience 2021, 24, 102128. [CrossRef] [PubMed]

Yasumoto, Y.; Miyazaki, H.; Vaidyan, L.K.; Kagawa, Y.; Ebrahimi, M.; Yamamoto, Y.; Ogata, M.; Katsuyama, Y.; Sadahiro, H.;
Suzuki, M; et al. Inhibition of Fatty Acid Synthase Decreases Expression of Stemness Markers in Glioma Stem Cells. PLoS ONE
2016, 11, e0147717. [CrossRef] [PubMed]

Zhao, W.; Kridel, S.; Thorburn, A.; Kooshki, M; Little, J.; Hebbar, S.; Robbins, M. Fatty acid synthase: A novel target for antiglioma
therapy. Br. ]. Cancer 2006, 95, 869-878. [CrossRef] [PubMed]

Zhang, W.; Wang, |; Ji, ].; Wang, P; Yuan, G.; Fang, S.; Liu, F; Jin, G.; Zhang, ]J. Glioblastoma cells secrete ICAM1 via FASN
signaling to promote glioma-associated macrophage infiltration. Cell Signal 2025, 132, 111823. [CrossRef] [PubMed]
Mnatsakanyan, H.; Sammarco, A.; Hewett, A.; Awwad, R.; Roumieh, E.; Pechdimaljian, C.; Cakici, C.; Spangler, C.M.; Azar, Y.;
Pradhan, R;; et al. SCD1 and SCD5 modulate PARP-dependent DNA repair via fatty acid desaturation in glioblastoma. Cell Rep.
2026, 45, 117223. [CrossRef] [PubMed]

Oatman, N.; Dasgupta, N.; Arora, P.; Choi, K.; Gawali, M.V.; Gupta, N.; Parameswaran, S.; Salomone, J.; Reisz, ].A.; Lawler, S.;
et al. Mechanisms of stearoyl CoA desaturase inhibitor sensitivity and acquired resistance in cancer. Sci. Adv. 2021, 7, eabd7459.
[CrossRef] [PubMed]

Loukil, I.; Mutch, D.M.; Plourde, M. Genetic association between FADS and ELOVL polymorphisms and the circulating levels of
EPA/DHA in humans: A scoping review. Genes Nutr. 2024, 19, 11. [CrossRef] [PubMed]

Cui, X.; Zhao, J.; Li, G,; Yang, C.; Yang, S.; Zhan, Q.; Zhou, J.; Wang, Y.; Xiao, M.; Hong, B.; et al. Blockage of EGFR/AKT and
mevalonate pathways synergize the antitumor effect of temozolomide by reprogramming energy metabolism in glioblastoma.
Cancer Commun. 2023, 43, 1326-1353. [CrossRef] [PubMed]

Chen, Z.; Gong, Y.; Chen, F; Lee, H].; Qian, J.; Zhao, J.; Zhang, W.; Li, Y.; Zhou, Y,; Xu, Q.; et al. Orchestrated desaturation
reprogramming from stearoyl-CoA desaturase to fatty acid desaturase 2 in cancer epithelial-mesenchymal transition and
metastasis. Cancer Commun. 2025, 45, 245-280. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.1002/stem.1716
https://www.ncbi.nlm.nih.gov/pubmed/24737733
https://doi.org/10.1111/j.1471-4159.2007.05209.x
https://www.ncbi.nlm.nih.gov/pubmed/18182042
https://doi.org/10.1038/s41419-023-05813-0
https://www.ncbi.nlm.nih.gov/pubmed/37120445
https://doi.org/10.3390/cells13181574
https://www.ncbi.nlm.nih.gov/pubmed/39329757
https://doi.org/10.1038/s41419-025-07993-3
https://www.ncbi.nlm.nih.gov/pubmed/41057350
https://doi.org/10.1038/s41467-024-51444-0
https://www.ncbi.nlm.nih.gov/pubmed/39198451
https://doi.org/10.1002/ijc.24918
https://www.ncbi.nlm.nih.gov/pubmed/19795461
https://doi.org/10.1016/j.celrep.2016.07.017
https://www.ncbi.nlm.nih.gov/pubmed/27477273
https://doi.org/10.1158/1078-0432.Ccr-15-2973
https://www.ncbi.nlm.nih.gov/pubmed/27281560
https://doi.org/10.1371/journal.pone.0169566
https://www.ncbi.nlm.nih.gov/pubmed/28081256
https://doi.org/10.1007/978-3-031-00793-4_1
https://www.ncbi.nlm.nih.gov/pubmed/36151372
https://doi.org/10.3390/cancers15072183
https://www.ncbi.nlm.nih.gov/pubmed/37046844
https://doi.org/10.1016/j.isci.2021.102128
https://www.ncbi.nlm.nih.gov/pubmed/33659885
https://doi.org/10.1371/journal.pone.0147717
https://www.ncbi.nlm.nih.gov/pubmed/26808816
https://doi.org/10.1038/sj.bjc.6603350
https://www.ncbi.nlm.nih.gov/pubmed/16969344
https://doi.org/10.1016/j.cellsig.2025.111823
https://www.ncbi.nlm.nih.gov/pubmed/40252818
https://doi.org/10.1016/j.celrep.2026.117223
https://www.ncbi.nlm.nih.gov/pubmed/41979920
https://doi.org/10.1126/sciadv.abd7459
https://www.ncbi.nlm.nih.gov/pubmed/33568479
https://doi.org/10.1186/s12263-024-00747-4
https://www.ncbi.nlm.nih.gov/pubmed/38844860
https://doi.org/10.1002/cac2.12502
https://www.ncbi.nlm.nih.gov/pubmed/37920878
https://doi.org/10.1002/cac2.12644
https://www.ncbi.nlm.nih.gov/pubmed/39722173
https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757 18 of 20

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Lee, J.V,; Berry, C.T.; Kim, K,; Sen, P,; Kim, T.; Carrer, A.; Trefely, S.; Zhao, S.; Fernandez, S.; Barney, L.E.; et al. Acetyl-CoA
promotes glioblastoma cell adhesion and migration through Ca(2+)-NFAT signaling. Genes Dev. 2018, 32, 497-511. [CrossRef]
[PubMed]

Harayama, T.; Riezman, H. Understanding the diversity of membrane lipid composition. Nat. Rev. Mol. Cell Biol. 2018, 19,
281-296. [CrossRef] [PubMed]

Harayama, T.; Antonny, B. Beyond Fluidity: The Role of Lipid Unsaturation in Membrane Function. Cold Spring Harb. Perspect.
Biol. 2023, 15, a041409. [CrossRef] [PubMed]

Siddiqui, R.A.; Harvey, K.A.; Zaloga, G.P,; Stillwell, W. Modulation of lipid rafts by Omega-3 fatty acids in inflammation and
cancer: Implications for use of lipids during nutrition support. Nutr. Clin. Pract. 2007, 22, 74-88. [CrossRef] [PubMed]

Parton, R.G.; del Pozo, M.A. Caveolae as plasma membrane sensors, protectors and organizers. Nat. Rev. Mol. Cell Biol. 2013, 14,
98-112. [CrossRef] [PubMed]

Mollinedo, F.; Gajate, C. Lipid rafts as signaling hubs in cancer cell survival /death and invasion: Implications in tumor progression
and therapy: Thematic Review Series: Biology of Lipid Rafts. ]. Lipid Res. 2020, 61, 611-635. [CrossRef] [PubMed]

Sezgin, E.; Levental, I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition, regulation and roles of lipid
rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361-374. [CrossRef] [PubMed]

Abulrob, A.; Giuseppin, S.; Andrade, M.F,; McDermid, A.; Moreno, M.; Stanimirovic, D. Interactions of EGFR and caveolin-1 in
human glioblastoma cells: Evidence that tyrosine phosphorylation regulates EGFR association with caveolae. Oncogene 2004, 23,
6967-6979. [CrossRef] [PubMed]

Hamidi, H.; Ivaska, J. Every step of the way: Integrins in cancer progression and metastasis. Nat. Rev. Cancer 2018, 18, 533-548.
[CrossRef] [PubMed]

Murai, T. The role of lipid rafts in cancer cell adhesion and migration. Int. J. Cell Biol. 2012, 2012, 763283. [CrossRef] [PubMed]
Yuan, Y.; Shah, N.; Almohaisin, M.L; Saha, S.; Lu, F. Assessing fatty acid-induced lipotoxicity and its therapeutic potential in
glioblastoma using stimulated Raman microscopy. Sci. Rep. 2021, 11, 7422. [CrossRef] [PubMed]

De Martino, M.; Daviaud, C.; Minns, H.E.; Lazarian, A.; Wacker, A.; Costa, A.P,; Attarwala, N.; Chen, Q.; Choi, S.W.; Rabadan, R.;
et al. Radiation therapy promotes unsaturated fatty acids to maintain survival of glioblastoma. Cancer Lett. 2023, 570, 216329.
[CrossRef] [PubMed]

Zhao, G.; Tan, Y,; Cardenas, H.; Vayngart, D.; Wang, Y.; Huang, H.; Keathley, R.; Wei, ].].; Ferreira, C.R.; Orsulic, S.; et al. Ovarian
cancer cell fate regulation by the dynamics between saturated and unsaturated fatty acids. Proc. Natl. Acad. Sci. USA 2022,
119, €2203480119. [CrossRef] [PubMed]

Hou, T.Y.; McMurray, D.N.; Chapkin, R.S. Omega-3 fatty acids, lipid rafts, and T cell signaling. Eur. ]. Pharmacol. 2016, 785, 2-9.
[CrossRef] [PubMed]

Fuentes, N.R.; Kim, E.; Fan, Y.Y.; Chapkin, R.S. Omega-3 fatty acids, membrane remodeling and cancer prevention. Mol. Asp.
Med. 2018, 64, 79-91. [CrossRef] [PubMed]

Snaebjornsson, M.T.; Janaki-Raman, S.; Schulze, A. Greasing the Wheels of the Cancer Machine: The Role of Lipid Metabolism in
Cancer. Cell Metab. 2020, 31, 62-76. [CrossRef] [PubMed]

Patel, A.P; Tirosh, I.; Trombetta, J.J.; Shalek, A.K,; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P,; Nahed, B.V.; Curry, W.T.; Martuza,
R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014, 344, 1396-1401.
[CrossRef] [PubMed]

Kloosterman, D.J.; Erbani, J.; Boon, M.; Farber, M.; Handgraaf, S.M.; Ando-Kuri, M.; Sdnchez-Lépez, E.; Fontein, B.; Mertz, M.;
Nieuwland, M.; et al. Macrophage-mediated myelin recycling fuels brain cancer malignancy. Cell 2024, 187, 5336-5356.e5330.
[CrossRef] [PubMed]

Pang, L.; Zhou, F.; Chen, P. Lipid-Laden Macrophages Recycle Myelin to Feed Glioblastoma. Cancer Res. 2024, 84, 3712-3714.
[CrossRef] [PubMed]

Zhang, Y.; Xu, X.; Li, S,; Liao, C.; Yang, X.; Zhang, W. The role of immune- and lipid metabolism-related genes in macrophage
polarization and prognosis of glioblastoma. Front. Oncol. 2025, 15, 1660754. [CrossRef] [PubMed]

Zhou, X,; Su, M.; Lu, J.; Li, D.; Niu, X.; Wang, Y. CD36: The Bridge between Lipids and Tumors. Molecules 2024, 29, 531. [CrossRef]
[PubMed]

Marelli, G.; Morina, N.; Portale, F.; Pandini, M.; Iovino, M.; Di Conza, G.; Ho, P.C.; Di Mitri, D. Lipid-loaded macrophages as new
therapeutic target in cancer. J. Immunother. Cancer 2022, 10, €004584. [CrossRef] [PubMed]

Xiang, Y.; Miao, H. Lipid Metabolism in Tumor-Associated Macrophages. Adv. Exp. Med. Biol. 2021, 1316, 87-101. [CrossRef]
[PubMed]

Li, L.; Ma, S.R; Yu, Z.L. Targeting the lipid metabolic reprogramming of tumor-associated macrophages: A novel insight into
cancer immunotherapy. Cell. Oncol. 2024, 47, 415-428. [CrossRef] [PubMed]

Zhou, X.; Zhu, X.; Zeng, H. Fatty acid metabolism in adaptive immunity. FEBS ]. 2023, 290, 584-599. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.1101/gad.311027.117
https://www.ncbi.nlm.nih.gov/pubmed/29674394
https://doi.org/10.1038/nrm.2017.138
https://www.ncbi.nlm.nih.gov/pubmed/29410529
https://doi.org/10.1101/cshperspect.a041409
https://www.ncbi.nlm.nih.gov/pubmed/37277191
https://doi.org/10.1177/011542650702200174
https://www.ncbi.nlm.nih.gov/pubmed/17242459
https://doi.org/10.1038/nrm3512
https://www.ncbi.nlm.nih.gov/pubmed/23340574
https://doi.org/10.1194/jlr.TR119000439
https://www.ncbi.nlm.nih.gov/pubmed/33715811
https://doi.org/10.1038/nrm.2017.16
https://www.ncbi.nlm.nih.gov/pubmed/28356571
https://doi.org/10.1038/sj.onc.1207911
https://www.ncbi.nlm.nih.gov/pubmed/15273741
https://doi.org/10.1038/s41568-018-0038-z
https://www.ncbi.nlm.nih.gov/pubmed/30002479
https://doi.org/10.1155/2012/763283
https://www.ncbi.nlm.nih.gov/pubmed/22253629
https://doi.org/10.1038/s41598-021-86789-9
https://www.ncbi.nlm.nih.gov/pubmed/33795756
https://doi.org/10.1016/j.canlet.2023.216329
https://www.ncbi.nlm.nih.gov/pubmed/37499741
https://doi.org/10.1073/pnas.2203480119
https://www.ncbi.nlm.nih.gov/pubmed/36197994
https://doi.org/10.1016/j.ejphar.2015.03.091
https://www.ncbi.nlm.nih.gov/pubmed/26001374
https://doi.org/10.1016/j.mam.2018.04.001
https://www.ncbi.nlm.nih.gov/pubmed/29627343
https://doi.org/10.1016/j.cmet.2019.11.010
https://www.ncbi.nlm.nih.gov/pubmed/31813823
https://doi.org/10.1126/science.1254257
https://www.ncbi.nlm.nih.gov/pubmed/24925914
https://doi.org/10.1016/j.cell.2024.07.030
https://www.ncbi.nlm.nih.gov/pubmed/39137777
https://doi.org/10.1158/0008-5472.Can-24-3362
https://www.ncbi.nlm.nih.gov/pubmed/39292810
https://doi.org/10.3389/fonc.2025.1660754
https://www.ncbi.nlm.nih.gov/pubmed/41164132
https://doi.org/10.3390/molecules29020531
https://www.ncbi.nlm.nih.gov/pubmed/38276607
https://doi.org/10.1136/jitc-2022-004584
https://www.ncbi.nlm.nih.gov/pubmed/35798535
https://doi.org/10.1007/978-981-33-6785-2_6
https://www.ncbi.nlm.nih.gov/pubmed/33740245
https://doi.org/10.1007/s13402-023-00881-y
https://www.ncbi.nlm.nih.gov/pubmed/37776422
https://doi.org/10.1111/febs.16296
https://www.ncbi.nlm.nih.gov/pubmed/34822226
https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757 19 of 20

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Lou, W,; Gong, C.; Ye, Z.; Hu, Y,; Zhu, M,; Fang, Z.; Xu, H. Lipid metabolic features of T cells in the Tumor Microenvironment.
Lipids Health Dis. 2022, 21, 94. [CrossRef] [PubMed]

Tang, Y.; Chen, Z.; Zuo, Q.; Kang, Y. Regulation of CD8+ T cells by lipid metabolism in cancer progression. Cell Mol. Immunol.
2024, 21, 1215-1230. [CrossRef] [PubMed]

Zhang, Y.,; Kurupati, R.; Liu, L.; Zhou, X.Y.; Zhang, G.; Hudaihed, A.; Filisio, F; Giles-Davis, W.; Xu, X.; Karakousis, G.C.; et al.
Enhancing CD8(+) T Cell Fatty Acid Catabolism within a Metabolically Challenging Tumor Microenvironment Increases the
Efficacy of Melanoma Immunotherapy. Cancer Cell 2017, 32, 377-391.€9. [CrossRef] [PubMed]

Yan, Y,; Huang, L.; Liu, Y.; Yi, M.; Chu, Q.; Jiao, D.; Wu, K. Metabolic profiles of regulatory T cells and their adaptations to the
tumor microenvironment: Implications for antitumor immunity. . Hematol. Oncol. 2022, 15, 104. [CrossRef] [PubMed]

Jin, R;; Hao, J.; Yu, J.; Wang, P; Sauter, ER.; Li, B. Role of FABP5 in T Cell Lipid Metabolism and Function in the Tumor
Microenvironment. Cancers 2023, 15, 657. [CrossRef] [PubMed]

Kim, J.; Lee, Y,; Chung, Y. Control of T-cell immunity by fatty acid metabolism. Ann. Pediatr. Endocrinol. Metab. 2024, 29, 356-364.
[CrossRef] [PubMed]

Miao, L.; Lu, C.; Zhang, B,; Li, H.; Zhao, X.; Chen, H.; Liu, Y.; Cui, X. Advances in metabolic reprogramming of NK cells in the
tumor microenvironment on the impact of NK therapy. J. Transl. Med. 2024, 22, 229. [CrossRef] [PubMed]

Moinuddin, A.; Poznanski, S.M.; Portillo, A.L.; Monteiro, ] K.; Ashkar, A.A. Metabolic adaptations determine whether natural
killer cells fail or thrive within the tumor microenvironment. Immunol. Rev. 2024, 323, 19-39. [CrossRef] [PubMed]

You, Z.; Chi, H. Lipid metabolism in dendritic cell biology. Immunol. Rev. 2023, 317, 137-151. [CrossRef] [PubMed]

Chen, I.C.; Awasthi, D.; Hsu, C.L.; Song, M.; Chae, C.S.; Dannenberg, A.].; Cubillos-Ruiz, ].R. High-Fat Diet-Induced Obesity
Alters Dendritic Cell Homeostasis by Enhancing Mitochondrial Fatty Acid Oxidation. J. Immunol. 2022, 209, 69-76. [CrossRef]
[PubMed]

Munansangu, B.S.M.; Kenyon, C.; Walzl, G.; Loxton, A.G.; Kotze, L.A.; du Plessis, N. Inmunometabolism of Myeloid-Derived
Suppressor Cells: Implications for Mycobacterium tuberculosis Infection and Insights from Tumor Biology. Int. . Mol. Sci. 2022,
23,3512. [CrossRef] [PubMed]

Zhang, S.; Lv, K,; Liu, Z.; Zhao, R.; Li, F. Fatty acid metabolism of immune cells: A new target of tumour immunotherapy. Cell
Death Discov. 2024, 10, 39. [CrossRef] [PubMed]

Wu, Y,; Pu, X,; Wang, X.; Xu, M. Reprogramming of lipid metabolism in the tumor microenvironment: A strategy for tumor
immunotherapy. Lipids Health Dis. 2024, 23, 35. [CrossRef] [PubMed]

Lin, Z.; Hua, G.; Hu, X. Lipid metabolism associated crosstalk: The bidirectional interaction between cancer cells and im-
mune/stromal cells within the tumor microenvironment for prognostic insight. Cancer Cell Int. 2024, 24, 295. [CrossRef]
[PubMed]

Poff, A.; Koutnik, A.P.; Egan, K.M.; Sahebjam, S.; D’Agostino, D.; Kumar, N.B. Targeting the Warburg effect for cancer treatment:
Ketogenic diets for management of glioma. Semin. Cancer Biol. 2019, 56, 135-148. [CrossRef] [PubMed]

Martin-McGill, K.J.; Marson, A.G.; Tudur Smith, C.; Young, B.; Mills, S.J.; Cherry, M.G.; Jenkinson, M.D. Ketogenic diets as
an adjuvant therapy for glioblastoma (KEATING): A randomized, mixed methods, feasibility study. J. Neuro-Oncol. 2020, 147,
213-227. [CrossRef] [PubMed]

Sperry, J.; Condro, M.C.; Guo, L.; Braas, D.; Vanderveer-Harris, N.; Kim, KK.O.; Pope, W.B.; Divakaruni, A.S.; Lai, A.; Christofk,
H.; et al. Glioblastoma Utilizes Fatty Acids and Ketone Bodies for Growth Allowing Progression during Ketogenic Diet Therapy.
iScience 2020, 23, 101453. [CrossRef] [PubMed]

Woolf, E.C.; Syed, N.; Scheck, A.C. Tumor Metabolism, the Ketogenic Diet and p-Hydroxybutyrate: Novel Approaches to
Adjuvant Brain Tumor Therapy. Front. Mol. Neurosci. 2016, 9, 122. [CrossRef] [PubMed]

Duraj, T.; Kalamian, M.; Zuccoli, G.; Maroon, ]J.C.; D’Agostino, D.P,; Scheck, A.C.; Poff, A.; Winter, S.F; Hu, J.; Klement, R.J.;
et al. Clinical research framework proposal for ketogenic metabolic therapy in glioblastoma. BMC Med. 2024, 22, 578. [CrossRef]
[PubMed]

Yu, Y;; Nie, Q.; Wang, Z.; Di, Y.; Chen, X,; Ren, K. Targeting acetyl-CoA carboxylase 1 for cancer therapy. Front. Pharmacol. 2023,
14,1129010. [CrossRef] [PubMed]

Dai, S.; Yan, Y,; Xu, Z.; Zeng, S.; Qian, L.; Huo, L.; Li, X.; Sun, L.; Gong, Z. SCD1 Confers Temozolomide Resistance to Human
Glioma Cells via the Akt/GSK3{ /3-Catenin Signaling Axis. Front. Pharmacol. 2017, 8, 960. [CrossRef] [PubMed]

Shim, J.K.; Choi, S.; Yoon, S.J.; Choi, R.J.; Park, J.; Lee, E.H.; Cho, H.J; Lee, S.; Teo, W.Y.; Moon, J.H.; et al. Etomoxir, a carnitine
palmitoyltransferase 1 inhibitor, combined with temozolomide reduces stemness and invasiveness in patient-derived glioblastoma
tumorspheres. Cancer Cell Int. 2022, 22, 309. [CrossRef] [PubMed]

Mozolewska, P; Duzowska, K.; Pakiet, A.; Mika, A.; SledziNski, T. Inhibitors of Fatty Acid Synthesis and Oxidation as Potential
Anticancer Agents in Colorectal Cancer Treatment. Anticancer Res. 2020, 40, 4843-4856. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.1186/s12944-022-01705-y
https://www.ncbi.nlm.nih.gov/pubmed/36203151
https://doi.org/10.1038/s41423-024-01224-z
https://www.ncbi.nlm.nih.gov/pubmed/39402302
https://doi.org/10.1016/j.ccell.2017.08.004
https://www.ncbi.nlm.nih.gov/pubmed/28898698
https://doi.org/10.1186/s13045-022-01322-3
https://www.ncbi.nlm.nih.gov/pubmed/35948909
https://doi.org/10.3390/cancers15030657
https://www.ncbi.nlm.nih.gov/pubmed/36765614
https://doi.org/10.6065/apem.2448160.080
https://www.ncbi.nlm.nih.gov/pubmed/39778404
https://doi.org/10.1186/s12967-024-05033-w
https://www.ncbi.nlm.nih.gov/pubmed/38433193
https://doi.org/10.1111/imr.13316
https://www.ncbi.nlm.nih.gov/pubmed/38459782
https://doi.org/10.1111/imr.13215
https://www.ncbi.nlm.nih.gov/pubmed/37172120
https://doi.org/10.4049/jimmunol.2100567
https://www.ncbi.nlm.nih.gov/pubmed/35697385
https://doi.org/10.3390/ijms23073512
https://www.ncbi.nlm.nih.gov/pubmed/35408873
https://doi.org/10.1038/s41420-024-01807-9
https://www.ncbi.nlm.nih.gov/pubmed/38245525
https://doi.org/10.1186/s12944-024-02024-0
https://www.ncbi.nlm.nih.gov/pubmed/38302980
https://doi.org/10.1186/s12935-024-03481-4
https://www.ncbi.nlm.nih.gov/pubmed/39174964
https://doi.org/10.1016/j.semcancer.2017.12.011
https://www.ncbi.nlm.nih.gov/pubmed/29294371
https://doi.org/10.1007/s11060-020-03417-8
https://www.ncbi.nlm.nih.gov/pubmed/32036576
https://doi.org/10.1016/j.isci.2020.101453
https://www.ncbi.nlm.nih.gov/pubmed/32861192
https://doi.org/10.3389/fnmol.2016.00122
https://www.ncbi.nlm.nih.gov/pubmed/27899882
https://doi.org/10.1186/s12916-024-03775-4
https://www.ncbi.nlm.nih.gov/pubmed/39639257
https://doi.org/10.3389/fphar.2023.1129010
https://www.ncbi.nlm.nih.gov/pubmed/36843935
https://doi.org/10.3389/fphar.2017.00960
https://www.ncbi.nlm.nih.gov/pubmed/29354058
https://doi.org/10.1186/s12935-022-02731-7
https://www.ncbi.nlm.nih.gov/pubmed/36221088
https://doi.org/10.21873/anticanres.14487
https://www.ncbi.nlm.nih.gov/pubmed/32878772
https://doi.org/10.3390/biomedicines14081757

Biomedicines 2026, 14, 1757 20 of 20

114. Krug, A.; Tosolini, M.; Madji Hounoum, B.; Fournié, ].].; Geiger, R.; Pecoraro, M.; Emond, P; Gaulard, P.; Lemonnier, E,; Ricci, J.E.;
et al. Inhibition of choline metabolism in an angioimmunoblastic T-cell lymphoma preclinical model reveals a new metabolic
vulnerability as possible target for treatment. J. Exp. Clin. Cancer Res. 2024, 43, 43. [CrossRef] [PubMed]

115. Yao, C.H,; Liu, G.Y.; Wang, R.; Moon, S.H.; Gross, R W,; Patti, G.J. Identifying off-target effects of etomoxir reveals that carnitine
palmitoyltransferase I is essential for cancer cell proliferation independent of 3-oxidation. PLoS Biol. 2018, 16, e2003782. [CrossRef]
[PubMed]

116. Huang, X.; Hou, S.; Li, Y;; Xu, G.; Xia, N.; Duan, Z.; Luo, K,; Tian, B. Targeting lipid metabolism via nanomedicine: A prospective
strategy for cancer therapy. Biomaterials 2025, 317, 123022. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biomedicines14081757


https://doi.org/10.1186/s13046-024-02952-w
https://www.ncbi.nlm.nih.gov/pubmed/38321568
https://doi.org/10.1371/journal.pbio.2003782
https://www.ncbi.nlm.nih.gov/pubmed/29596410
https://doi.org/10.1016/j.biomaterials.2024.123022
https://www.ncbi.nlm.nih.gov/pubmed/39754967
https://doi.org/10.3390/biomedicines14081757

	Introduction 
	Effects of Unsaturated and Saturated Fatty Acids on GBM Phenotypes 
	Cell Proliferation and Metabolic Reprogramming 
	Cell Apoptosis and Therapy Resistance 
	Cell Migration/Invasion and Stemness 

	Expression and Mechanisms of Key Fatty Acid Metabolic Enzymes in GBM 
	Imbalanced Unsaturated/Saturated Fatty Acid Ratios Reshape Membrane Microdomains and Drive Signal Transduction and Cell Dynamics 
	Fatty Acid Metabolism and the Glioma Immune Microenvironment 
	Nutritional and Targeted Therapies for Fatty Acid Metabolism 
	Conclusions and Future Directions 
	References

