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Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest can-
cers, driven by aggressive biology, profound therapy resistance, and scarce
treatment options. Beyond classical metabolic rewiring, recent discoveries
reveal that lipid metabolism plays a central and previously underappreciated
role in PDAC progression. Emerging evidence shows that fatty acids, choles-
terol, lysophospholipids, sphingolipids, and oxidized lipid species actively
shape oncogenic signaling, influence stromal and immune interactions, and con-
tribute to metastasis and treatment evasion. In this review, we highlight these
recent advances and discuss how lipid-driven circuits intersect with major onco-
genic pathways, including KRAS effectors and phosphoinositide 3-kinase-AKT.
By integrating mechanistic insights with therapeutic perspectives, we outline
new opportunities to exploit lipid-based vulnerabilities in pancreatic cancer.

Lipid metabolism as a rising hallmark of pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal human cancers, charac-
terized by rapid progression, early metastasis, and marked resistance to therapy. Oncogenic
KRAS (see Glossary) signaling and stromal desmoplasia classically define PDAC biology but
operate within a broader metabolic landscape that critically shapes tumor behavior. Metabolic
plasticity is now recognized as a central determinant of PDAC initiation, progression, and
treatment failure, enabling adaptation to nutrient limitation and environmental stress [1].
PDAC subtypes (classical, basal, quasi-mesenchymal) exhibit distinct metabolic profiles (for
example, lipogenic vs. glycolytic), indicating that genetic and metabolic programs align to
influence phenotype and outcome [2]. Among metabolic pathways, lipid metabolism plays a
particularly distinctive role. Beyond supplying energy and biomass, it functions as a signal-
encoding and organelle-regulating platform that couples nutrient availability, membrane
dynamics, and intracellular trafficking to oncogenic signaling [1,3]. Lipid species modulate
signaling cascades, membrane identity, redox balance, and stress responses, conferring
high plasticity to PDAC cells in a fibrotic, inflammatory, and nutrient-poor tumor microenvi-
ronment (TME) [1,4-7]. Although much of this evidence derives from genetically engineered
models and in vitro studies, it strongly suggests that discrete lipid metabolic states can
shape, rather than merely reflect, oncogenic stress responses in PDAC. PDAC progression
relies on both endogenous lipid synthesis and extensive scavenging of exogenous lipids.
Altered fatty acid (FA) uptake and storage promote chemoresistance and metastatic poten-
tial [4-7], while dietary lipids and lipid-rich niches drive dissemination and organ-specific
metastasis [8-10]. Stromal cells, including cancer-associated fibroblasts, provide critical
lipid support and reinforce metabolic cooperation within the TME [11]. Interestingly, highly
‘lipogenic’ tumors skew toward the basal subtype, which is associated with better prognosis
[2], underscoring that lipid phenotypes are context-dependent and not uniformly detrimental.
Overall, lipid metabolism emerges as a dynamic driver of PDAC progression [12]. Recent
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Pancreatic ductal adenocarcinoma
exhibits a profound rewiring of lipid
metabolism, with fatty acids, choles-
terol, phosphoinositides, and
sphingolipids  sustaining  tumor
growth, survival, metabolic plasticity,
and metastatic dissemination.

Lipid species act as potent signaling
mediators that integrate with oncogenic
KRAS, phosphoinositide 3-kinase —
AKT-mechanistic target of rapamycin
complex 1, and WNT pathways,
reshaping proliferation, migration, and
stress adaptation.

Tumor-stroma interactions provide
essential lipids through cancer-
associated fibroblast-derived
autotaxin-lysophosphatidic acid sig-
naling, altered cholesterol trafficking,
and nutrient scavenging pathways
such as macropinocytosis.

Lipid-driven adaptive programs promote
resistance to chemotherapy, KRAS
inhibitors, and metabolic stress, revealing
druggable vulnerabilities across biosyn-
thetic, uptake, and lipid signaling nodes.
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advances in lipidomics and spatially resolved analyses now allow systematic dissection of
lipid species and signaling pathways in defined tumor compartments. These approaches
reveal that lipid metabolic states vary across cellular niches and contribute to intratumor het-
erogeneity, therapy resistance, and disease evolution [11,12].

In this review, we synthesize these advances to delineate how lipid metabolic and signaling
pathways shape PDAC biology. We first discuss how FA and cholesterol metabolism are
rewired to support growth, metabolic flexibility, and survival under therapeutic pressure, then
examine how lipid-driven signaling intersects with oncogenic and transcriptional programs to
regulate stemness, invasion, and metastasis, and finally consider how tumor—stroma lipid
crosstalk and environmental lipid availability contribute to therapy resistance and expose
actionable vulnerabilities. Collectively, the evidence supports a unifying concept: in PDAC,
lipid metabolism constitutes a central signaling and adaptive network that enables tumor
cells to sense, interpret, and respond to environmental stress, transforming metabolic com-
plexity into a potential therapeutic opportunity.

Lipid pathways fueling pancreatic cancer progression

Multiple lipid classes contribute to PDAC progression through interconnected metabolic and
signaling circuits, including FAs, cholesterol and mevalonate-derived intermediates,
phospholipids (PLs), lysophospholipids (LPLs), phosphoinositides (Pls), sphingolipids,
and oxidized lipid species. Beyond their structural roles, these lipids orchestrate tumor
growth, metabolic plasticity, invasion, stromal interactions, and therapeutic adaptation. The
principal lipid signaling pathways and their functional impact on PDAC biology are summa-
rized in Table 1.

FA metabolism

FAs are multifunctional metabolites that serve as structural building blocks, signaling molecules,
modulators of membrane properties, and alternative energy sources. Cancer cells exploit these
functions, and in PDAC, metabolic rewiring of FA usage is a hallmark of malignant progression.
FAs can be synthesized de novo or acquired from the microenvironment [3,13]. Uptake is medi-
ated by CD36, plasma membrane fatty acid-binding protein (FABPpm), and fatty acid transport
proteins (FATPs), which contribute to tumor progression. CD36 is elevated in PDAC and corre-
lates with poor prognosis and gemcitabine resistance in PDAC cell lines [4], whereas its targeting
restores chemosensitivity in vitro and counteracts lipid-dependent survival in neoadjuvant-treated
orthotopic models [5]. FABPpm/glutamic-oxaloacetic transaminase 2 (GOT2) promotes FA-
mediated signaling by activating nuclear peroxisome proliferator-activated receptor delta
(PPAR®) and inducing lipid-dependent immunosuppressive programs; inhibition of GOT2 or
PPARGS restores antitumor immunity in orthotopic PDAC models [6]. Newly acquired FAs are
stored in lipid droplets (LD), partly through KRAS-driven downregulation of hormone-
sensitive lipase (HSL). HSL restoration mobilizes FAs, reducing lipid storage and metastasis in
orthotopic mouse models [7], consistent with the pro-metastatic effects of palmitate in preclinical
models [8,9] and with the impact of fat-rich diets on PDAC carcinogenesis (Figure 1) [10]. Hypoxia
and poor vascularization limit oxygen-dependent desaturation via stearoyl-CoA desaturase 1
(SCD1), rendering PDAC cells dependent on stromal-derived unsaturated FAs [11]. In parallel,
de novo lipogenesis remains active: FA synthesis enzymes are upregulated [12], fatty acid
synthase (FASN) overexpression promotes chemoresistance, and its inhibition synergizes
with gemcitabine to suppress tumor growth in vivo [14]. Stromal metabolites such as acetate
and pyruvate sustain lipogenic acetyl-CoA (acetyl coenzyme A) in vitro [15,16], and lipid biosyn-
thesis is evident already in precursor lesions, supported by sterol regulatory element-binding
proteins (SREBP)-dependent transcription and elevated cytosolic acetyl-CoA (Box 1) [17].
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Glossary

1-phosphatidylinositol 3-phosphate
5-kinase (PIKfyve): a lipid kinase
generating PI(3,5)P, that sustains
lysosomal function and PDAC growth,
creating vulnerabilities to KRAS-targeted
therapies.
3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR): the rate-limiting
enzyme of the mevalonate pathway,
essential for cholesterol and isoprenoid
synthesis.

Acinar-to-ductal metaplasia (ADM):
a regenerative process in which
pancreatic acinar cells adopt ductal
features, creating a PDAC-permissive
state influenced by lipid signaling.
AKT: AKT Serine/Threonine Kinase 1, a
serine/threonine kinase downstream of
PI3K that promotes survival,
metabolism, and growth.

ATP-citrate lyase (ACLY): converts
cytosolic citrate into acetyl-CoA,
providing a major carbon source for de
novo lipid synthesis.

Autotaxin (ATX): a secreted
lysophospholipase D that generates
LPA from LPC.

Cancer-associated fibroblast (CAF):
a stromal cell population that provides
metabolic support, extracellular matrix
remodeling, and bioactive lipids.
Carnitine palmitoyltransferase 1
(CPT1): a rate-limiting enzyme for
mitochondrial fatty acid oxidation,
supporting energy production and
PDAC stemness.

ERK: MAPKS (ERK1) and MAPK1
(ERK?2), serine/threonine kinases that act
as essential components of the MAP
kinase signal transduction pathway.
Fatty acid oxidation (FAO): a
mitochondrial catabolic process that
generates ATP and reducing
equivalents, supporting growth and drug
resistance.

Fatty acid synthase (FASN): an
enzyme that synthesizes palmitate from
acetyl-CoA and malonyl-CoA.

Fatty acids (FAs): lipid building blocks
used for membrane biosynthesis,
signaling, energy storage, and 3-
oxidation; extensively rewired in PDAC.
G-protein-coupled receptors: a
receptor family that mediates signaling
by lipid ligands such as LPA and S1P.
Hippo-YAP pathway: a
mechanosensitive signaling cascade in
which YAP activation promotes
proliferation, survival, and
chemoresistance, modulated by lipid
cues.
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Fatty acid oxidation (FAO) further supports PDAC stemness. Stemlike cells display increased FA
uptake, LD accumulation, and carnitine palmitoyltransferase 1 (CPT1)-dependent FAO, favor-
ing metastatic tropism and drug resistance [18,19]. Altered lipid composition can activate PPARD,
driving MYC Proto-Oncogene (MYC)-dependent metabolic reprogramming and enhancing inva-
sion [20]. Single-cell multiomics indicate that, within the nutrient-poor PDAC tumor microenviron-
ment, most nutrients, including FAs, are provided by stromal cells [21]. Together, these
mechanisms identify FA metabolic reprogramming as a determinant of PDAC initiation, progres-
sion, and metastasis, and as a promising therapeutic target (Box 1). The relative contribution of
FA uptake, synthesis, and oxidation is highly context-dependent, with extensive lipid scavenging
supporting biomass and carbon supply, and de novo synthesis fine-tuning FA species composition
to enhance metabolic flexibility and shape signaling outputs.

Cholesterol and mevalonate pathways

Beyond regulating membrane fluidity, cholesterol functions as a signaling molecule in multiple
pathways [22-24]. Cells acquire cholesterol through low-density lipoprotein receptor
(LDLR)-mediated, clathrin-dependent endocytosis and lysosomal hydrolysis of low-density lipo-
protein particles [23,24], while PDAC cells additionally exploit macropinocytosis for nonselec-
tive uptake [25]. Endogenous synthesis via the mevalonate pathway, initiated by 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR), is normally limited in nonhepatic tissues but
becomes upregulated in PDAC, with increased expression of mevalonate genes [22-24,26]
and elevated acetyl-CoA fueling isoprenoid biosynthesis early in carcinogenesis [27]. Increased
LDLR expression is common and linked to chemoresistance, whereas LDLR blockade sup-
presses proliferation in PDAC cell lines [28]. Cholesterol abundance negatively regulates synthe-
sis through HMGCR degradation and SREBP2-mediated repression [17,22—-24]. Sterol sensing
by SREBP cleavage activating protein (SCAP) controls SREBP activation: when sterols fall,
SCAP-SREBP dissociation enables Golgi processing and nuclear translocation of SREBPs,
inducing cholesterol uptake and synthesis genes [22-24]. SCAP-SREBP signaling is essential
for PDAC formation, and SCAP deletion impairs tumorigenesis and prolongs survival in KRAS/
p53-driven models [17]. Cancer cells with elevated cholesterol metabolism override feedback
via p53 mutant-mediated upregulation of sterol o-acyltransferase 1 (SOAT1), which converts
excess cholesterol into esters stored in LD; SOAT1 deletion suppresses proliferation and tumor
progression, highlighting a therapeutic opportunity [14]. Despite compelling preclinical data,
clinical studies targeting cholesterol biosynthesis (e.g., with statins) have produced heteroge-
neous results, underscoring the need to stratify patients by cholesterol dependency and pathway
activation.

Cholesterol-rich lipid rafts cluster signaling proteins and regulate transduction [29,30], and cholesterol
directly activates the mechanistic target of rapamycin complex 1 (mMTORC1) via lysosomal sen-
sors SLC38A9 (Neutral amino acid transporter 9) and LYCHOS (Lysosomal cholesterol signaling
protein) [31-383]. This cholestero—mTORC1 axis governs acinar-to-ductal metaplasia (ADM), a
regenerative but cancer-permissive process: cholesterol synthesis inhibition blocks ADM in KRAS-
driven acinar cells [27], whereas reduced NPC1 enhances lysosomal cholesterol accumulation, acti-
vating mTORC1 and promoting ADM ex vivo [34]. Cholesterol also activates PKA and cAMP signal-
ing during ADM [35]. Cholesterol metabolism further dictates metastatic organotropism. PCSK9
negatively regulates LDLR and cholesterol import; its expression is highly heterogeneous in
PDAC, with PCSK9° cells preferentially colonizing the cholesterol-rich liver, whereas PCSK9"e"
cells rely on endogenous cholesterol synthesis and mevalonate intermediates that protect from
ferroptosis and promote lung metastasis [36]. Overall, cholesterol in PDAC not only regulates
membrane properties but also enhances metabolic and cellular plasticity, to the point that PDAC
cells aberrantly activate its biosynthesis, normally restricted to the liver in mammals, with
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IL-1: potent pro-inflammatory
cytokine produced by activated
macrophages.

KRAS: a small GTPase frequently
mutated in PDAC that drives metabolic
rewiring, lipid scavenging, and lipid-
dependent signaling.

Lipid droplets (LD): organelles that
store neutral lipids, buffer metabolic
stress, and supply substrates for
membranes or energy.

Low-density lipoprotein receptor
(LDLR): mediates cholesterol uptake,
supporting membrane organization and
signaling.

Lysophosphatidic acid (LPA): a
bioactive lipid that activates PI3BK-AKT,
Rho, MAPK, and YAP pathways,
promoting proliferation and therapy
resistance.

Macropinocytosis: an actin-
dependent endocytic process enabling
the bulk uptake of extracellular nutrients,
including lipids.

Mitogen-activated protein kinases
(MAPK): kinases that form a network of
signal transduction cascades that
mediate cellular responses to a diverse
range of stimuli, including growth
factors, chemical or osmotic stress,
iradiation, bacterial infection and
proinflammatory cytokines.
Mechanistic target of rapamycin
complex 1 (mMTORC1): a nutrient-
sensing complex promoting anabolic
growth, activated by cholesterol and
phosphoinositides.

Mevalonate pathway: a metabolic
route generating cholesterol and
isoprenoids needed for membrane
synthesis, protein prenylation, and redox
balance.

Peroxisome proliferator-activated
receptor delta (PPARS): a lipid-
activated nuclear receptor, coordinates
metabolic and transcriptional programs
that promote invasion and immune
evasion.

Phosphoinositide 3-kinase (PI3K):
generates PI(3,4,5)P3 to activate AKT,
integrating metabolic and growth
signals.

Phosphoinositides (Pls):
phosphorylated derivatives of
phosphatidylinositol, regulate
membrane identity, trafficking, and
signaling.

Ras Homolog Family Member A
(Rho): small GTPase which cycles
between an active GTP-bound and an
inactive GDP-bound state. Mainly
associated with cytoskeleton
organization, in active state binds to a

Trends in Endocrinology & Metabolism, Month 2026, Vol. xx, No. xx 3



¢? CellPress

mevalonate-derived isoprenoids and sterol-sensing mechanisms collectively driving tumor pro-
gression and metastasis.

PLs

Plasma membranes are constituted by asymmetric phospholipid bilayers. As such, rapidly proliferating
cells necessitate a constant provision of diacylglycerols and phosphate headgroups. This creates met-
abolic challenges for cancer cells, as they need not only FAs but also glycerol scaffolds and
phosphate-carbon skeletons. How cancer cells satisfy these demands is surprisingly unclear but
may require dedicated scavenging programs [37] or the rewiring of the glycerol shuttle [38].

PLs are heterogeneous and can play more than structural roles. For example, phosphoethanolamine
(PE) is the second-most abundant PL and is critical in dictating the mechanical properties of the
plasma membrane. However, PE is also required for the lipidation of autophagic protein ATG8, and
enhanced PE synthesis promotes autophagy in cancer cells [39]. Interestingly, autophagy plays
dichotomous roles in PDAC carcinogenesis and is dynamically regulated during tumor progression.
One can envisage that PE anabolism contributes to the stage-dependent regulation of autophagy.

LPLs and phospholipases

LPLs are bioactive mediators generated by partial PL hydrolysis, leaving a single FA tail that increases
solubility and signaling capacity. Among them, lysophosphatidic acid (LPA) is produced from
phosphatidic acid by PLA1/2 or from lysophosphatidylcholine (LPC) via autotaxin (ATX)/lyso-PLD
[40]. LPA acts through G protein-coupled receptors (LPAR1-6), activating PLC-mediated hydro-
lysis of phosphatidylinositol 4,5-bisphosphate (PIP2), phosphoinositide 3-kinase (PISK-AKT),
RAS/ERK, and RHO signaling, thereby integrating PI3K-AKT, MAPK-ERK, Rho-ROCK, EGFR (Epi-
dermal Growth Factor Receptor), and Hippo-YAP pathways [40]. In KRAS-driven cancers such as
PDAC, LPA production is increased via lipase H (LIPH), stabilizing HIF-1a (Hypoxia-inducible factor 1-
alpha) through PISK-AKT activation and reducing inhibitory YAP phosphorylation, thus promoting
YAP nuclear accumulation [41]. LPA-LPAR signaling also drives metabolic reprogramming by stim-
ulating aerobic glycolysis and glycerolipid synthesis through ALDOA (Aldolase, Fructose-
Bisphosphate A) stabilization and transcriptional induction of HK2 (Hexokinase 2) and GLUT1 (Facil-
itated Glucose Transporter Member 1) in PDAC cell lines [41]. Stromal remodeling further reinforces
LPA signaling: pancreatic stellate cells upregulate ATX and LPA secretion, promoting tumor growth
and dissemination, and ATX inhibition suppresses tumor progression [42]. LPA-driven chemotaxis
fosters metastatic dissemination [43], whereas CYRI-B (CYFIP Related Rac1 Interactor B) loss alters
LPAR1 internalization and constrains LPA-dependent metastatic spread [44]. Serum from PDAC
patients shows elevated ATX and LPA levels, largely derived from the TME [45]. Cancer-
associated fibroblast (CAF)-derived ATX promotes CTGF (CCN family member 2) secretion and
a pro-tumorigenic microenvironment, and genetic or pharmacologic ATX inhibition using IOA-289,
HA130, PF-8380, or Ki-16198 reduces CAF secretions and exerts antitumorigenic effects [42,
46-48]. Combining I0A-289 with gemcitabine enhances treatment response, prolongs survival,
and overcomes resistance to gemcitabine and galunisertib via NF-kB suppression in orthotopic
mouse models [49]. ATX inhibition also increases intratumoral eosinophils and tumor cell apoptosis,
correlating with better survival in eosinophil-rich PDAC [50], and mediates resistance to TGF[3
(Transforming Growth Factor Beta 1) receptor blockade. Furthermore, chemotherapy-induced
LPAR4 upregulation, driven by miR-139-5p suppression, activates an LPAR4-AKT-CREB axis
that promotes fibronectin deposition and survival within a fibronectin-rich niche [51].

Pls

Pls are central regulators of membrane identity, trafficking, and signal transduction in PDAC,
where altered Pl metabolism rewires growth, metabolism, and lysosome-dependent nutrient
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variety of effector proteins to regulate
cellular responses such as cytoskeletal
dynamics, cell migration and cell cycle.
Rho Associated Coiled-Coil
Containing Protein Kinase 1
(ROCKH1): serine/threonine kinase that
is activated when bound to the GTP-
bound form of Rho. Acts as a key
regulator of the actin cytoskeleton and
cell polarity.

Sphingosine kinases (SPHK):
producing S1P from sphingosine,
supporting PDAC growth and
microenvironmental remodeling.
Sphingosine-1-phosphate (S1P): a
signaling lipid promoting proliferation,
migration, and stromal activation
through specific S1P receptors.
SREBP cleavage-activating protein
(SCAP): sterol-sensing protein
regulating the activation of SREBPs,
controlling cholesterol and lipid
synthesis.

STATS: signal transducer and activator
of transcription 3, which mediates
cellular responses to interleukins and
other growth factors.

Sterol regulatory element-binding
proteins (SREBP): transcription
factors that govern genes involved in
fatty acid and cholesterol synthesis.
Tumor microenvironment (TME): a
network of stromal, immune, and
extracellular components supplying
metabolic substrates and signals.
Yes1 Associated Transcriptional
Regulator (YAP1): transcriptional
regulator with dual roles as a coactivator
and corepressor. Critical downstream
regulatory target in the Hippo signaling
pathway, crucial for organ size control
and tumor suppression by restricting
proliferation and promoting apoptosis.
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Table 1. Lipid signaling pathways driving PDAC progression and therapy resistance

Lipid/pathway

Fatty acids (uptake,
de novo, FAQ)

Cholesterol and
mevalonate-derived
lipids

PLs

Lysophospholipids
(LPA) and ATX-LIPH
axis

Pls

Sphingolipids
(ceramide/S1P/C1P)

Oxidized lipids
(prostanoids; PGEy)

Key processes/effectors

CD36, FABPpm/GOT2, FATPs; HSL; SCD1;
FASN; CPT1; SREBP1; stromal
acetate/pyruvate

LDLR, HMGCR; SCAP-SREBP2; SOAT;
PCSK9; NPC1; cholesterol-rich lipid rafts;
SLC38A9, LYCHOS

Structural PLs (e.g., PE); glycerol backbone
supply; PE-ATGS lipidation and autophagy
machinery

ATX, LIPH; LPAR1-6; ALDOA, HK2, GLUTT;
CAF/PSC-derived LPC—LPA;
LPAR4-AKT-CREB; miR-139-5p

Class | PI3Ks; PIKfyve—PI(3,5)P,; INPP4B;
PI3K-C2y—PI(3,4)P5; ULK1: Asap1/Arf1;
mTORCH

Ceramide—sphingosine-S1P rheostat;
SPHK1-S1P-S1PR1-5; CERK-C1P; CERS;
S1PR2-AMPK/mTOR

COX-1/2; arachidonic acid metabolism to
PGE,/PGl,/PGD./PGF,0; PGE,~TNF-IL-1(3
loop with TAMs

Main effects on PDAC biology

Increased FA uptake and LD storage support growth, metastasis,
and gemcitabine resistance; de novo lipogenesis and stromal
acetate/pyruvate sustain lipogenic acetyl-CoA; CPT1-dependent
FAO and PPARS/MYC signaling promote stemness, invasion and
drug resistance.

Enhanced LDLR-mediated uptake and de novo mevalonate
pathway activation support proliferation and chemoresistance;
SCAP-SREBP2 signaling is essential for tumorigenesis;
SOAT1-driven cholesteryl ester storage promotes growth;
cholesterol-dependent mTORC1/PKA signaling drives ADM,
plasticity and organotropic metastasis (liver vs. lung).

Rapidly proliferating PDAC cells require continuous phospholipid
synthesis; PE levels influence membrane mechanics and are
essential for ATG8 lipidation, promoting autophagy, with
stage-dependent roles in PDAC progression.

LPA-LPAR signaling activates PI3K-AKT, ERK, Rho-ROCK,
Hippo-YAP, and glycolysis and glycerolipid synthesis, promoting
growth, invasion, metastasis, and chemoresistance; ATX/LPA from
CAFs/PSCs shapes a protumorigenic TME; ATX/LPARA4 targeting
enhances gemcitabine response and remodels immune-stromal
components.

Pl species control membrane identity, trafficking, autophagy, and
lysosomal exocytosis; PIKfyve—PI(3,5)P, supports growth,
metabolic flexibility, and immune evasion, and its inhibition sensitizes
to immunotherapy and KRAS/MAPK blockade; PI3BK-C2y-PI(3,4)P,
restrains MTORC1 and glutamine-dependent anabolism.

SPHK1 upregulation and S1P signaling promote stemness and
chemoresistance; S1P and C1P from tumor and stromal cells drive
PSC activation, fibrosis, migration, invasion and peritoneal
dissemination via AKT/ERK/ROCK/RhoA pathways.

PGE; orchestrates an inflammatory circuit with IL-18* TAMs, driving
inflammatory reprogramming of tumour cells, suppression of
cytotoxic, and interferon responses; PGE; or IL-1[3 blockade
constrains PDAC progression.
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scavenging [52,53]. Hyperactivation of the PIBK-AKT-mTOR axis is a recurrent feature that supports
proliferative and survival programs, making PI3K signaling a major therapeutic focus [52,54-56].
Beyond canonical class | PI3K products, distinct Pl species and their metabolizing enzymes have
emerged as PDAC-specific vulnerabilities. The lysosomal lipid kinase 1-phosphatidylinositol 3-
phosphate 5-kinase (PIKfyve), which phosphorylates phosphatidylinositol 3-phosphate to gener-
ate PI(3,5)P,, sustains PDAC growth. Disrupting PIKfyve activity, genetically or pharmacologically,
suppresses tumorigenesis and sensitizes tumors to immunotherapy by enhancing MHC-I expression
and CD8" T cell-mediated killing, indicating that PIKfyve inhibition may overcome immunotherapy
resistance [57]. PI(3,5)P. is crucial for autophagosome-lysosome fusion, and PIKfyve, activated by
ULK1 (Unc-51 Like Autophagy Activating Kinase 1), maintains autophagic flux and metabolic flexibil-
ity; inhibiting PI(3,5)P> generation restricts this adaptability. Compensatory rewiring, including a shift
toward KRAS/MAPK-driven de novo lipid synthesis, suggests that durable efficacy will require com-
binations, as shown by enhanced tumor control upon co-targeting PIKfyve and pS8MAPK or KRAS-
MAPK pathways [58].

Beyond immune modulation, Pls influence trafficking, lysosomal exocytosis, and metabolic adap-
tation [52]. INPP4B (Inositol Polyphosphate-4-Phosphatase Type Il B), which dephosphorylates
PI(3,4)P, to PI(B)P, is overexpressed in PDAC and drives PI(3,5)P, production on lysosomes in
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Figure 1. Integrated map of lipid metabolism and signaling in pancreatic ductal adenocarcinoma and its microenvironment. The schematic illustrates how
distinct lipid classes sustain oncogenic signaling, metabolic fitness, and therapy resistance in pancreatic ductal adenocarcinoma (PDAC) within its stromal context. Pancreatic stellate
cells remodel membrane phospholipids into phosphatidic acid and lysophospholipids via PLA+/»; lysophosphatidylcholine is converted to lysophosphatidic acid (LPA) by autotaxin
(ATX). Secreted LPA activates LPAR1-6 on tumor cells, stimulating PISK-AKT and Rho signaling. Tumor-associated macrophages release prostaglandin E» (PGEy), reinforcing
inflammatory and pro-survival pathways. Within PDAC cells, fatty acids are imported via CD36, FABPpm, and FATPs, stored in lipid droplets or directed to mitochondrial 3-
oxidation through CPT1, generating acetyl-CoA to fuel the TCA cycle, histone acetylation and the mevalonate pathway. The mevalonate cascade produces isoprenoids
supporting protein prenylation (including RAS), glycosylation and mitochondrial electron transport. Cholesterol derives from de novo synthesis and lysosomal export via NPC1, is
esterified by SOAT1, incorporated into lipid rafts, and sensed by the mTORC1-LYCHOS-SLC38A9 axis. Arachidonic acid released by PLA is converted into PGE, by COX
enzymes. The sphingolipid network interconverts sphingomyelin (plasma membrane/Golgi), ceramide (ER/Golgi), sphingosine (cytosol/lysosomes), ceramide-1-phosphate (Golgi),
and sphingosine-1-phosphate (S1P). S1P, generated by SPHK1/2, can be secreted to signal through S1PR1-5. De novo sphingolipid synthesis occurs at the ER and is
functionally linked to membrane remodeling and lipid raft-mediated signaling. Lipid intermediates are highlighted in red; solid arrows indicate metabolic/signaling events, whereas
dashed arrows indicate secretion and stromal-tumor crosstalk. This figure was created using BioRender (www.biorender.com). ACLY: ATP-citrate lyase; CERS: ceramide
synthases; CDase: ceramidase; CIP: ceramide-1-phosphate; COX-1/2: cyclooxygenases 1/2; CTP1: carnitine palmitoyltransferase 1; FAs: fatty acids; FABPpm: plasma
membrane fatty acid binding protein; FATPs: fatty acid transport proteins; FPP: farnesyl pyrophosphate; GGPP: geranylgeranyl pyrophosphate; HIF: hypoxia-inducible factor;
HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A; IPP: isopentenyl pyrophosphate; mTORC1: mechanistic target of rapamycin complex 1; SIPP: sphingosine-1-phosphate
phosphatase; SMS: sphingomyelin synthase; SOAT1: sterol o-acyltransferase 1; SPHKs: sphingosine kinases; S1PR1-5: sphingosine-1-phosphate receptor 1-5; SMase:
sphingomyelinase; TCA: tricarboxylic acid.

a PIKfyve-dependent manner; PI(3,5)P,-dependent Ca®* release promotes peripheral lysosome
dispersion and exocytosis, increasing PDAC cell migration and invasion [59]. PISK-C2y-derived
PI(3,4)P, links glutamine metabolism to lysosomal function and mTOR signaling. PI(3,4)P-
restrains MTORC1 via the Asap1-Arf1 axis; PI3K-C2y- loss activates mTORC1 under
glutamine starvation and enforces glutamine-dependent anabolism, sensitizing tumors to com-
bined glutamine inhibition and MTOR blockade in vitro and in vivo, and assigning a prognostic
and predictive role to a class Il PISK in PDAC [60]. Overall, PDAC relies on an integrated
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Box 1. Acetyl-CoA at the nexus of lipogenesis and fatty acid oxidation

The substrate for de novo lipogenesis is acetyl-CoA, which can be generated either from mitochondrial-derived citrate or
from acetate. Acetyl-CoA is initially produced within mitochondria through the oxidation of glycolysis-derived pyruvate or
the catabolism of amino acids such as glutamine. Mitochondrial acetyl-CoA enters the tricarboxylic acid (TCA) cycle to
generate citrate, which can be exported into the cytoplasm via the mitochondrial citrate carrier SLC25A1 and subse-
quently cleaved by ATP-citrate lyase (ACLY) into oxaloacetate and acetyl-CoA [74]. An alternative source of cytosolic
acetyl-CoA is acetate, either imported from the extracellular space or derived endogenously, which is converted into ace-
tyl-CoA by acyl-CoA synthetase short-chain family member 2 (ACSS2) [74]. Cytosolic acetyl-CoA is carboxylated by
acetyl-CoA carboxylases(ACCs) to generate malonyl-CoA, the rate-limiting step of FA synthesis. The multifunctional
enzyme FASN then catalyzes the condensation of one acetyl-CoA and seven malonyl-CoA molecules to produce palmi-
tate (FA16:0), the primary product of de novo lipogenesis. Palmitate can be further elongated to generate long-chain FAs,
desaturated to form monounsaturated FAs, or incorporated into complex lipids including triglycerides, PLs and
sphingolipids [3,13]. De novo lipogenesis is largely regulated at the transcriptional level by SREBPs, which induce the
expression of genes involved in FA and cholesterol metabolism, including FASN, ACLY, and ACC. The SREBF1 and
SREBF2 genes encode three SREBP isoforms—SREBP1a, SREBP1c¢, and SREBP2—with SREBP1 primarily controlling
FA synthesis and uptake and SREBP2 regulating cholesterol synthesis and uptake [17]. Despite the central role of lipogen-
esis, inhibition of FA synthesis exerts only modest effects on tumor growth in a subset of ‘lipogenic’ cancers [2], suggesting
compensatory mechanisms such as increased uptake and recycling of exogenous lipids or engagement of alternative
metabolic pathways. In PDAC, KRAS-driven mobilization of intracellular lipid stores [7], together with extracellular lipid
availability, likely contributes to reduced dependence on FASN, although MAPK signaling still sustains expression of
lipogenic enzymes [75]. Thus, FA synthesis may fine-tune lipid composition or support stress adaptation rather than serve
as an obligate growth requirement [58,76]. Mitochondria also play a central role in lipid catabolism through FAO, a process
that degrades FAs into acetyl-CoA to fuel energy production [77]. Cytosolic long-chain FAs are first activated to acyl-CoA
by acyl-CoA synthetases (ACS) and subsequently transported into mitochondria via the carnitine shuttle, controlled by
CPT1, the rate-limiting enzyme of FAO. Within the mitochondrial matrix, acyl-CoA molecules undergo successive cycles
of B-oxidation, shortening FA chains by two carbons per cycle and generating NADH and FADH,, which fuel the electron
transport chain and ATP production [3,13,24].

phosphoinositide network, from PI(3,4,5)Ps-mediated plasma-membrane signaling to
endolysosomal Pl turnover, to sustain KRAS-dependent growth while revealing actionable oppor-
tunities for metabolic and immunomodulatory targeting.

Sphingolipids and ceramides

Reprogramming of lipid metabolism in cancer extends beyond fatty acid synthesis and uptake to
the sphingolipid network. Ceramides are synthesized via the condensation of palmitoyl-CoA and
serine to form the sphingoid backbone and act as precursors for complex sphingolipids, includ-
ing sphingomyelins and glycosphingolipids that contribute to membrane architecture and lipid
raft organization; less abundant ceramides, sphingosine, and sphingosine-1-phosphate
(S1P) function as dynamic signaling mediators [61]. These species are interconverted through
a rheostat in which ceramides are deacylated to sphingosine, phosphorylated by sphingosine
kinases (SPHKSs) to S1P, or re-acylated by ceramide synthases (CERS). Extracellular S1P sig-
nals via sphingosine-1-phosphate receptors (S1PR7-5), each coupled to distinct Ga subunits,
activating downstream cascades, including AKT and ERK1/2 [62]. In PDAC, SPHK1 upregulation
and increased S1P production correlate with stemness-associated transcriptional programs [63].
Integrative analyses combining bulk and single-cell transcriptomic datasets identify distinct
sphingolipid metabolic programs linked to TME composition and therapeutic response [64].
Complementary reviews highlight sphingolipid metabolic reprogramming as a key mechanism
of therapy resistance, emphasizing how modulation of ceramide levels and S1P signaling influ-
ences stress adaptation and drug response [65]. Together, these findings indicate that coordi-
nated regulation of ceramide metabolism and S1P signaling contributes to stemness and
chemoresistance, reinforcing the concept of a functionally relevant sphingolipid rheostat in pan-
creatic cancer progression and therapeutic sensitivity. Beyond cancer cells, S1P shapes the
TME: in chronic pancreatitis, hypoxia-induced acinar damage promotes S1P secretion, which
activates pancreatic stellate cells via STPR2 to induce AMPK/mTOR-dependent autophagy
and fibrogenic activation [66]. Epithelial tissues also use an S1P-S1PR2-actomyosin axis to
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drive apoptotic cell extrusion; in KRAS-mutant pancreatic cells, p120-catenin downregulation
disrupts this mechanism, promoting basal extrusion and dissemination in vivo [67].

Ceramides can be phosphorylated by CERK Ceramide kinase) to generate C1P (ceramide-1-
phosphate), another key sphingolipid mediator akin to S1P. Lipidomic analyses show elevated
C1P in pancreatic cancer cells and tumor-derived extracellular vesicles, enhancing the stemness
and migration of pancreatic cancer stem cells and promoting peritoneal dissemination [68]. In
vitro, exogenous C1P activates G protein-coupled pathways, stimulating MEK-ERK1/2 and
PIBK-AKT cascades and triggering ROCK1 (Rho Associated Coiled-Coil Containing Protein
Kinase 1) and RhoA activation, thereby promoting PDAC cell migration and invasion; notably,
although the S1P1-3 inhibitor VPC23019 blocks S1P-induced migration, it does not alter C1P-
induced migration, indicating that C1P signals through a distinct receptor [69].

Oxidized lipid species (prostaglandins)

Prostaglandins and thromboxane A,, collectively termed prostanoids, are generated when arachi-
donic acid, released from membrane PLs by phospholipases, is metabolized by cyclooxygenases
(COX-1/2) and terminal synthases to yield prostaglandin E, (PGE,), prostaglandin I, (PGly), prosta-
glandin D, (PGD.), and prostaglandin F». (PGF»¢), which act as local autocrine and paracrine medi-
ators [70]. Recently, a PGE,~TNF-IL-1 inflammatory circuit between PDAC cells and IL-13*
tumor-associated macrophages (TAMs) has been described in both human and murine PDAC
tumors, in which PGE, cooperates with TNF (tumor necrosis factor) to drive IL-1(3-expressing
TAMs that enforce inflammatory reprogramming, early acquisition of pathogenic phenotypes,
and poor outcomes; blockade of PGE, or IL-1f reprograms TAMs, attenuates both tumor cell-
intrinsic and —extrinsic inflammation, and constrains PDAC progression in vivo [71]. Mechanistically,
these data support a model in which PGE, suppresses cytotoxic immunity and interferon
responses while reinforcing tumor-promoting, tissue-repair-associated inflammation, although
the precise molecular basis of these synergistic effects remains incompletely understood.

Crosstalk between lipid mediators and oncogenic pathways

KRAS-driven metabolic rewiring

Oncogenic KRAS elicits and maintains pancreatic carcinogenesis, while extinction of KRAS sig-
naling induces regression of established tumors in mice [72,73]. KRAS-mediated metabolic
reprogramming is, therefore, central to PDAC biology and therapeutic vulnerability (Figure 2), in
line with the concept of altered metabolism as a hallmark of cancer [78]. Because lipids support
biomass, redox balance, and signaling, mutant KRAS tightly regulates their availability and com-
position, generating PDAC-specific metabolic dependencies distinct from other KRAS-driven
cancers [79]. Mutant KRAS increases lipid scavenging and mobilization of intracellular stores
[7,25,80-82]. PDAC cells preferentially scavenge sterols and LPLs [28,42,80], indicating selective
rather than indiscriminate uptake. KRAS®'2P also induces ACSL3 (Acyl-CoA Synthetase Long
Chain Family Member 3), which esterifies imported FAs and commits them to oxidation [83], sug-
gesting that KRAS shapes lipid utilization as well as uptake. Membrane-driven scavenging further
supports this program. Macropinocytosis is robustly induced by KRAS, contributes to cholesterol
uptake, and is targetable to suppress PDAC growth [25,84,85], although its role in capturing
other lipids remains debated [86]. KRAS®'2P can also induce fluid-phase endocytosis, which
may contribute to bulk lipid acquisition [87]. The PDAC microenvironment is enriched in complex
lipids, released by accessory cells in response to cancer-derived signals [21,41,88]. Paracrine
crosstalk between tumor cells and macrophages or CAFs mobilizes and secretes lipid species
that fuel tumor metabolism and reduce reliance on de novo synthesis [11]. This avidity for exog-
enous fats suggests that elevated systemic lipids synergize with KRAS signaling, mechanistically
linking obesogenic diets to PDAC progression [10]. Mutant KRAS elevates cytoplasmic acetyl-
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Figure 2. Lipid-mediated modulation of oncogenic signalling and inflammatory crosstalk in pancreatic ductal adenocarcinoma (PDAC). The schematic
illustrates how extracellular and intracellular lipid cues reprogram key signaling pathways in PDAC and its microenvironment. On the left, tumor-associated macrophages
(TAMs) sense tumor-derived prostaglandin E, (PGE,) through EP1-4 receptors, promoting IL-1 production and feed-forward inflammatory reprogramming, with
increased PGE, and TNF that reinforce tumor-promoting inflammation. At the top center, dying cancer cells release lipid mediators that feedback on surviving tumor
cells (dotted arrow), contributing to tumor repopulation under stress. On the right, pancreatic stellate cells remodel membrane PLs into lysophospholipids and supply
autotaxin (ATX)-derived lysophosphatidic acid (LPA). LPA activates LPAR1-6 on PDAC cells, triggering AKT, YAP, and HIF-1a signaling and inducing glycolytic and
lipolytic gene expression programs that support tumor growth and adaptation. Within PDAC cells, cholesterol is imported via LDLR and exported from lysosomes by
NPC1 to the plasma membrane, where it accumulates in lipid rafts that cluster signaling complexes and activate PI3Ka/y. This promotes conversion of PI(4,5)P, to PI
(3,4,5)P3 and downstream AKT signaling. High-fat diet provides an additional lipid stimulus that enhances PIBK-AKT activation, partially bypassing the requirement for
PI3Ky. PCSK9 limits LDLR-dependent cholesterol uptake, whereas oncogenic KRASC'2P, via SREBP2, upregulates cholesterol biosynthesis, lipid scavenging, fatty
acid synthase, and other lipogenic enzymes. Lysosomal cholesterol sensing by mTORC1 links lipid metabolism to acinar-to-ductal metaplasia (ADM), macromolecule
biosynthesis, tumor growth, and liver colonization, while PI3K-AKT and LPA-YAP-HIF-1a signaling axes further promote ADM and tumor progression. Lipid species
and intermediates are highlighted in red. Solid arrows indicate metabolic or signaling events, while dashed arrows denote secretion and paracrine interactions. This
figure was created using BioRender (www.biorender.com). AKT: AKT Serine/Threonine Kinase 1; HIF-1a: hypoxia-inducible factor 1-alpha; LDLR: Low-density
lipoprotein receptor; LPAR1-6: lysophosphatidic acid receptor 1-6; mTORC1: mechanistic target of rapamycin complex 1; PI3K: Phosphoinositide 3-kinase; SREBP2:
sterol regulatory element-binding protein 2; YAP: Yes-associated protein.

CoA, fueling the mevalonate pathway to produce sterols and terpenoids [15,27,28,36,89]. Terpe-
noids reduce ferroptosis susceptibility and support electron transfer [89,90], whereas sterols reg-
ulate cell plasticity and intracellular signaling [35,91]. KRASE2D upregulates cholesterol
biosynthetic genes [92] and modulates the expression and activity of SREBP2, the master regu-
lator of cholesterol synthesis [17,92].

In summary, oncogenic KRAS drives extensive lipid scavenging and metabolic flexibility in PDAC,
supported by a lipid-rich microenvironment partly shaped by KRAS itself, while preferentially
channeling metabolic precursors toward isoprenoid production and reinforcing the distinctive
metabolic landscape of PDAC.
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Lipid-dependent modulation of PIBK-AKT-mTOR signaling

The PIBK-AKT-mTOR cascade is one of the most consistently activated signaling axes in
PDAC; genetic and phosphoproteomic studies indicate that PISK-AKT activation arises early
during acinar-ductal metaplasia and PanIN formation and remains engaged throughout pro-
gression and metastasis (Figure 2) [93-95]. Distinct PI3K isoforms play nonredundant roles
in KRAS-driven tumorigenesis: PI3Ka activity promotes metastatic progression and macro-
phage rewiring, whereas PI3Ky contributes to tumor initiation and diet-dependent signaling
adaptations [93,94]. Although PISK isoform dependency reflects signaling specialization rather
than a classical lipid metabolic rewiring event, it is strongly modulated by lipid availability and
composition, particularly under obesogenic conditions. These observations support PI3K-
AKT-mTOR not only as a therapeutic target but also show that its activity is tightly coupled
to the surrounding lipid-rich context. In Kras-driven mouse models, p110y deletion markedly
reduces pancreatic neoplasia, indicating that PI3Ky-dependent AKT signaling facilitates
tumor initiation; however, under a high-fat diet, p110y-deficient animals still develop enhanced
tumor growth with increased AKT activation and metabolic liver damage, indicating that an
obesogenic environment can bypass PI3Ky dependence and sustain AKT signaling via
alternative isoforms, particularly p110a [96]. In parallel, PDAC cells co-opt CAFs to supply con-
ditionally essential lipids from stromal stores [21,97,98].

As discussed in the LPA section, PSC (pancreatic stellate cells)- and CAF-derived ATX con-
verts LPC to LPA, which signals through LPARs and converges on PISK-AKT activation,
thereby coupling stromal LPL metabolism to tumor cell survival and migration [42]. At the
membrane level, cholesterol-rich lipid rafts cluster receptors and signaling complexes, facili-
tating PIBK-AKT activation and enhancing survival, proliferation, and metastatic behavior
in vitro and in vivo [99]. Consistently, inhibition of cholesterol synthesis or LDLR-mediated
uptake suppresses tumor growth and sensitizes pancreatic cancer xenografts to chemother-
apy, underscoring the functional integration of PIBK-AKT-mTOR signaling with cholesterol-
dependent membrane architecture and lipid availability [28].

Collectively, these findings indicate that PIBK-AKT-mTOR signaling in PDAC is not simply
hyperactivated but is shaped by lipid-dependent modes of regulation that are likely to influence
therapeutic response.

Lipid metabolic rewiring as a driver of therapy resistance

Treatment with gemcitabine, a synthetic deoxycytidine analog, remains the standard first-line
therapy for metastatic PDAC but shows limited efficacy. Chemoresistance arises via multiple
mechanisms, frequently including metabolic reprogramming that attenuates drug-induced cyto-
toxicity, alters drug uptake, or enhances biosynthetic pathways expanding intracellular pyrimidine
pools [100]. Spatial multiomics profiling shows that these adaptations are highly regional, with
malignant areas enriched for glycolysis and stromal compartments for complement and antigen
presentation pathways, while lipid metabolism emerges as a shared reprogrammed axis across
compartments [101,102]. How neoadjuvant chemotherapy reshapes these circuits, particularly
lipid pathways, is likely to influence antitumor immunity and chemosensitivity, pointing to interven-
tions targeting glycolysis, complement/antigen presentation, and, in particular, lipid metabolism
as promising strategies to sensitize PDAC to cytotoxic and immune-based therapies [5]
(Figure 3 and Table 2).

Rewiring lipid metabolism is tightly linked to gemcitabine resistance. Sustained FA uptake via
CD36 can be targeted to restore chemosensitivity [4], while FA synthesis inhibition synergizes

with gemcitabine in orthotopic models [105]. LDLR targeting has similarly been combined
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Figure 3. Lipid metabolic pathways driving chemoresistance and therapeutic targets in PDAC. The schematic illustrates rewired lipid metabolic pathways
sustaining chemoresistance in PDAC cells and highlights therapeutic targets in yellow. Chemoresistant cancer cells display increased fatty acid (FA) uptake; inhibition of the lipid
transporter CD36 restores gemcitabine sensitivity, while FABPpm inhibition enhances antitumor immunity. FAs are stored in lipid droplets or fuel mitochondrial acetyl-CoA
production through {3-oxidation, supporting the TCA cycle. Mitochondrial citrate is exported to the cytosol to sustain acetyl-CoA generation via ACLY, thereby fueling the
mevalonate pathway and FA synthesis. Inhibition of FASN can be combined with gemcitabine, and although still controversial, targeting the mevalonate pathway may represent an
additional therapeutic strategy. Chemoresistant cells show increased LDLR expression and cholesterol uptake; inhibition of this pathway restores gemcitabine sensitivity.
Cholesteral is trafficked through the endosome-lysosome system and stored in lipid droplets via SOAT1-mediated esterification, whose inhibition represents a promising
therapeutic target. Inhibition of PIKfyve, crucial for lysosomal function, synergizes with KRAS/MAPK inhibitors and sensitizes tumors to immunotherapy. PI3K-C2y inhibition
sensitizes tumor cells to glutamine deprivation combined with mTOR blockade. LPA activates LPAR1-6, triggering AKT, YAP, and HIF-1a signaling, while LPAR4 promotes
chemoresistance via CREB. LPAR inhibition synergizes with gemcitabine and glycolysis inhibition. Extracellular ATX contributes to LPA production and its inhibition synergizes with
gemcitabine. Extracellular S1P signals through S1PR1-5 to promote chemoresistance via NF-kB, STAT3, and Sonic Hedgehog signaling; S1PR1 inhibition restores gemcitabine
sensitivity. Lipid intermediates are highlighted in red; solid arrows indicate metabolic/signaling events, whereas dashed arrows simplify metabolic pathways. This figure was created
using BioRender (www.biorender.com). ACC: acetyl-CoA carboxylases; ACLY: ATP-citrate lyase; CE: cholesteryl ester; CREB: cAMP response element-binding protein; CTP1:
camitine palmitoyltransferase 1; FAs: fatty acids; FABPpm: plasma membrane fatty acid binding protein; FASN: fatty acid synthase; FATPs: fatty acid transport proteins; FPP:
farmesyl pyrophosphate; GGPP: geranylgeranyl pyrophosphate; HIF-1a: hypoxia-inducible factor 1-alpha; HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A; HMGCR: 3-
hydroxy-3-methylglutaryl-CoA reductase; IPP: isopentenyl pyrophosphate; LPA: lysophosphatidic acid; LPAR1-6: lysophosphatidic acid receptor 1-6; PDAC: pancreatic ductal
adenocarcinoma; 1- PIKfyve: phosphatidylinositol 3-phosphate 5-kinase; Shh: Sonic Hedgehog; SOAT1: sterol o-acyltransferase 1; SPHKSs: sphingosine kinases; SREBP2: sterol
regulatory element-binding protein 2; S1P: sphingosine-1-phosphate; S1PR1-5: sphingosine-1-phosphate receptor 1-5; STAT3: signal transducer and activator of transcription 3;
TCA: tricarboxylic acid; YAP: Yes-associated protein.

with gemcitabine to block PDAC progression in syngeneic xenografts [28]. Orthotopic
models further show that interfering with S1P signaling using the S1PR1 inhibitor FTY720
restores gemcitabine sensitivity by elevating PP2A activity and suppressing NF-kB,
S1PR1/STATS3, and Sonic Hedgehog signaling [106]. Gemcitabine-resistant PDAC cells
display reduced SREBP2 activity and heightened susceptibility to mevalonate pathway
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Table 2. Lipid metabolic and signaling nodes linked to therapy resistance and sensitization in PDAC

Lipid pathway/node Therapy context Mechanism summary Refs
CD36-mediated FA uptake Gemcitabine (chemotherapy) Silencing or inhibiting CD36 restores gemcitabine [4,5]
chemosensitivity
FABPpm/GOT2-PPARD axis Antitumor immunity/ immunotherapy Inhibition of GOT2 or PPAR®S restores antitumor immunity [6]
FASN/de novo FA synthesis Gemcitabine (chemotherapy) Pharmacologic FASN inhibition combined with gemcitabine [14,1083]
suppresses tumor growth
LDLR-mediated cholesterol uptake Gemcitabine and other Inhibition of cholesterol uptake though LDLR silencing [26,28]
chemotherapies sensitizes cells to chemotherapy.
LPA-LPAR signaling Gemcitabine and glysolysis inhibition LPAR inhibition synergize with glycolysis inhibition [40,41]
(aldometanib) and gemcitabine
LPAR4-AKT-CREB-fibronectin axis ~ Gemcitabine LPAR4-AKT-CREB pathway drives fibronectin deposition [52]
contributing to gemcitabine resistance.
PCSK9-LDLR axis and mevalonate Ferroptosis-inducing strategies; Cholesterol and mevalonate intermediates mediates [36]
intermediates metastasis pattern protection from ferroptosis
ATX inhibition (IOA-289 and others) Gemcitabine; TGF[3 receptor inhibitor I0A-289 combined with gemcitabine enhances treatment [42,46-49]
+ gemcitabine/galunisertib (galunisertib) response, prolongs survival and overcomes resistance to
gemcitabine and galunisertib
PIKfyve inhibition and Immune checkpoint/T cell-based Genetic or pharmacologic PIKfyve inhibition suppresses 58]
immunotherapy therapies tumorigenesis and sensitizes tumors to immunotherapy by
increasing MHC-I expression and enhancing CD8*
T-cell-mediated kiling
PIKfyve inhibition + KRAS/MAPK KRAS/MAPK-targeted therapies PIKfyve inhibition synergizes with KRAS/MAPK inhibitors and [59]
pathway inhibitors (including KRAS inhibitors) KRAS inhibitors
PI3K-C2y/PI(3,4)P, and glutamine Glutamine inhibitors + mTOR blockade PI3K-C2y—deletion sensitize tumors to combined glutamine [61]
metabolism inhibition and mTOR blockade.
SPHK1/S1P-S1PR1 axis (FTY720) Gemcitabine Pharmacologic S1PR1 inhibition with FTY720 restores [64,104]
gemcitabine sensitivity
Prostaglandin E, (PGEo)-TNF-IL-13  Anti-inflammatory/immune-modulating Blockade of PGE; or IL-1(3 reprograms TAMs and constrains [73]

circuit

therapies (PGE or IL-1f3 blockade)

PDAC progression in vivo

inhibition, indicating that lipid-metabolic nodes identified by bulk and spatial analyses can
be exploited to overcome resistance and raising the possibility that statins could improve
gemcitabine efficacy [107].

KRAS is the dominant PDAC oncogenic driver, and selective inhibitors of the GDP-bound mutant
form now expand therapeutic options for metastatic disease [103]. As with other targeted agents,
resistance frequently emerges: inducible KRAS®'2P models show that persister cells surviving
KRAS extinction rewire lipid metabolism and accumulate LD, a phenotype associated with resis-
tance to KRAS inhibitors [72,104]. Consistent with spatial multiomics, these adaptations occur in
defined niches and coincide with altered ligand—-receptor communication and immune metabolic
states, emphasizing tumor-regional context in shaping escape routes [102]. As detailed in the
phosphoinositide section, PIKfyve supports endolysosomal function and metabolic adaptation
[108]; pharmacological PIKfyve inhibition induces a lipid crisis and shows strong synergy with
KRAS/MAPK inhibitors [57,58].

Together, these observations highlight lipid-mediated adaptive mechanisms as key determinants
of therapy resistance and support the development of rational, metabolism-informed combina-
tions. A major unresolved issue is the identification of robust biomarkers predicting lipid pathway
dependency and therapeutic response, as metabolic plasticity may allow rapid adaptation to
pathway inhibition (Table 2).
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Concluding remarks and future perspectives

Lipid metabolism in PDAC has emerged as more than a bioenergetic adaptation: it constitutes a
signaling framework integrating oncogenic KRAS activity, stromal metabolic support, immune
modulation, and therapeutic resistance. Across lipid classes (FAs, cholesterol and mevalonate
intermediates, LPLs, phosphoinositides, sphingolipids, and oxidized species), a unifying principle
emerges: PDAC depends on a dynamically rewired lipid network to sense environmental stress,
coordinate intracellular signaling, and maintain plasticity within a hostile microenvironment. Lipid
signaling also extends beyond tumor cells, orchestrating bidirectional communication with
immune and stromal compartments. Long-chain FA accumulation in the TME impairs cytotoxic
CD8" T cell function, PGE, sustains an IL-13* TAM circuit that reinforces pathogenic inflamma-
tion and suppresses interferon responses, and LPA/S1P regulate fibroblast activation, matrix
remodeling, and immune cell trafficking. Thus, lipid metabolic rewiring in PDAC is both tumor-
intrinsic and immune-regulatory. Systematic integration of lipid pathways into models of PDAC
immune evasion will be essential, as metabolic interventions may help reprogram immunosup-
pressive niches and enhance responsiveness to immunotherapy.

Despite rapid mechanistic advances, key questions remain (see Outstanding questions). To what
extent do lipid metabolic states drive disease progression versus reflect consequences of KRAS
activation and nutrient stress? How stable are lipid dependencies across molecular subtypes and
treatment pressures, and which vulnerabilities persist in patients whose systemic metabolism is
altered by cachexia, insulin resistance, or obesity? Much evidence still derives from genetically
engineered mouse models or in vitro systems that incompletely capture human heterogeneity.
Moving from correlative lipidomic signatures to causal hierarchies will require combining spatial
lipidomics, single-cell multiomics, and functional perturbation in clinically annotated cohorts.
Translationally, not all lipid nodes are equally actionable. Several signaling hubs appear particu-
larly druggable: the LDLR-mevalonate-SOAT1 axis in cholesterol-dependent tumors (especially
with chemotherapy or ferroptosis-inducing strategies), the ATX-LPA-LPAR cascade, which
synergizes with gemcitabine and counteracts stromal resistance, endolysosomal phosphoinosi-
tide metabolism (notably PIKfyve-dependent PI(3,5)P,), which constrains autophagy and
enhances MHC-I, and the SPHK1-S1P axis, which contributes to stemness and chemoresis-
tance and may be targeted in rational combinations.

Given the redundancy and compensatory capacity of lipid networks, single-agent inhibitors are
unlikely to produce durable responses. Rational combinations, pairing lipid-targeted agents
with KRAS inhibitors, mTOR blockade, glutamine restriction, immune checkpoint inhibition,
or standard chemotherapy, are more likely to overcome adaptive rewiring. Systematic mapping
of metabolic escape routes after lipid pathway inhibition will be essential to anticipate resistance
trajectories.

Systemic metabolic cues add further complexity. Obesity and metabolic disorders, established
PDAC risk factors, reshape lipid availability, composition, and inflammatory mediators, thereby
influencing tumor adaptation and therapeutic vulnerability [10,94,96]. Caloric restriction can
constrain tumor growth by limiting lipid availability and exposing dependencies in FA
desaturation and redox programs [109], whereas Western or high-fat diets promote pancreatic
tumorigenesis through inflammatory lipids and oncogenic pathways, including COX-2 and
KRAS-driven programs [7]. Defining how systemic metabolic states intersect with lipid-
mediator signaling to modulate therapy response will be a major challenge. Although dietary
interventions must be used cautiously in a cachexia-prone disease, preclinical data suggest
that controlled nutritional or pharmacologic ‘lipid-restriction mimetics’ may enhance chemo-
therapy and targeted therapies [110].
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Outstanding questions

How do distinct lipid metabolic states
define functional pancreatic ductal
adenocarcinoma subtypes, and can
lipid-based signatures improve patient
stratification or guide precision thera-
peutic approaches?

To what extent do tumor-stroma inter-
actions determine lipid availability
in vivo, and which stromal cell popula-
tions provide the most actionable lipid
support to pancreatic ductal adeno-
carcinoma cells?

How do bioactive lipid mediators, such
as lysophospholipids, sphingolipids,
and phosphoinositides, coordinate
with  KRAS, phosphoinositide  3-
kinase-AKT-mechanistic target of rap-
amycin complex 1, and WNT pathways
to shape tumor progression and
metastatic behavior?

What are the key metabolic vulnerabilities
created by lipid scavenging, de novo
lipogenesis, or altered lipid storage, and
how can they be exploited in
combination with chemotherapy or
KRAS-targeted therapies?

How does lipid metabolism contribute to
immune evasion in pancreatic ductal
adenocarcinoma, and can targeting
lipid-dependent circuits enhance respon-
siveness to immunotherapy?

Which single-cell, spatial, and lipidomic
technologies will be most effective in
resolving the dynamic lipid networks
that sustain pancreatic ductal
adenocarcinoma growth, plasticity,
and therapy resistance?

Can systemic factors such as
diet, metabolic comorbidities, or
microbiome-derived lipids  signifi-
cantly modify pancreatic ductal
adenocarcinoma lipid metabolism in
ways that influence tumor evolution
or therapeutic outcomes?
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Biomarker-driven stratification will be equally critical. Lipogenic versus cholesterol-addicted phe-
notypes, PCSK9-defined metastatic programs, glutamine-addicted states, or SPHK1-high
stemlike tumors may mark subgroups most likely to benefit from specific metabolic interventions.
Integrating circulating lipid mediators, metabolic imaging, and spatial transcriptomic signatures
into trial design will be key to converting lipid biology into predictive precision.

Ultimately, the central task is to translate lipid plasticity into clinical precision: defining causal lipid
signaling hierarchies, prioritizing truly targetable dependencies, incorporating immune modulation
into metabolic strategies, and embedding biomarker-guided stratification in clinical trials. Linking
tumor metabolism with immune and systemic signals may allow lipid biology to be leveraged for
more effective and durable therapies in pancreatic cancer.
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