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Abstract

Pancreatic ductal adenocarcinoma (PDAC) represents a highly aggressive cancer with
a dismal prognosis and a 5-year survival rate of approximately 12%. The poor clinical
outcomes are attributed to multiple factors, including difficulty in early detection,
rapid metastasis, and intrinsic resistance to therapies. The tumor microenvironment
of PDAC exhibits immunosuppressive features, nutrient-deprived conditions, and
metabolic reprogramming. These factors collectively contribute to immune evasion
and therapeuticresistance.Notably, metabolicreprogramming hasemerged asawell-
recognized hallmark of PDACin both cancer cells and the surrounding milieu. Several
key metabolic pathways are extensively rewired to support tumor growth, survival,
and progression. In addition, accumulating evidence highlights critical metabolic
crosstalk between cancer cells and various components of the TME, including
cancer-associated fibroblasts, tumor-associated macrophages, tumor-associated
neutrophils, regulatory T cells, and the intratumoral microbiota. These metabolic
interactions profoundly influence tumor biological behavior and therapeutic
response. We aim to provide a comprehensive synopsis of recent advances regarding
cellular metabolic adaptations in the PDAC tumor microenvironment, including
glycolysis, glutamine and lipid metabolism, macropinocytosis, and autophagy. We
delineate the multiscale metabolic interplays within the tumor-stroma symbiosis
and highlight promising therapeutic strategies targeting metabolic vulnerabilities.
We also discuss energy metabolism-associated post-translational modifications,
such as lysine lactylation and acetylation. In this review, we focus on metabolic
interactions among tumor cells, anti-tumor cells, and immunosuppressive cells, with
an emphasis on recent technological advances, including single-cell sequencing,
spatial multi-omics, and artificial intelligence.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating
malignancy with an extremely poor prognosis, exhibiting
a 5-year survival rate of about 12%.' It is now the third
leading cause of cancer-related mortality in the United
States and is projected to rank second by 2040.> The poor
prognosis is primarily attributed to late-stage diagnosis
due to the absence of specific early symptoms, rapid and
clinically silent metastasis, and profound resistance to
therapy.’ Currently, fewer than 10% of PDAC cases are
diagnosed at a stage amenable to curative resection, and
5-year survival rises greatly when the tumor is detected at
stage I. This stark gap underscores the urgent and unmet
need for early detection strategies. Recent advances in
serum exosomal microRNA profiling, which have shown
diagnostic value for identifying occult metastatic PDAC,
also illustrate a methodological framework that could be
extended to detect early-stage disease.* While survival has
modestly improved due to advances in supportive care,
gemcitabine plus nab-paclitaxel and FOLFIRINOX (folinic
acid, fluorouracil, irinotecan, and oxaliplatin) remain the
mainstay of systemic treatment for advanced PDAC.
Surgery is the only potentially curative option, yet only
about 20% of patients are qualified for surgery at diagnosis,
and recurrence is common.®

At the molecular level, Kirsten rat sarcoma viral proto-
oncogene (KRAS), TP53, cyclin-dependent kinase inhibitor
2A (CDKN2A), and SMAD4 are the most frequently
mutated driver genes in PDAC. Indeed, somatic activating
mutations in KRAS occur in more than 90% of cases and
are also present in pancreatic intraepithelial neoplasia
(PanIN) lesions.” Codon 12 substitutions predominate
in PDAC. KRAS G12D accounts for about 40% of cases,
followed by G12V (about 30%) and G12R (about 15-20%).
G12C and Q61 mutations are uncommon. Historically
regarded as undruggable, KRAS is now emerging as an
active therapeutic target, with promising inhibitors under
clinical evaluation.® In addition, germline BRCAI/BRCA2
mutations define a subgroup of PDAC patients who may
benefit from poly ADP-ribose polymerase inhibitors.’
Besides genetic susceptibility, other risk factors include
smoking, high-fat diet, and chronic pancreatitis.'*"

The PDAC tumor microenvironment (TME) is
characterized by hypoxia, sparse vascularity, and elevated
interstitial pressure, all of which impede drug delivery.*?
Immunotherapy, while transformative for many cancers,
has largely failed in PDAC due to the immunosuppressive
and exclusionary nature of its TME.” Central to PDAC
biology is metabolic reprogramming. It is also a well-
recognized cancer hallmark." PDAC cells rewire multiple
metabolic pathways, largely driven by oncogenic KRAS,

to sustain survival in this nutrient-poor milieu, and these
adaptations are not confined to tumor cells but extend to
the entire stromal cellular compartment'>'” (Figure 1).
Previous reviews have examined PDAC metabolism from
particular angles, such as tumor cell-intrinsic nutrient
adaptation or glucose metabolism alone. But an integrated
synthesis spanning the full cellular spectrum of the PDAC
TME is still needed. Recent technological advances
have substantially increased the resolution at which
the TME can be interrogated, enabling more tractable
characterization of individual cell populations. This in
turn enriches our understanding of the microenvironment
as an integrated whole. The present review seeks to provide
a cross-compartment framework that systematically
examines the metabolic interactions among tumor cells,
cancer-associated fibroblasts (CAFs), tumor-associated
macrophages (TAMs), tumor-associated neutrophils
(TANs), T lymphocytes, regulatory T cells (Tregs), and
the intratumoral microbiota. We also incorporate recent
developments from 2025 and 2026, including BHLHE40-
driven TAN glycolysis, macrophage migration inhibitory
factor-positive TAN subsets, zinc finger and BTB domain-
containing protein 11 (ZBTB11)-mediated metabolic
resistance to KRAS inhibitors, phosphoinositide kinase,
FYVE-type zinc finger containing (PIKfyve)/KRAS
synthetic lethality, and spatial-transcriptomic dissection
of lactate metabolism in the TME. We additionally
dedicate a section to artificial intelligence (AI)-driven
and multi-omics approaches in PDAC metabolic
research. Additionally, we connect metabolic biology to
perioperative and surgical physiology, which have received
limited attention in existing literature.

2. Metabolic reprogramming in pancreatic
ductal adenocarcinoma tumor cells

2.1.The Warburg effect and oxidative
phosphorylation

The Warburg effect was discovered in 1920s."® In PDAC,
oncogenic KRAS is the primary driver of enhanced
glycolytic flux, transcriptionally upregulating glucose
transporters (GLUT1, GLUT3) and key glycolytic
enzymes.”” Beyond ATP  generation,  glycolytic
intermediates feed the pentose phosphate pathway (PPP)
and the hexosamine biosynthesis pathway.” Lactate
exported via monocarboxylate transporter (MCT) acidifies
the TME, suppressing anti-tumor immune responses and
promoting invasion.?! Hypoxia is ubiquitous in PDAC. It
amplifies glycolytic dependence through hypoxia-inducible
factor-la-driven transcriptional programs.”> Despite
the prominence of aerobic glycolysis, mitochondrial
oxidative phosphorylation (OXPHOS) remains a critical
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Figure 1. Metabolic crosstalk in the pancreatic ductal adenocarcinoma tumor microenvironment. In addition to tumor cells, the TME includes cancer-
associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs), regulatory T cells (Tregs), and the microbiota.
These compartments interact through metabolic reprogramming and metabolite exchange to drive malignant behaviors and drug resistance. Schematic

created with BioRender. Sun, S. (2026). https://BioRender.com/o8ylryd

energy source in PDAC, particularly in glucose-limiting
conditions.”® PDAC cells display metabolic plasticity,
dynamically shifting in response to nutrient availability
and oncogenic context.* Recent evidence demonstrates
that inhibition of Src-homology 2 domain-containing
phosphatase 2/mitogen-activated protein kinase kinase
targeting the RAS pathway drives major mitochondrial
alterations in PDAC, including elevated reactive oxygen
species (ROS) that can be exploited therapeutically.”®
The reproducibility of this across different PDAC genetic
backgrounds and its translatability to the human tumor
remain to be confirmed. Moreover, upon KRAS inhibitor
treatment, PDAC cells rapidly shift toward an OXPHOS-
dependent drug-resistant state. However, depletion of
the transcription factor ZBTB11 using molecular glue
degraders can reprogram this metabolic resistance
and resensitize cells to KRAS inhibition.”® This finding,
studied primarily in cell line and xenograft models, awaits
validation in patient-derived organoids and patient cohort

before clinical translation can be considered.

2.2. Non-canonical glutamine metabolism

Glutamine is the most abundant free amino acid and is a
critical nitrogen and carbon source for cancers.” Rather
than converting glutamate to a-ketoglutarate, glutamine-
derived aspartate is converted to oxaloacetate by glutamic-
oxaloacetic transaminase 1 in PDAC cells. Then, it is
converted to malate and pyruvate by malate dehydrogenase
1, generating nicotinamide adenine dinucleotide
phosphate (NADPH) to sustain redox homeostasis.® This
pathway is directly driven by KRAS through modulation
of glutamic-oxaloacetic transaminase 1 and glutamate
dehydrogenase 1. Inhibition of this cascade markedly
suppresses PDAC growth. Pharmacological glutamine
antagonism, exemplified by the DON prodrug derivative,
potently suppresses PDAC in preclinical models.” Clinical
evaluation of the glutaminase inhibitor telaglenastat has
been pursued in solid tumors. The randomized phase II
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CANTATA trial in metastatic renal cell carcinoma did
not demonstrate improved progression-free survival with
telaglenastat plus cabozantinib, underscoring the challenge
of translating preclinical glutamine-targeting efficacy into
clinical benefit.*® PDAC-specific trials are warranted to
determine whether glutamine-addicted PDAC subsets
derive meaningful benefit from such strategies.

2.3. Lipid metabolism

Enhanced de novo lipogenesis, driven by upregulated
fatty acid synthase (FASN) and sterol regulatory element-
binding protein transcription factors, provides membrane
lipids and signaling molecules for rapidly proliferating
PDAC cells*! In addition, elevated plasma cholesterol
has been associated with increased PDAC risk, and high-
cholesterol diets promote PDAC in animal models.*” Fatty
acid oxidation serves as an alternative energy source
under nutrient-deprived conditions, and lipid droplet
accumulation provides both an energyreserve and signaling
platform.”® PIKfyve, a lipid kinase integral to lysosomal
function, has recently been identified as a synthetic lethal
vulnerability when combined with KRAS-mitogen-
activated protein kinase inhibition, revealing novel lipid
metabolic dependencies.* This synthetic lethal interaction
was established in preclinical mouse and xenograft models.
Clinical validation in PDAC patients and assessment of the
therapeutic window are needed prior to clinical adoption.
Targeting lipid metabolic enzymes, including FASN, ATP-
citrate lyase (ACLY), acetyl-CoA carboxylase, and PIKfyve,
represents an emerging therapeutic strategy in PDAC.”

2.4. Macropinocytosis and nutrient scavenging

A distinguishing metabolic adaptation of KRAS-mutant
PDAC cells is their capacity for macropinocytosis, bulk
endocytic uptake of extracellular fluid and macromolecules
via Racl-dependent membrane ruffling.** Metabolomic
analyses of human PDAC tumors confirmed that the TME
is severely nutrient-poor, depleted of glucose, glutamine,
and serine. PDAC cells actively scavenge extracellular
protein, including albumin, to meet metabolic demands.”
Macropinocytosed extracellular proteins are delivered to
lysosomes and catabolized, yielding amino acids that fuel
central carbon metabolism.*

Pharmacological inhibition of macropinocytosis with
the 5-(N-ethyl-N-isopropyl)amiloride (EIPA) suppresses
KRAS-mutant tumor growth in preclinical models,
identifying nutrient scavenging as a cancer-selective
metabolic dependency.’® The translational relevance of
inhibiting macropinocytosis, however, remains to be
fully explored. EIPA acts non-selectively across Na'/
H* exchangers that govern systemic pH and volume
homeostasis, exerts effects beyond those attributable

to macropinocytosis blockade, and cannot achieve
macropinocytosis-inhibitory concentrations in humans
without toxicity.* No clinicallyapplicable macropinocytosis
inhibitor currently exists, and efforts to develop selective
agents remain at an early preclinical stage.*” Beyond tumor
cells, CAFs also engage macropinocytosis in a calcium/
calmodulin-dependent protein kinase kinase 2/Rho/Rac
guanine nucleotide exchange factor 2-dependent manner
to support their own metabolic fitness and to secrete amino
acids that fuel tumor cells.*

3. Metabolic reprogramming in cancer-
associated fibroblasts

Cancer-associated fibroblasts are the most abundant
stromal cellsin PDAC, orchestrating the dense desmoplastic
stroma and creating physical barriers to drug delivery
and immune cell infiltration.***® Paradoxically, studies
depleting CAFs or stroma have not consistently improved
survival, suggesting context-dependent and heterogeneous
roles.* CAFs undergo profound metabolic reprogramming
driven by signals from PDAC cells. A landmark study
demonstrated that pancreatic stellate cells, the principal
CAF subtype, secrete alanine via an autophagy-dependent
mechanism actively stimulated by PDAC-derived cues.
Pancreatic stellate cell-derived alanine outcompetes
glucose and glutamine as a tricarboxylic acid (TCA) cycle
carbon source in the nutrient-poor tumor core, fueling lipid
and amino acid biosynthesis in PDAC cells.** This reverse
Warburg-type metabolic symbiosis, in which CAFs engage
aerobic glycolysis and catabolism to nourish tumor cells,
creates a mutually sustaining ecosystem.* CAF-derived
lactate, pyruvate, and other metabolic intermediates also
support tumor cell OXPHOS.

Single-cell transcriptomic analyses have identified
distinct CAF subtypes with unique metabolic phenotypes.
Myofibroblastic CAFs exhibit enhanced glycolysis and
extracellular matrix production, while inflammatory
CAFs display distinct lipid and inflammatory metabolic
signatures.”” Leucine-rich repeat containing 15-positive
CAFs define an additional immunosuppressive subset
associated with poor immunotherapy response.*
Targeting CAF metabolism by disrupting lactate transport,
autophagic alanine secretion, or lipid metabolic programs
offers dual benefits of impairing tumor metabolic supply
lines and disrupting immunosuppressive architecture.

4. Metabolic reprogramming in tumor-
associated neutrophils
Tumor-associated neutrophils are significant contributors

to PDAC pathobiology. High TAN abundance is associated
with poor prognosis, and TANs exert predominantly
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pro-tumorigenic roles through immune suppression,
promotion of angiogenesis, and facilitation of metastasis.*
However, the prognostic value of TAN quantity varies
across studies. Cohort size, scoring methodology, and the
lack of standardized markers to distinguish pro-tumor
from anti-tumor subsets continue to limit the clinical
interpretability of TAN. The functional landscape of TANs
in PDAC is highly heterogeneous, reflecting neutrophil
plasticity under different TME conditions.”

Single-cell RNA sequencing has begun to dissect TAN
heterogeneity at unprecedented resolution. Zeng et al.*!
identified seven distinct TAN subpopulations in the PDAC
TME, each with characteristic transcriptional and metabolic
signatures. A subpopulation marked by macrophage
migration inhibitory factor expression was identified as
a novel prognostic TAN marker> Metabolically, pro-
tumorigenic TANs exhibit enhanced glycolytic activity
driven by BHLHE40 transcription factor upregulation,
supporting their survival and immunosuppressive
functions within the glucose-depleted TME.® Targeting
TAN-specific metabolic programs may offer strategies to
reprogram TANs toward anti-tumor phenotypes. These
TAN metabolic subsets have so far been characterized
in only a limited number of cohorts. Independent multi-
center validation, together with the development of
clinically deployable markers, will be required before such
subsets can guide patient stratification for therapy.

5. Metabolic reprogramming in tumor-
associated macrophages

Tumor-associated macrophages constitute a major
immune cell component of the PDAC TME and exert
predominantly immunosuppressive, pro-tumorigenic
effects.”> TAM depletion inhibits tumor progression in
preclinical PDAC models.”® M1-polarized macrophages
rely on enhanced glycolysis and nitric oxide production
for pro-inflammatory functions. On the other hand,
M2-polarized TAMs, which predominate in the PDAC
TME, preferentially utilize OXPHOS and fatty acid
oxidation to support anti-inflammatory and tissue-
remodeling activities.®® Oncometabolites and hypoxia
within the PDAC TME actively skew macrophage
polarization toward the M2 phenotype, creating a self-
reinforcing immunosuppressive circuit.*®

A study by Halbrook et al.> revealed that M2-polarized
TAMs release pyrimidine nucleosides, specifically
deoxycytidine, into the TME. These nucleosides are taken
up by PDAC cells and competitively inhibit gemcitabine
phosphorylation, directly linking TAM metabolism to
chemotherapy resistance.® Additional TAM metabolic

adaptationsincludearginase-1-mediated arginine depletion
that impairs T cell activation, upregulated prostaglandin
E2 synthesis that suppresses immunity, and altered iron
metabolism that supports tumor growth.” Therapeutic
approaches targeting TAM metabolism include colony-
stimulating factor 1 receptor inhibitors, C-C chemokine
receptor 2 antagonists, and reprogramming strategies
using succinate or itaconate analogs.*®*

6. Energy metabolism-associated
post-translational modifications in
pancreatic ductal adenocarcinoma tumor
microenvironment

Metabolism does not act solely as an energy provider.
Glycolytic and TCA cycle intermediates serve as direct
substrates for post-translational modifications. Lactate is
the substrate for lysine lactylation (Kla). Acetyl-CoA fuels
lysine acetylation. These post-translational modifications
link the nutrient state of a cell to its transcriptional
signaling and act as a key interface between metabolic
reprogramming and immune evasion in tumors. Lactate is
recognized as a substrate for Kla on both histone and non-
histone proteins. In the lactate-rich PDAC TME, Kla is
markedly elevated and tracks with an immunosuppressive
phenotype. Yang et al.® recently described a histone
lactylation-driven feedback loop in PDAC. Tumor-derived
cholesterol is delivered to TAMs via small extracellular
vesicles, thereby reinforcing M2 polarization and
immunosuppression.®® Sun et al.*' also showed that lactate
induces K63-linked lactylation of endosulfine a in PDAC
cells, thereby activating signal transducer and activator of
transcription 3/C-C motif chemokine ligand 2 signaling.
The resulting secretion of C-C motif chemokine ligand 2
recruits TAMs to the tumor, and lactate reprograms them
to an immunosuppressive phenotype. Glycolytic inhibition
or mutant-KRAS targeting can suppress lactate production
in preclinical PDAC models. This may lower global
lactylation and restore sensitivity to immune checkpoint
blockade in PDAC.5%* Acetyl-CoA generated from
glycolysis, fatty acid oxidation, and glutaminolysis fuels
histone and non-histone acetylation through p300/CREB-
binding protein. Sirtuins can deacetylate these proteins in
an NAD*-dependent manner. In PDAC, oncogenic KRAS
elevates the cellular acetyl-CoA pool via protein kinase
B-ACLY signaling.®® These metabolic shifts remodel
the acetylome of tumor and stromal cells, modulating
metabolic enzyme activity and chromatin accessibility.*
Collectively, these post-translational modifications can be
targeted by interfering with the enzymes and metabolite
pools that sustain them. Possible strategies include
blocking lactate export, inhibiting writers such as p300, or
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interfering with site-specific lactylation events.

7. Metabolic reprogramming of T cells in
the tumor microenvironment

T cells, particularly CD8* T cells, are the main mediators
of anti-tumor adaptive immunity. Their high infiltration
predicts significantly better prognosis in PDAC.® However,
the PDAC TME presents formidable physical and metabolic
barriers to T cells.®® Within the TME, competition for
glucose between tumor cells and T cells leads to T-cell
metabolic deprivation. Simultaneously, the accumulation
of lactate, kynurenine, and adenosine directly impairs T
cell function and drives exhaustion.®*® The indoleamine
2,3-dioxygenase 1 (IDO1)-kynurenine-aryl hydrocarbon
receptor axis is a critical immunometabolic checkpoint in
PDAC. IDOI upregulation by tumor cells and stromal cells
converts tryptophan to kynurenine, which activates the aryl
hydrocarbon receptor, promotes Treg differentiation, and
inhibits cytotoxic T cell proliferation.® Similarly, the CD39-
CD73 adenosine pathway generates immunosuppressive
extracellular adenosine that suppresses T cell and natural
killer cell activity via A2A receptor signaling.”” CD73-
dependent adenosine signaling has been shown to drive
immunosuppression in a molecular subtype of PDAC, and
CD73 inhibition combined with programmed cell death
protein 1 (PD-1) blockade restores anti-tumor immunity.”!

Regulatory T cells are enriched in PDAC and suppress
cytotoxic T cells through interleukin-10 and transforming
growth factor beta secretion, direct cytolysis, and
inhibitory crosstalk with tumor-associated dendritic
cells.”? Unlike effector T cells, Tregs are better adapted to
glucose-poor, lactate-rich TME, conferring a metabolic
survival advantage.”” Therapeutic strategies to rescue T
cell metabolism include IDO1 inhibitors, CD39-CD73
inhibitors, Treg depletion, and mechanistic target of
rapamycin pathway modulators that enhance effector T
cell metabolic fitness.

8. Metabolic reprogramming of the
intratumoral microbiota

The intratumoral microbiota of PDAC, derived from oral
and intestinal sources, constitutes a biologically significant
component of the TME. Distinct microbial compositional
signatures have been associated with differences in
PDAC patient survival, suggesting the microbiota may
influence tumor biology and treatment response.”* The
intestinal microbiota has been implicated in modulating
immunotherapy responses. Fecal microbiota transplant
from responder donors decreases resistance to anti-PD-1
therapy.”> Analogous mechanisms may operate in PDAC,
where bacteria can metabolize gemcitabine and alter its

anti-tumor efficacy.”®

Intratumoral bacteria engage in metabolic activities that
shape the local TME, generating short-chain fatty acids
and other metabolites that modulate immune cell function
and tumor cell behavior.”” One study demonstrated that
the intratumoral microbiome composition predicts
long-term survival in PDAC patients, and that tumor
microbiome-derived metabolites influence immune cell
infiltration patterns.”® The microbiome may be modulated
therapeutically through dietary interventions, antibiotics,
prebiotics, and fecal microbiota transplant, offering
potentially accessible avenues to reshape the PDAC TME.”
However, this pathway has been demonstrated primarily
in preclinical models to date. Its clinical relevance and
the contribution of specific bacterial taxa remain to be
defined. Whether antibiotic intervention can durably
restore gemcitabine sensitivity in patients also needs to be
established in clinical trials.

9. Metabolic reprogramming and early
oncogenic events in pancreatic ductal
adenocarcinoma

Metabolic reprogramming is not merely a feature of
established PDAC but an active driver of early oncogenic
events. Metastatic dissemination can occur at surprisingly
early stages of disease, even before invasive cancer is
detectable.*® The acinar-to-ductal metaplasia (ADM)
program, widely considered to represent the cellular
origin of PDAC, is intimately linked to metabolic
reprogramming. Oncogenic KRAS expression is enough
to drive ADM and subsequent PanIN formation.®' During
ADM, oncogenic KRAS alters mitochondrial metabolism
in acinar cells, increasing mitochondrial ROS that drives
their dedifferentiation toward a duct-like progenitor
phenotype.®

The relationship between chronic pancreatitis and
PDAC is bidirectional. Chronic pancreatitis predisposes to
PDAC, while PDAC can itself present with pancreatitis as
an early manifestation.®> Inflammation-driven pancreatitis
establishes a metabolically activated stromal environment
permissive for malignant transformation.* Targeting early
metabolic vulnerabilities in PanIN lesions, potentially
coupled with liquid biopsy-based early detection strategies,
may enable chemoprevention of PDAC.*>* These early
metabolic shifts are not only mechanistic drivers but also
potential windows for detection. Glycolytic activation
in PanIN and early PDAC lesions underlies the value of
8E-fluorodeoxyglucose positron emission tomography/
computed tomography imaging in early detection of
PDAC.¥ Similarly, more advanced metabolic imaging
modalities, such as hyperpolarized *C-pyruvate magnetic
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resonance imaging, can provide higher-resolution, real-
time readouts of tumor glycolytic activity.®

Circulating metabolic biomarkers offer another
direction. In a prospective study, plasma branched-
chain amino acids were elevated before PDAC diagnosis,
reflecting systemic protein catabolism driven by occult
disease.*” Metabolomic analysis of pancreatic cyst fluid
can also help to stratify malignant potential in intraductal
papillary mucinous neoplasms.® Integrating these
metabolism-derived signals with KRAS-mutant circulating
tumor DNA, cancer antigen 19-9, and Al-driven multi-
omic models may enable better screening and early
diagnosis. Aside from metabolic imaging, advances in
molecular imaging now allow visualization of immune
checkpoint molecules within the TME. For example, near-
infrared fluorescence and Cerenkov luminescence dual-
modality imaging has been used to compare programmed
death-ligand 1-specific and non-specific antibody tracer
uptake in preclinical tumor models.” This could inform
the design of antibody-based imaging probes for the
microenvironment. Translating such approaches to PDAC
could further refine in situ assessment of immunometabolic
heterogeneity.

10. Metabolic reprogramming network and
autophagy

Autophagy, lysosomal recycling of intracellular
components, suppresses tumorigenesis in non-
transformed cells by eliminating dysfunctional organelles
and misfolded proteins. However, in established tumors,
autophagy is co-opted as a pro-survival strategy.”> PDAC
cells exhibit high levels of basal autophagy driven by
oncogenic KRAS and the nutrient-poor TME. Autophagic
recycling provides amino acids, fatty acids, and nucleotides
redirected into central metabolic pathways.”> Autophagy
is important during nutrient starvation.”* Autophagy
inhibition with hydroxychloroquine in combination
with chemotherapy has been evaluated in a randomized
clinical trial, though results demonstrated no significant
improvement in advanced PDAC.** As noted, CAFs engage
autophagy to secrete alanine fueling PDAC metabolism.*
TAMs also rely on autophagic pathways for polarization-
state transitions.”® Recent advances in selective autophagy
pathways, mitophagy, lipophagy, and ferritinophagy, also
reveal additional metabolic regulation.”” Extracellular
signal-regulated kinase inhibition has been shown to
enhance  hydroxychloroquine-mediated ~ autophagy
inhibition, identifying a rational combination strategy.”

Although  the  preceding  sections  describe
glycolysis, glutamine metabolism, lipid metabolism,
macropinocytosis, and autophagy individually, these

pathways do not operate in isolation but are integrated
into a metabolic network to some degree.”” First,
oncogenic KRAS serves as the common upstream driver,
simultaneously upregulating glycolytic flux, the glutamine
pathway, de novo lipogenesis, macropinocytic scavenging,
and basal autophagy.!® These pathways also feed a
shared pool of central carbon intermediates. Glycolysis,
glutaminolysis, macropinocytic protein catabolism, and
autophagic recycling all supply acetyl-CoA and TCA cycle
carbon, which is in turn fed into lipid biosynthesis. This
links separate pathways through a common metabolite
currency. Additionally, several of these routes are unified
by their role in maintaining redox balance, as the pentose
phosphate pathway and serine metabolism all converge on
NADPH production to reduce oxidative stress.” Viewing
PDAC metabolism as an integrated, largely KRAS-driven
network therefore may provide a unifying framework that
connects the individual adaptations.

11. Therapeutic strategies targeting
metabolic vulnerabilities

Only about 20% of PDAC patients are eligible for
surgical resection at diagnosis® (Figure 2). Gemcitabine,
a drug that incorporates into nascent strands and
depletes deoxyribonucleotide pools via ribonucleotide
reductase inhibition, remains a chemotherapy pillar.’!
FOLFIRINOX demonstrates superior efficacy over
gemcitabine in some patients but is associated with
substantial toxicity.” For the subset of patients eligible for
surgical resection, the procedure itself imposes significant
metabolic consequences that shape subsequent treatment
considerations. Pancreaticoduodenectomy fundamentally
alters systemic metabolic physiology. Postoperative
complications, including pancreatic fistula, further
complicate recovery.'” Inhibiting upregulated glycolysis
represents an attractive strategy. GLUT1/3 transport
inhibitors, hexokinase inhibitors (including 2-deoxy-D-
glucose), pyruvate kinase M2 modulators, and lactate
dehydrogenase A inhibitors are under investigation.'®®
Lactate transport inhibition disrupting MCT1/4 impairs
both tumor lactate export and the metabolic symbiosis
with CAFs.'™ Blocking hypoxia-inducible factor a-driven
glycolytic upregulation in hypoxic PDAC cells may provide
another avenue.”? Pharmacological glutamine antagonism
with DON prodrug derivatives has demonstrated potent
anti-tumor activity in PDAC, including significant
tumor growth decrease in mouse models.”” Combining
glutamine antagonism with immune checkpoint inhibitors
simultaneously may starve tumor cells and enhance
immune cell function. Glutaminase inhibitors such as
telaglenastat have been evaluated clinically in advanced
solid tumors, though single-agent activity has been
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Figure 2. Targeting metabolic vulnerabilities in the pancreatic ductal adenocarcinoma tumor microenvironment. Key therapeutic interventions
include inhibiting tumor-intrinsic metabolism, disrupting metabolic symbiosis, and immunometabolic modulation to reverse the immunosuppressive
microenvironment. Schematic created with BioRender. Sun, S. (2026). https://BioRender.com/7otuezq.

Abbreviations: AhR: Aryl hydrocarbon receptor; ARG1: Arginase 1; CD39: Cluster of differentiation 39; CD73: Cluster of differentiation 73; DON:
6-Diazo-5-oxo-L-norleucine; EIPA: Ethylisopropylamiloride; FAO: Fatty acid oxidation; FASN: Fatty acid synthase; GLUT1/3: Glucose transporter
1/3; GOT1: Glutamic-oxaloacetic transaminase 1; HCQ: Hydroxychloroquine; IDO1: Indoleamine 2,3-dioxygenase 1; KRAS: Kirsten rat sarcoma viral
oncogene homolog; LDHA: Lactate dehydrogenase A; ME1: Malic enzyme 1; OXPHOS: Oxidative phosphorylation; PD-1: Programmed cell death protein
1; PDAC: Pancreatic ductal adenocarcinoma; PIKfyve: Phosphoinositide kinase, FY VE-type zinc finger containing; TAM: Tumor-associated macrophage;
TME: Tumor microenvironment; Treg: Regulatory T cell.

modest."”” induces synthetic lethality through metabolic crisis.**

Fatty acid synthase, ACLY, and ACC inhibitors impair
membrane biosynthesis and signaling in PDAC cells.”
Statins, which inhibit the mevalonate pathway, have been
associated with improvements in PDAC outcomes in
epidemiological data.'® PIKfyve inhibition in combination
with KRAS-mitogen-activated protein kinase inhibition

KRAS G12D and G12V inhibitors, which predominate in
PDAC, are in clinical development following the success of
G12C inhibitors in lung cancer.'”” RAS pathway inhibition
induces mitochondrial alterations. Combined KRAS
and ferroptosis induction shows preclinical synergy.”
Upon KRAS inhibitor treatment, PDAC cells shift toward
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OXPHOS-dependent resistance, driven by ZBTBI1
upregulation. ZBTB11 degradation with a molecular
glue resensitizes cells.’* Combining KRAS inhibitors with
autophagy inhibitors, antioxidants, or glutamine pathway
blockers represents a rational strategy.

Because the same metabolic activity that fuels
PDAC cells also enforces local immunosuppression,
metabolic targeting and immune checkpoint blockade
are mechanistically complementary. Depleting an
immunosuppressive metabolite can convert a checkpoint-
refractory cold tumor into one in which PD-1/
programmed death-ligand 1 blockade becomes effective.'®®
Three metabolic axes illustrate both the promise of
this logic and the gap between preclinical theory and
clinical efficacy. Their complement explains why most
metabolism-immunotherapy combinations have so far
failed to translate into clinical benefit. The tryptophan-
kynurenine pathway is the first axis. IDO1 degrades
tryptophan to immunosuppressive kynurenine.® The
selective IDOI inhibitor epacadostat restored anti-tumor
T cell immunity and synergized with PD-1 blockade in
the early-phase ECHO-202 study. The randomized phase
III ECHO-301 trial, however, failed.'” The adenosinergic
axis has generated encouraging PDAC-specific evidence
to date. CD73 catalyzes the terminal step of extracellular
adenosine production and is overexpressed in roughly
40-60% of PDAC, where it suppresses CD8" T and natural
killer cell activity through A2A receptor signaling.”" In
the randomized phase Ib ARC-8 trial, the CD73 inhibitor
quemliclustat, added to gemcitabine and nab-paclitaxel,
produced an objective response rate of approximately 41%
and a median overall survival of approximately 21 months
in treatment-naive metastatic PDAC. But adding the
anti-PD-1 antibody zimberelimab did not clearly augment
benefit, and the mechanisms remained to be explored.'"

These data support the ongoing placebo-controlled
phase III PRISM-1 trial of quemliclustat with chemotherapy,
which represents one of the major metabolic—
immunomodulatory agents reaching phase III in PDAC.
Complementary adenosine pathway agents, including the
anti-CD39 antibody TTX-030, are likewise being advanced,
reinforcing this axis as a promising immunometabolic
target in PDAC."! Glutamine antagonism is another
example of this dual rationale, since blocking glutamine
starves the tumor while boosting the metabolic fitness
of effector T cells. The first-generation antagonist DON
sensitized PDAC models to anti-PD-1 therapy but failed
clinically owing to gastrointestinal toxicity. Its prodrug,
sirpiglenastat (DRP-104), was engineered to deliver the
active drug within the tumor. It enhanced checkpoint
blockade in preclinical PDAC and has been evaluated in

early-phase trials."*> Viewed together, these trials reveal a
consistent pattern. Combinations of metabolism-targeting
and immunotherapy have most often failed not because
the metabolic target was wrong, but for other reasons.
Metabolic pathways have many complementary, redundant
routes, and it is difficult to confirm whether an inhibitor
truly suppresses its target and how effectively it does so.

The clinical track of metabolic targeting in PDAC
can be grouped into three categories. The first category
comprises clear failures. The glutaminase inhibitor
telaglenastat did not improve progression-free survival in
the randomized CANTATA trial.*® Autophagy inhibition
with hydroxychloroquine plus chemotherapy showed no
significant benefit in the randomized study.” The IDO1
inhibitor epacadostat failed in the phase III ECHO-301
trial. The first-generation glutamine antagonist DON
was abandoned because of dose-limiting gastrointestinal
toxicity. The second comprises ongoing programs. The
CD73 inhibitor quemliclustat produced an encouraging
response rate and overall survival in the phase Ib ARC-8
trial, and is now being tested in the phase III PRISM-1
trial."'® Other adenosine-pathway agents, such as the
anti-CD39 antibody TTX-030, and the tumor-targeted
DON prodrug sirpiglenastat (DRP-104) remain in early-
phase evaluation. Unequivocally successful metabolism-
directed agents remain essentially empty in PDAC,
though. Closest examples are the antimetabolite backbones
gemcitabine and FOLFIRINOX, which target nucleotide
and DNA metabolism but were developed empirically
rather than from rational metabolic-pathway design.®!
Several reasons explain why so few promising metabolic
targets have translated into clinical benefit. Metabolic
pathways are highly redundant, so inhibiting one node
is compensated for by compensatory flux rerouting.
Moreover, many inhibitors lack pharmacodynamic
biomarkers, making it difficult to confirm whether the
intended target is actually suppressed in patients.

The obstacle to clinical translation of metabolism-
targeted therapy is the overlap between the metabolic
programs of tumor cells and those of proliferating or
metabolically active normal tissues. This narrows the
therapeutic window and raises the risk of on-target, off-
tumor toxicity.'® Pathways exploited by PDAC cells,
including glycolysis, glutamine catabolism, nucleotide
synthesis, and autophagy, are also indispensable for
hematopoietic, gastrointestinal, hepatic, and immune cells.
Consequently, systemic inhibition frequently produces
dose-limiting toxicities.'™* This pattern is already evident
among agents discussed above. The first-generation
glutamine antagonist DON, despite robust preclinical
efficacy, was limited clinically because of gastrointestinal

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

toxicity. Consequently, the development of tumor-
targeted prodrugs such as sirpiglenastat (DRP-104) was
designed to widen the therapeutic margin.'”” Similarly,
the macropinocytosis inhibitor EIPA cannot reach
macropinocytosis-inhibitory concentrations in humans
without unacceptable toxicity. Autophagy inhibition with
hydroxychloroquine is also constrained by the essential
role of basal autophagy in normal tissues."'®

12. Metabolic heterogeneity and
therapeutic resistance

Metabolic phenotypes differ markedly between patients.
This inter-patient heterogeneity is connected with
established transcriptomic subtypes of PDAC. Broad
metabolite profiling has resolved PDAC into distinct
metabolic subtypes, including glycolytic, lipogenic,
and slow-proliferating classes that display differential
sensitivity to inhibitors of glycolysis, lipogenesis and redox
pathways.!”” These metabolic classes are not independent
of molecular subgroups. The lipogenic subtype aligns
with the classical transcriptomic signature, whereas the
glycolytic subtype corresponds to the more aggressive
quasi-mesenchymal subtype. Karasinska et al.'*® confirmed
this in a large multi-cohort series.!® They stratified tumors
along the glycolysis—cholesterol synthesis axis. Glycolytic
tumors carried the shortest survival. Cholesterogenic
tumors carried the best. Glycolytic gene expression
was enriched in KRAS- and MYC-amplified tumors.
The practical implication is that metabolic targeting
is unlikely to succeed as a one-size-fits-all approach.
Instead, biomarker-driven selection that matches a given
metabolic inhibitor to the dominant metabolic subtype of
an individual tumor will be required.

A central reason for the resistance of both targeted and
cytotoxic therapy in PDAC is metabolic plasticity. When
one metabolic or oncogenic pathway is pharmacologically
blocked, PDAC cells reroute metabolic flux toward
compensatory pathways that restore biosynthetic capacity
and energy supply, thereby escaping treatment. This
adaptive rewiring is an active resistance mechanism.
Dissecting how it operates is essential for designing
durable combinations. For example, serine metabolism
serves as an adaptive node sustaining redox homeostasis
under therapeutic stress. PDAC cells exposed to redox-
disrupting agents survive by upregulating de novo serine
biosynthesis and uptake, which supports NADPH-
dependent antioxidant defense, nucleotide synthesis, and
epigenetic regulation. This resilience blunts the efficacy of
single agents and is useful only when serine adaptation is
co-targeted.'”

In addition, flux can be redirected into the PPP,
conferring resistance to targeted therapy. Erlotinib-resistant
PDAC cells downregulate glycolysis and upregulate
the PPP enzyme glucose-6-phosphate dehydrogenase,
elevating the NADPH/NADP" ratio to neutralize ROS.
PPP inhibition raises ROS, induces cell cycle arrest,
and resensitizes resistant cells, demonstrating that the
resistance-conferring metabolic state is itself a targetable
vulnerability.'® Mitochondrial plasticity provides a further
escape route, as dysregulated mitochondrial dynamics and
mitophagy allow PDAC cells to preserve OXPHOS and
redox capacity under therapeutic pressure, contributing to
treatment resistance.'!

13. Artificial intelligence in pancreatic
ductal adenocarcinoma metabolic research

Artificial intelligence has transformed PDAC research
across multiple domains. Al-driven drug discovery
platforms have identified synergistic drug combinations
targeting  metabolic  vulnerabilities,  substantially
accelerating discovery compared to traditional high-
throughput screening.'”? The Molecular Twin platform
uses Al to predict prognosis and therapeutic response
for individual PDAC patients.'”® Combining computed
tomography and magnetic resonance imaging data,
multimodal machine learning algorithms have been
developed to evaluate the risk of malignant transformation
in pancreatic cystic neoplasms with high accuracy,
providing a non-invasive screening pathway.'** Single-
cell and spatial multi-omics technologies enable
unprecedented resolution of metabolic heterogeneity
within the PDAC TME, revealing cell-type-specific
metabolic signatures and novel crosstalk axes. For example,
integrated single-cell and spatial transcriptomic analysis
has resolved lactate metabolism-associated cell subtypes
and their interactions.'” Al-driven biomarker discovery
beyond cancer antigen 19-9, including metabolomic
signatures, may enable earlier PDAC detection and patient
stratification.'*®

Artificial intelligence and multi-omics integration
have emerged as promising approaches for dissecting
the metabolic complexity of the PDAC TME. Al-driven
pipelines can be applied to metabolic questions. These
include resolving cell-type-specific metabolic signatures,
mapping metabolic crosstalk between compartments, and
identifying candidate metabolic vulnerabilities. Single-cell
and spatial multi-omics datasets, which are difficult to
analyze with conventional methods, can now be analyzed
using such computational frameworks to reveal metabolic
heterogeneity with high resolution. Several Al-derived
metabolic predictions in PDAC have advanced beyond
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in silico to biological and clinical validation. A complete
example is the graph deep learning model DeepMeta,
which predicts sample-specific metabolic dependencies
from transcriptomic and metabolic network information.
DeepMeta predicted that PDAC-relevant CTNNBI-
activating mutations confer dependency on nucleotide
metabolism. This prediction was then experimentally
confirmed, as pharmacological inhibition and short
hairpin RNA knockdown of these enzymes selectively
suppressed CTNNBI-mutant cells, with *C-glucose tracing
demonstrating increased nucleotide-pathway flux.’¥ A
machine learning-derived metabolism-related signature,
built by integrating 112 metabolic pathways across more
than 1,000 PDAC patients, predicted immunotherapy
response and prognosis and was validated in an in-house
cohort using immunohistochemistry and functional
assays.'?® The Molecular Twin platform similarly integrates
multi-omic data to predict outcomes for individual PDAC
patients. In addition, a framework of machine learning,
using generative adversarial networks, distinguished
malignant from normal metabolic states with high accuracy
and pointed dysregulated heparan sulfate degradation,
O-glycan metabolism, and coordinated fatty acid transport
as PDAC metabolic features.'” Al-enabled integration of
multi-omics, imaging, and spatial data is likewise being
explored to define immunometabolic PDAC subtypes
relevant to therapy selection. Nonetheless, the translational
potential of these approaches remains uneven. Many
Al-derived metabolic signatures have been characterized
in single cohorts or rest on computational prediction
alone, and the underlying biological mechanisms are often
only partially validated.

14. Current status and future perspectives

Not all metabolic alterations described above carry equal
clinical actionability. An explicit prioritization helps
translate this complexity into a practical roadmap. Three
groups can be proposed based on the maturity of clinical
evidence and druggability. The first group comprises the
most actionable targets in PDAC. The adenosine axis is
the leading example. The CD73 inhibitor, quemliclustat,
has advanced to the phase III PRISM-1 trial because of
encouraging phase Ib survival data."'® Mutant KRAS itself,
now druggable with G12D and GI2V inhibitors, also
belongs in this group, together with the antimetabolite
backbones gemcitabine and FOLFIRINOX, which remain
the clinical standard.’ The second group comprises targets
with strong mechanistic and preclinical rationale but only
with early-phase clinical data. These include glutamine
antagonism with tumor-targeted prodrugs such as
sirpiglenastat, lactate transport via MCT1/4, and lipogenic
enzymes including FASN and ACLY. Their success will

depend on patient selection based on metabolic subtype
rather than on unselected use. The third group comprises
targets that are mechanistically compelling but currently
lack a clinically viable agent. Macropinocytosis inhibition
exemplifies this group. No selective, systemically tolerable
inhibitor yet exists. KRAS-inhibitor resistance nodes such
as ZBTBI11 and PIKfyve/KRAS synthetic lethality are
promising but rest on laboratory observations awaiting
validation.

Pancreatic ductal adenocarcinoma is a profoundly
heterogeneous disease at both inter-patient and intra-
tumoral levels, with metabolic programs evolving
dynamically through the disease trajectory. Metabolic
plasticity, the capacity of PDAC cells to shift between
metabolic states in response to therapy, poses a major
challenge. Inhibiting one pathway frequently results in
compensatory upregulation of alternatives.* Rational
combination strategies that simultaneously block multiple
metabolic routes, exploit oncogene-specific synthetic
lethality, and employ biomarker-driven patient selection
will be essential. Key future directions span several
interconnected domains. Clinical translation of KRAS
inhibitors combined with metabolic targeting agents
remains a primary focus, alongside the development of
validated metabolic biomarkers for patient stratification.
Microbiome modulation to reshape the immunometabolic
TME, Al-powered identification of synthetic lethal
metabolic vulnerabilities, and the integration of metabolic
reprogramming approaches with novel immunotherapy
modalities including cancer vaccines also represent further
promising avenues.'” The convergence of mechanistic
understanding, technological innovation, and clinical
translation positions metabolic targeting as a central
pillar of next-generation PDAC therapy. In addition, more
evidence for recently reported metabolic vulnerabilities
is warranted. Several findings highlighted in this review,
including ZBTBIl1-mediated OXPHOS resistance to
KRAS inhibitors®, PIKfyve/KRAS synthetic lethality *,
BHLHE40-driven TAN glycolytic reprogramming®, and
the macrophage migration inhibitory factor-positive TAN
prognostic subset® have been reported within the past
one to two years and rely predominantly on laboratory
observations. While these results are mechanistically
hopeful and have generated great interest, their
reproducibility in independent patient cohorts has yet to
be established. That said, this work provides new directions
regarding targeting tumor metabolism in PDAC.

15. Conclusion

Pancreatic ductal adenocarcinoma remains a lethal
human malignancy. By integrating recent advances
across tumor cells, stromal and immune compartments,
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the microbiome, and emerging Al-enabled analytical
frameworks, the present review offers a cross-
compartment perspective that complements existing
compartment-specific or nutrient-focused syntheses.
Taken together, the evidence synthesized here reveals that
the unique metabolic landscape of PDAC, characterized
by extensive reprogramming of glucose, glutamine, lipid,
macropinocytic, and autophagic metabolism in tumor cells,
and by complex metabolic crosstalk with CAFs*, TAMs™®,
TANs®, T lymphocytes®”, and intratumoral microbiota”,
is a driver of progression. Each cellular compartment of
the TME exhibits characteristic metabolic reprogramming
that contributes to the immunosuppressive, desmoplastic,
and chemoresistant phenotype of PDAC. Understanding
and targeting these metabolic interactions, individually
and in rational combination, represents a compelling
and increasingly tractable therapeutic strategy. Emerging
technologies, including single-cell transcriptomics, spatial
metabolomics, and AI-driven analytics,'” are accelerating
discovery of novel metabolic vulnerabilities. Continued
investment in basic research and translational studies will
be essential to translate these advances into improvements
in patient outcomes.

Acknowledgments

We would like to thank the kind support from Hangzhou
Cancer Hospital and the staff in the Pathology Residency
Training Base of Hangzhou First People’s Hospital.

Funding

None.

Conflict of interest

The authors declare they have no competing interests.

Author contributions

Conceptualization: Pan Zhao, Yanzhen Xu, Zhibo Zuo
Visualization: Xiaoying Tao, Junjun Du, Xiangyun He
Writing-original draft: Silin Xiang, Shuai Sun
Writing-review & editing: Nan Li, Rongjing Zhou, Xu Mao

Ethics approval and consent to participate

Not applicable.

Consent for publication
Not applicable.

Availability of data

Not applicable.

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer
statistics,2023. CA A Cancer J Clin. 2023;73(1):17-48.

doi: 10.3322/caac.21763

2. Rahib L, Wehner MR, Matrisian LM, Nead KT. Estimated
Projection of US Cancer Incidence and Death to 2040.
JAMA Netw Open. 2021;4(4):€214708.

doi: 10.1001/jamanetworkopen.2021.4708

3. Khalaf N, El-Serag HB, Abrams HR, Thrift AP. Burden of
Pancreatic Cancer: From Epidemiology to Practice. Clin
Gastroenterol Hepatol. 2021;19(5):876-884.

doi: 10.1016/j.cgh.2020.02.054

4.  RenS§,SongL,ZhaoR, Tian Y, Wang Z. Serum exosomal hsa-
let-7f-5p: A potential diagnostic biomarker for metastatic
pancreatic cancer detection. World ] Gastroenterol.
2025;31(26):109500

doi: 10.3748/wjg.v31.i26.109500

5. Conroy T, Desseigne FO, Ychou M, et al. FOLFIRINOX
versus gemcitabine for metastatic pancreatic cancer. New
Engl ] Med. 2011;364(19):1817-1825.

doi: 10.1056/NEJMoal011923

6. Conroy T, Ducreux M. Adjuvant treatment of pancreatic
cancer. Curr Opin Oncol. 2019;31(4):346-353.

doi: 10.1097/CC0.0000000000000546

7. Kanda M, Matthaei H, Wu J, et al. Presence of Somatic
Mutations in Most Early-Stage Pancreatic Intraepithelial
Neoplasia. Gastroenterology. 2012;142(4):730-733.e9.

doi: 10.1053/j.gastro.2011.12.042

8. Moore AR, Rosenberg SC, McCormick F Malek S. RAS-
targeted therapies: is the undruggable drugged? Nat Rev
Drug Discov. 2020;19(8):533-552.

doi: 10.1038/s41573-020-0068-6

9. Golan T, Hammel P, Reni M, et al. Maintenance Olaparib for
GermlineBRCA -Mutated Metastatic Pancreatic Cancer. N
Engl ] Med. 2019;381(4):317-327.

doi: 10.1056/NEJMoal903387

10. Midha§, Chawla S, Garg PK. Modifiable and non-modifiable
risk factors for pancreatic cancer: A review. Cancer Lett.
2016;381(1):269-277.

doi: 10.1016/j.canlet.2016.07.022

11. Wolfgang CL, Herman JM, Laheru DA, et al. Recent progress
in pancreatic cancer. CA A Cancer J Clin. 2013;63(5):318-
348.

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21763
https://doi.org/10.1001/jamanetworkopen.2021.4708
https://doi.org/10.1001/jamanetworkopen.2021.4708
https://doi.org/10.1016/j.cgh.2020.02.054
https://doi.org/10.1016/j.cgh.2020.02.054
https://doi.org/10.3748/wjg.v31.i26.109500
https://doi.org/10.3748/wjg.v31.i26.109500
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1097/CCO.0000000000000546
https://doi.org/10.1097/CCO.0000000000000546
https://doi.org/10.1053/j.gastro.2011.12.042
https://doi.org/10.1053/j.gastro.2011.12.042
https://doi.org/10.1038/s41573-020-0068-6
https://doi.org/10.1038/s41573-020-0068-6
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.1016/j.canlet.2016.07.022
https://doi.org/10.1016/j.canlet.2016.07.022
https://doi.org/10.3322/caac.21190

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

doi: 10.3322/caac.21190

Koong AC, Mehta VK, Le QT, et al. Pancreatic tumors
show high levels of hypoxia. Int ] Radiat Oncol Biol Phys.
2000;48(4):919-922.

doi: 10.1016/s0360-3016(00)00803-8

O Reilly EM, Oh D, Dhani N, et al. Durvalumab With or
Without Tremelimumab for Patients With Metastatic
Pancreatic Ductal Adenocarcinoma. JAMA  Oncol.
2019;5(10):1431.

doi: 10.1001/jamaoncol.2019.1588

Ward PS, Thompson CB. Metabolic reprogramming: a
cancer hallmark even warburg did not anticipate. Cancer
Cell. 2012;21(3):297-308.

doi: 10.1016/j.ccr.2012.02.014

Ying H, Kimmelman AC, Lyssiotis CA, et al. Oncogenic
Kras maintains pancreatic tumors through regulation of
anabolic glucose metabolism. Cell. 2012;149(3):656-670.

doi: 10.1016/j.cell.2012.01.058

Yamamoto K, Iwadate D, Kato H, et al Targeting the
Metabolic Rewiring in Pancreatic Cancer and Its Tumor
Microenvironment. Cancers. 2022;14(18):4351.

doi: 10.3390/cancers14184351

Commisso C. The pervasiveness of macropinocytosis in
oncological malignancies. Philos Trans R Soc London Ser B
Biol Sci. 2019;374(1765):20180153.

doi: 10.1098/rstb.2018.0153

Warburg O. On the origin of cancer cells. Science.
1956;123(3191):309-314.

doi: 10.1126/science.123.3191.309

Halbrook CJ, Lyssiotis CA. Employing Metabolism to
Improve the Diagnosis and Treatment of Pancreatic Cancer.
Cancer Cell. 2017;31(1):5-19.

doi: 10.1016/j.ccell.2016.12.006

Guillaumond E Leca ], Olivares O, et al. Strengthened
glycolysis under hypoxia supports tumor symbiosis and
hexosamine biosynthesis in pancreatic adenocarcinoma.
Proc Natl Acad Sci. 2013;110(10):3919-3924.

doi: 10.1073/pnas.1219555110

Dhup S, Dadhich RK, Porporato PE, Sonveaux P. Multiple
biological activities of lactic acid in cancer: influences on
tumor growth, angiogenesis and metastasis. Curr Pharm
Des. 2012;18(10):1319-1330.

doi: 10.2174/138161212799504902

Singleton DC, Macann A, Wilson WR. Therapeutic targeting
of the hypoxic tumour microenvironment. Nat Rev Clin
Oncol. 2021;18(12):751-772.

doi: 10.1038/s41571-021-00539-4

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Viale A, Pettazzoni P, Lyssiotis CA, et al. Oncogene ablation-
resistant pancreatic cancer cells depend on mitochondrial
function. Nature. 2014;514(7524):628-632.

doi: 10.1038/naturel13611

Biancur DE, Paulo JA, Ma Achowska B, et al. Compensatory
metabolic networks in pancreatic cancers upon perturbation
of glutamine metabolism. Nat Commun. 2017;8(1):15965.

doi: 10.1038/ncomms15965

Hafner P, Keller SJ, Chen X, et al. Vertical RAS pathway
inhibition in pancreatic cancer drives therapeutically
exploitable mitochondrial alterations. Signal Transduct
Target Ther. 2026;11(1):33.

doi: 10.1038/s41392-025-02563-7

Tran NL, Jiang J, Ma M, et al. ZBTB11 depletion targets
metabolic vulnerabilities in KRAS inhibitor-resistant PDAC.
Nat Chem Biol. 2026;22(2):260-273.

doi: 10.1038/541589-025-01978-1

Cluntun AA, Lukey M]J, Cerione RA, Locasale JW. Glutamine
Metabolism in Cancer: Understanding the Heterogeneity.
Trends Cancer. 2017;3(3):169-180.

doi: 10.1016/j.trecan.2017.01.005

Son J, Lyssiotis CA, Ying H, et al. Glutamine supports
pancreatic cancer growth through a KRAS-regulated
metabolic pathway. Nature. 2013;496(7443):101-105.

doi: 10.1038/nature12040

Encarnacién-Rosado ], Sohn ASW, Biancur DE, et al
Targeting pancreatic cancer metabolic dependencies
through glutamine antagonism. Nat Cancer. 2024;5(1):85-
99.

doi: 10.1038/s43018-023-00647-3

Tannir NM, Agarwal N, Porta C, et al. Efficacy and
Safety of Telaglenastat Plus Cabozantinib vs Placebo
Plus Cabozantinib in Patients With Advanced Renal Cell
Carcinoma: The CANTATA Randomized Clinical Trial.
JAMA Oncol. 2022;8(10):1411-1418.

doi: 10.1001/jamaoncol.2022.3511

Lyssiotis CA, Kimmelman AC. Metabolic Interactions
in the Tumor Microenvironment. Trends Cell Biol.
2017;27(11):863-875.

doi: 10.1016/j.tcb.2017.06.003
Wang J, Wang WJ, Zhai L,Zhang DE Association of

cholesterol with risk of pancreatic cancer: A meta-analysis.
World J Gastroenterol. 2015;21(12):3711.

doi: 10.3748/wjg.v21.i12.3711

Rozeveld CN, Johnson KM, Zhang L, Razidlo GL. KRAS
Controls Pancreatic Cancer Cell Lipid Metabolism and
Invasive Potential through the Lipase HSL. Cancer Res.
2020;80(22):4932-4945.

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.3322/caac.21190
https://doi.org/10.1016/s0360-3016(00)00803-8
https://doi.org/10.1016/s0360-3016(00)00803-8
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1016/j.cell.2012.01.058
https://doi.org/10.1016/j.cell.2012.01.058
https://doi.org/10.3390/cancers14184351
https://doi.org/10.3390/cancers14184351
https://doi.org/10.1098/rstb.2018.0153
https://doi.org/10.1098/rstb.2018.0153
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.ccell.2016.12.006
https://doi.org/10.1016/j.ccell.2016.12.006
https://doi.org/10.1073/pnas.1219555110
https://doi.org/10.1073/pnas.1219555110
https://doi.org/10.2174/138161212799504902
https://doi.org/10.2174/138161212799504902
https://doi.org/10.1038/s41571-021-00539-4
https://doi.org/10.1038/s41571-021-00539-4
https://doi.org/10.1038/nature13611
https://doi.org/10.1038/nature13611
https://doi.org/10.1038/ncomms15965
https://doi.org/10.1038/ncomms15965
https://doi.org/10.1038/s41392-025-02563-7
https://doi.org/10.1038/s41392-025-02563-7
https://doi.org/10.1038/s41589-025-01978-1
https://doi.org/10.1038/s41589-025-01978-1
https://doi.org/10.1016/j.trecan.2017.01.005
https://doi.org/10.1016/j.trecan.2017.01.005
https://doi.org/10.1038/nature12040
https://doi.org/10.1038/nature12040
https://doi.org/10.1038/s43018-023-00647-3
https://doi.org/10.1038/s43018-023-00647-3
https://doi.org/10.1001/jamaoncol.2022.3511
https://doi.org/10.1001/jamaoncol.2022.3511
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.1016/j.tcb.2017.06.003
https://doi.org/10.3748/wjg.v21.i12.3711
https://doi.org/10.3748/wjg.v21.i12.3711
https://doi.org/10.1158/0008-5472.CAN-20-1255

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

doi: 10.1158/0008-5472.CAN-20-1255

Cheng C, Hu J, Mannan R, et al. Targeting PIKfyve-
driven lipid metabolism in pancreatic cancer. Nature.
2025;642(8068):776-784.

doi: 10.1038/s41586-025-08917-z

Tadros S, Shukla SK, King R], et al. De Novo Lipid Synthesis
Facilitates Gemcitabine Resistance through Endoplasmic
Reticulum Stress in Pancreatic Cancer. Cancer Res.
2017;77(20):5503-5517.

doi: 10.1158/0008-5472.CAN-16-3062

Commisso C, Davidson SM, Soydaner-Azeloglu RG, et al.
Macropinocytosis of protein is an amino acid supply route
in Ras-transformed cells. Nature. 2013;497(7451):633-637.

doi: 10.1038/nature12138

Kamphorst JJ, Nofal M, Commisso C, et al. Human
Pancreatic Cancer Tumors Are Nutrient Poor and Tumor
Cells Actively Scavenge Extracellular Protein. Cancer Res.
2015;75(3):544-553.

doi: 10.1158/0008-5472.CAN-14-2211

Davidson SM, Jonas O, Keibler MA, et al. Direct evidence
for cancer-cell-autonomous extracellular protein catabolism
in pancreatic tumors. Nat Med. 2017;23(2):235-241.

doi: 10.1038/nm.4256

Lim RM, Lu A, Chuang BM, et al. CARMILI-AA selectively
inhibits macropinocytosis while sparing autophagy. Mol Biol
Cell. 2025;36(1):ar4.

doi: 10.1091/mbc.E24-09-0434

Brambillasca S, Cera MR, Andronache A, et al. Novel
selective  inhibitors of macropinocytosis-dependent
growth in pancreatic ductal carcinoma. Biomed Pharm.
2024;177:116991.

doi: 10.1016/j.biopha.2024.116991

Zhang Y, Recouvreux MV, Jung M, et al. Macropinocytosis in
Cancer-Associated Fibroblasts Is Dependent on CaMKK2/
ARHGEF?2 Signaling and Functions to Support Tumor and
Stromal Cell Fitness. Cancer Discov. 2021;11(7):1808-1825.

doi: 10.1158/2159-8290.CD-20-0119

Provenzano PP, Cuevas C, Chang AE, et al. Enzymatic
targeting of the stroma ablates physical barriers to treatment
of pancreatic ductal adenocarcinoma. Cancer Cell.
2012;21(3):418-429.

doi: 10.1016/j.ccr.2012.01.007

Erkan M, Reiser-Erkan C, Michalski CW, et al. Cancer-
Stellate Cell Interactions Perpetuate the Hypoxia-Fibrosis
Cycle in Pancreatic Ductal Adenocarcinoma. Neoplasia.
2009;11(5):497-508.

doi: 10.1593/ne0.81618
Rhim AD, Oberstein PE, Thomas DH, et al. Stromal

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

elements act to restrain, rather than support, pancreatic
ductal adenocarcinoma. Cancer Cell. 2014;25(6):735-747.

doi: 10.1016/j.ccr.2014.04.021

Sousa CM, Biancur DE, Wang X, et al. Pancreatic stellate
cells support tumour metabolism through autophagic
alanine secretion. Nature. 2016;536(7617):479-483.

doi: 10.1038/nature19084

Zhao H, Yang L, Baddour J, et al. Tumor microenvironment
derived exosomes pleiotropically modulate cancer cell
metabolism. eLife. 2016;5:e10250.

doi: 10.7554/eLife.10250

Ohlund D, Handly-Santana A, Biffi G, et al. Distinct
populations of inflammatory fibroblasts and myofibroblasts
in pancreatic cancer. ] Exp Med. 2017;214(3):579-596.

doi: 10.1084/jem.20162024

Dominguez CX, Miiller S, Keerthivasan S, et al. Single-Cell
RNA Sequencing Reveals Stromal Evolution into LRRC15+
Myofibroblasts as a Determinant of Patient Response to
Cancer Immunotherapy. Cancer Discov. 2020;10(2):232-
253.

doi: 10.1158/2159-8290.CD-19-0644

Shaul ME, Fridlender ZG. Tumour-associated neutrophils
in patients with cancer. Nature reviews. Clin Oncol.
2019;16(10):601-620.

doi: 10.1038/s41571-019-0222-4

Wang L, Liu Y, Dai Y, et al. Single-cell RNA-seq analysis
reveals BHLHE40-driven  pro-tumour  neutrophils
with hyperactivated glycolysis in pancreatic tumour
microenvironment. Gut. 2023;72(5):958-971.

doi: 10.1136/gutjnl-2021-326070

Zeng Y, YuJ, ChenY, et al. Single-cell transcriptome analysis
identifies MIF as a novel tumor-associated neutrophil
marker for pancreatic ductal adenocarcinoma. npj Precis
Oncol. 2025;9(1):293.

doi: 10.1038/s41698-025-01085-3

Di Caro G, Cortese N, Castino GF, et al. Dual prognostic
significance of tumour-associated macrophages in human
pancreatic adenocarcinoma treated or untreated with
chemotherapy. Gut. 2016;65(10):1710-1720.

doi: 10.1136/gutjnl-2015-309193

Zhang Y, Velez-Delgado A, Mathew E, et al. Myeloid cells
are required for PD-1/PD-L1 checkpoint activation and the
establishment of an immunosuppressive environment in
pancreatic cancer. Gut. 2016;66(1):124-136.

doi: 10.1136/gutjnl-2016-312078

Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi
L. Macrophages and Metabolism in the Tumor
Microenvironment. Cell Metab. 2019;30(1):36-50.

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.1158/0008-5472.CAN-20-1255
https://doi.org/10.1038/s41586-025-08917-z
https://doi.org/10.1038/s41586-025-08917-z
https://doi.org/10.1158/0008-5472.CAN-16-3062
https://doi.org/10.1158/0008-5472.CAN-16-3062
https://doi.org/10.1038/nature12138
https://doi.org/10.1038/nature12138
https://doi.org/10.1158/0008-5472.CAN-14-2211
https://doi.org/10.1158/0008-5472.CAN-14-2211
https://doi.org/10.1038/nm.4256
https://doi.org/10.1038/nm.4256
https://doi.org/10.1091/mbc.E24-09-0434
https://doi.org/10.1091/mbc.E24-09-0434
https://doi.org/10.1016/j.biopha.2024.116991
https://doi.org/10.1016/j.biopha.2024.116991
https://doi.org/10.1158/2159-8290.CD-20-0119
https://doi.org/10.1158/2159-8290.CD-20-0119
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1016/j.ccr.2012.01.007
https://doi.org/10.1593/neo.81618
https://doi.org/10.1593/neo.81618
https://doi.org/10.1016/j.ccr.2014.04.021
https://doi.org/10.1016/j.ccr.2014.04.021
https://doi.org/10.1038/nature19084
https://doi.org/10.1038/nature19084
https://doi.org/10.7554/eLife.10250
https://doi.org/10.7554/eLife.10250
https://doi.org/10.1084/jem.20162024
https://doi.org/10.1084/jem.20162024
https://doi.org/10.1158/2159-8290.CD-19-0644
https://doi.org/10.1158/2159-8290.CD-19-0644
https://doi.org/10.1038/s41571-019-0222-4
https://doi.org/10.1038/s41571-019-0222-4
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1038/s41698-025-01085-3
https://doi.org/10.1038/s41698-025-01085-3
https://doi.org/10.1136/gutjnl-2015-309193
https://doi.org/10.1136/gutjnl-2015-309193
https://doi.org/10.1136/gutjnl-2016-312078
https://doi.org/10.1136/gutjnl-2016-312078
https://doi.org/10.1016/j.cmet.2019.06.001

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

doi: 10.1016/j.cmet.2019.06.001

Colegio OR, Chu N, Szabo AL, et al. Functional polarization
of tumour-associated macrophages by tumour-derived
lactic acid. Nature. 2014;513(7519):559-563.

doi: 10.1038/nature13490

Halbrook CJ, Pontious C, Kovalenko I, et al. Macrophage-
Released Pyrimidines Inhibit Gemcitabine Therapy in
Pancreatic Cancer. Cell Metab. 2019;29(6):1390-1399.¢6.

doi: 10.1016/j.cmet.2019.02.001

Cheng N, Bai X, Shu Y, Ahmad O, Shen P. Targeting tumor-
associated macrophages as an antitumor strategy. Biochem
Pharmacol. 2021;183:114354.

doi: 10.1016/j.bcp.2020.114354

Zhu Y, Knolhoff BL, Meyer MA, et al. CSF1/CSFIR
Blockade Reprograms Tumor-Infiltrating Macrophages and
Improves Response to T-cell Checkpoint Immunotherapy in
Pancreatic Cancer Models. Cancer Res. 2014;74(18):5057-
5069.

doi: 10.1158/0008-5472.CAN-13-3723

Nywening TM, Wang-Gillam A, Sanford DE, et al. Targeting
tumour-associated macrophages with CCR2 inhibition in
combination with FOLFIRINOX in patients with borderline
resectable and locally advanced pancreatic cancer: a single-
centre, open-label, dose-finding, non-randomised, phase 1b
trial. Lancet Oncol. 2016;17(5):651-662.

doi: 10.1016/S1470-2045(16)00078-4

Yang], YuX, XiaoM, et al. Histonelactylation-driven feedback
loop modulates cholesterol-linked immunosuppression in
pancreatic cancer. Gut. 2025;74(11):1859-1872.

doi: 10.1136/gutjnl-2024-334361

Sun K, Zhang X, Shi J, et al. Elevated protein lactylation
promotes immunosuppressive microenvironment and
therapeutic resistance in pancreatic ductal adenocarcinoma.
J Clin Invest. 2025;135(7):e187024.

doi: 10.1172/JCI187024

Chen Q, Yuan H, Bronze MS, Li M. Targeting lactylation
and the STAT3/CCL2 axis to overcome immunotherapy
resistance in pancreatic ductal adenocarcinoma. J Clin
Invest. 2025;135(7):€191422.

doi: 10.1172/JCI191422

Carrer A, Trefely S, Zhao S, et al. Acetyl-CoA Metabolism
Supports Multistep Pancreatic Tumorigenesis. Cancer
Discov. 2019;9(3):416-435.

doi: 10.1158/2159-8290.CD-18-0567

Guertin DA, Wellen KE. Acetyl-CoA metabolism in cancer.
Nat Rev Cancer. 2023;23(3):156-172.

doi: 10.1038/s41568-022-00543-5

Kiryu S, Ito Z, Suka M, et al. Prognostic value of immune

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

factors in the tumor microenvironment of patients
with pancreatic ductal adenocarcinoma. BMC Cancer.
2021;21(1):1197.

doi: 10.1186/s12885-021-08911-4

Balachandran VP, Beatty GL, Dougan SK. Broadening the
Impact of Inmunotherapy to Pancreatic Cancer: Challenges
and Opportunities. Gastroenterology. 2019;156(7):2056-
2072.

doi: 10.1053/j.gastro.2018.12.038

Shyer JA, Flavell RA, Bailis W. Metabolic signaling in T cells.
Cell Res. 2020;30(8):649-659.

doi: 10.1038/s41422-020-0379-5

Brand A, Singer K, Koehl GE, et al. LDHA- Associated Lactic
Acid Production Blunts Tumor Immunosurveillance by T
and NK Cells. Cell Metab. 2016;24(5):657-671.

doi: 10.1016/j.cmet.2016.08.011

Anu RJ, Shiu K, Khan KH. The immunomodulatory role of
IDO1-Kynurenine-NAD+ pathway in switching cold tumor
microenvironment in PDAC. Front Oncol. 2023;13:1142838.

doi: 10.3389/fonc.2023.1142838

Allard B, Allard D, Buisseret L, Stagg J. The adenosine
pathway in immuno-oncology. Nature reviews. Clin Oncol.
2020;17(10):611-629.

doi: 10.1038/s41571-020-0382-2

Faraoni EY, Singh K, Chandra V, et al. CD73-Dependent
Adenosine  Signaling  through  Adora2b  Drives
Immunosuppression in Ductal Pancreatic Cancer. Cancer
Res. 2023;83(7):1111-1127.

doi: 10.1158/0008-5472.CAN-22-2553

Jang J, Hajdu CH, Liot C, et al. Crosstalk between Regulatory
T Cells and Tumor-Associated Dendritic Cells Negates
Anti-tumor Immunity in Pancreatic Cancer. Cell Rep.
2017;20(3):558-571.

doi: 10.1016/j.celrep.2017.06.062

Angelin A, Gil-de-Gémez L, Dahiya S, et al. Foxp3
Reprograms T Cell Metabolism to Function in Low-Glucose,
High-Lactate Environments. Cell Metab. 2017;25(6):1282-
1293.e7.

doi: 10.1016/j.cmet.2016.12.018

Riquelme E, Zhang Y, Zhang L, et al. Tumor Microbiome
Diversity and Composition Influence Pancreatic Cancer
Outcomes. Cell. 2019;178(4):795-806.e12.

doi: 10.1016/j.cell.2019.07.008

Davar D, Dzutsev AK, McCulloch JA, et al. Fecal microbiota
transplant overcomes resistance to anti-PD-1 therapy in
melanoma patients. Science. 2021;371(6529):595-602.

doi: 10.1126/science.abf3363

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.1016/j.cmet.2019.06.001
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/nature13490
https://doi.org/10.1016/j.cmet.2019.02.001
https://doi.org/10.1016/j.cmet.2019.02.001
https://doi.org/10.1016/j.bcp.2020.114354
https://doi.org/10.1016/j.bcp.2020.114354
https://doi.org/10.1158/0008-5472.CAN-13-3723
https://doi.org/10.1158/0008-5472.CAN-13-3723
https://doi.org/10.1016/S1470-2045(16)00078-4
https://doi.org/10.1016/S1470-2045(16)00078-4
https://doi.org/10.1136/gutjnl-2024-334361
https://doi.org/10.1136/gutjnl-2024-334361
https://doi.org/10.1172/JCI187024
https://doi.org/10.1172/JCI187024
https://doi.org/10.1172/JCI191422
https://doi.org/10.1172/JCI191422
https://doi.org/10.1158/2159-8290.CD-18-0567
https://doi.org/10.1158/2159-8290.CD-18-0567
https://doi.org/10.1038/s41568-022-00543-5
https://doi.org/10.1038/s41568-022-00543-5
https://doi.org/10.1186/s12885-021-08911-4
https://doi.org/10.1186/s12885-021-08911-4
https://doi.org/10.1053/j.gastro.2018.12.038
https://doi.org/10.1053/j.gastro.2018.12.038
https://doi.org/10.1038/s41422-020-0379-5
https://doi.org/10.1038/s41422-020-0379-5
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.3389/fonc.2023.1142838
https://doi.org/10.3389/fonc.2023.1142838
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1158/0008-5472.CAN-22-2553
https://doi.org/10.1158/0008-5472.CAN-22-2553
https://doi.org/10.1016/j.celrep.2017.06.062
https://doi.org/10.1016/j.celrep.2017.06.062
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1016/j.cell.2019.07.008
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1126/science.abf3363

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Geller LT, Barzily-Rokni M, Danino T, et al. Potential
role of intratumor bacteria in mediating tumor resistance
to the chemotherapeutic drug gemcitabine. Science.
2017;357(6356):1156-1160.

doi: 10.1126/science.aah5043

Zitvogel L, Daillere R, Roberti MP, Routy B, Kroemer G.
Anticancer effects of the microbiome and its products.
Nature reviews. Microbiology. 2017;15(8):465-478.

doi: 10.1038/nrmicro.2017.44

Pushalkar S, Hundeyin M, Daley D, et al. The Pancreatic
Cancer Microbiome Promotes Oncogenesis by Induction of
Innate and Adaptive Immune Suppression. Cancer Discov.
2018;8(4):403-416.

doi: 10.1158/2159-8290.CD-17-1134

Inamura K. Gut microbiota contributes towards
immunomodulation  against New frontiers
in precision cancer therapeutics. Semin Cancer Biol.
2021;70:11-23.

cancer:

doi: 10.1016/j.semcancer.2020.06.006

Rhim AD, Mirek ET, Aiello NM, et al. EMT and
dissemination precede pancreatic tumor formation. Cell.
2012;148(1-2):349-361.

doi: 10.1016/j.cell.2011.11.025

Hingorani SR, Wang L, Multani AS, et al. Trp53R172H and
KrasG12D cooperate to promote chromosomal instability
and widely metastatic pancreatic ductal adenocarcinoma in
mice. Cancer Cell. 2005;7(5):469-483.

doi: 10.1016/j.ccr.2005.04.023

Liou G, Doppler H, DelGiorno KE, et al. Mutant KRas-
Induced Mitochondrial Oxidative Stress in Acinar Cells
Upregulates EGFR Signaling to Drive Formation of
Pancreatic Precancerous Lesions. Cell Rep.2016;14(10):2325-
2336.

doi: 10.1016/j.celrep.2016.02.029

Kamisawa T, Wood LD, Itoi T, Takaori K. Pancreatic cancer.
Lancet. 2016;388(10039):73-85.

doi: 10.1016/S0140-6736(16)00141-0

Tao Y, Shao E Cai M, et al. Activated Pancreatic Stellate
Cells Enhance the Warburg Effect to Cause the Malignant
Development in Chronic Pancreatitis. Front Oncol.
2021;11:714598.

doi: 10.3389/fonc.2021.714598

Beatty GL, Werba G, Lyssiotis CA, Simeone DM. The
biological underpinnings of therapeutic resistance in
pancreatic cancer. Genes Dev. 2021;35(13-14):940-962.

doi: 10.1101/gad.348523.121

Lennon AM, Wolfgang CL, Canto MI, et al. The Early
Detection of Pancreatic Cancer: What Will It Take to

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Diagnose and Treat Curable Pancreatic Neoplasia? Cancer
Res. 2014;74(13):3381-3389.

doi: 10.1158/0008-5472.CAN-14-0734

Pu Y, Wang C, Zhao S, et al. The clinical application of
18F-FDG PET/CT in pancreatic cancer: a narrative review.
Transl Cancer Res. 2021;10(7):3560-3575.

doi: 10.21037/tcr-21-169

Serrao EM, Kettunen MI, Rodrigues TB, et al. MRI
with hyperpolarised [1-13 Clpyruvate detects advanced
pancreatic preneoplasia prior to invasive disease in a mouse
model. Gut. 2016;65(3):465-475.

doi: 10.1136/gutjnl-2015-310114

Mayers JR, Wu C, Clish CB, et al. Elevation of circulating
branched-chain amino acids is an early event in human
pancreatic adenocarcinoma development. Nat Med.
2014;20(10):1193-1198.

doi: 10.1038/nm.3686

Gaiser RA, Pessia A, Ateeb Z, et al. Integrated targeted
metabolomic and lipidomic analysis: A novel approach to
classifying early cystic precursors to invasive pancreatic
cancer. Sci Rep. 2019;9(1):10208.

doi: 10.1038/s41598-019-46634-6

Zhang L, Zhao L, Lin X, et al. Comparison of Tumor Non-
specific and PD-L1 Specific Imaging by Near-Infrared
Fluorescence/Cerenkov ~ Luminescence  Dual-Modality
In-situ Imaging. Mol Imaging 2024;23:15353508241261473.

doi: 10.1177/15353508241261473

Kimmelman AC, White E. Autophagy and Tumor
Metabolism. Cell Metab. 2017;25(5):1037-1043.

doi: 10.1016/j.cmet.2017.04.004

Yang A, Rajeshkumar NV, Wang X, et al. Autophagy is
critical for pancreatic tumor growth and progression in
tumors with p53 alterations. Cancer Discov. 2014;4(8):905-
913.

doi: 10.1158/2159-8290.CD-14-0362

Santana-Codina N, Roeth AA, Zhang Y, et al. Oncogenic
KRAS supports pancreatic cancer through regulation of
nucleotide synthesis. Nat Commun. 2018;9(1):4945.

doi: 10.1038/s41467-018-07472-8

Karasic TB, O Hara MH, Loaiza-Bonilla A, et al. Effect
of Gemcitabine and nab-Paclitaxel With or Without
Hydroxychloroquine on Patients With Advanced Pancreatic
Cancer. JAMA Oncol. 2019;5(7):993.

doi: 10.1001/jamaoncol.2019.0684

Chen P, Cescon M, Bonaldo P. Autophagy-mediated
regulation of macrophages and its applications for cancer.
Autophagy. 2014;10(2):192-200.

doi: 10.4161/auto.26927

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1038/nrmicro.2017.44
https://doi.org/10.1038/nrmicro.2017.44
https://doi.org/10.1158/2159-8290.CD-17-1134
https://doi.org/10.1158/2159-8290.CD-17-1134
https://doi.org/10.1016/j.semcancer.2020.06.006
https://doi.org/10.1016/j.semcancer.2020.06.006
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1016/j.ccr.2005.04.023
https://doi.org/10.1016/j.ccr.2005.04.023
https://doi.org/10.1016/j.celrep.2016.02.029
https://doi.org/10.1016/j.celrep.2016.02.029
https://doi.org/10.1016/S0140-6736(16)00141-0
https://doi.org/10.1016/S0140-6736(16)00141-0
https://doi.org/10.3389/fonc.2021.714598
https://doi.org/10.3389/fonc.2021.714598
https://doi.org/10.1101/gad.348523.121
https://doi.org/10.1101/gad.348523.121
https://doi.org/10.1158/0008-5472.CAN-14-0734
https://doi.org/10.1158/0008-5472.CAN-14-0734
https://doi.org/10.21037/tcr-21-169
https://doi.org/10.21037/tcr-21-169
https://doi.org/10.1136/gutjnl-2015-310114
https://doi.org/10.1136/gutjnl-2015-310114
https://doi.org/10.1038/nm.3686
https://doi.org/10.1038/nm.3686
https://doi.org/10.1038/s41598-019-46634-6
https://doi.org/10.1038/s41598-019-46634-6
https://doi.org/10.1177/15353508241261473
https://doi.org/10.1177/15353508241261473
https://doi.org/10.1016/j.cmet.2017.04.004
https://doi.org/10.1016/j.cmet.2017.04.004
https://doi.org/10.1158/2159-8290.CD-14-0362
https://doi.org/10.1158/2159-8290.CD-14-0362
https://doi.org/10.1038/s41467-018-07472-8
https://doi.org/10.1038/s41467-018-07472-8
https://doi.org/10.1001/jamaoncol.2019.0684
https://doi.org/10.1001/jamaoncol.2019.0684
https://doi.org/10.4161/auto.26927
https://doi.org/10.4161/auto.26927

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Dikic I, Elazar Z. Mechanism and medical implications
of mammalian autophagy. Nature reviews. Mol Cell Biol.
2018;19(6):349-364.

doi: 10.1038/s41580-018-0003-4

Bryant KL, Stalnecker CA, Zeitouni D, et al. Combination of
ERK and autophagy inhibition as a treatment approach for
pancreatic cancer. Nat Med. 2019;25(4):628-640.

doi: 10.1038/s41591-019-0368-8

Kerk SA, Papagiannakopoulos T, Shah YM, Lyssiotis CA.
Metabolic networks in mutant KRAS-driven tumours: tissue
specificities and the microenvironment. Nat Rev Cancer.
2021;21(8):510-525.

doi: 10.1038/s41568-021-00375-9

Pupo E, Avanzato D, Middonti E, Bussolino F, Lanzetti L.
KRAS-Driven Metabolic Rewiring Reveals Novel Actionable
Targets in Cancer. Front Oncol. 2019;9:848.

doi: 10.3389/fonc.2019.00848

de Sousa Cavalcante L, Monteiro G. Gemcitabine:
metabolism and molecular mechanisms of action, sensitivity
and chemoresistance in pancreatic cancer. Eur ] Pharmacol.
2014;741:8-16.

doi: 10.1016/j.ejphar.2014.07.041

Waili A, Ruzimaimaiti M, Talifu M, et al. Postoperative
pancreatic fistula: a bibliometric analysis of research trends
and a meta-analysis on the association with intra pancreatic
fat deposition. Sci Rep. 2025;15(1):44360.

doi: 10.1038/s41598-025-27860-7

Pelicano H, Martin DS, Xu R, Huang P. Glycolysis inhibition
for anticancer treatment. Oncogene. 2006;25(34):4633-4646.

doi: 10.1038/sj.0nc.1209597

Fiaschi T, Marini A, Giannoni E, et al. Reciprocal Metabolic
Reprogramming through Lactate Shuttle Coordinately
Influences  Tumor-Stroma Interplay. Cancer  Res.
2012;72(19):5130-5140.

doi: 10.1158/0008-5472.CAN-12-1949

Harding JJ, Telli M, Munster P, et al. A Phase I Dose-
Escalation and Expansion Study of Telaglenastat in Patients
with Advanced or Metastatic Solid Tumors. Clin Cancer Res.
2021;27(18):4994-5003.

doi: 10.1158/1078-0432.CCR-21-1204

Tamburrino D, Crippa S, Partelli S, et al. Statin use improves
survival in patients with pancreatic ductal adenocarcinoma:
A meta-analysis. Dig Liver Dis. 2020;52(4):392-399.

doi: 10.1016/j.d1d.2020.01.008

Skoulidis F, Li BT, Dy GK, et al Sotorasib for Lung
Cancers withKRAS p.G12C Mutation. N Engl ] Med.
2021;384(25):2371-2381.

doi: 10.1056/NEJMo0a2103695

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Sharma NS, Gupta VK, Garrido VT, et al. Targeting tumor-
intrinsic hexosamine biosynthesis sensitizes pancreatic
cancer to anti-PD1 therapy. J Clin Investig. 2020;130(1):451-
465.

doi: 10.1172/JCI127515

Long GV, Dummer R, Hamid O, et al. Epacadostat plus
pembrolizumab versus placebo plus pembrolizumab in
patients with unresectable or metastatic melanoma (ECHO-
301/KEYNOTE-252): a phase 3, randomised, double-blind
study. Lancet Oncol. 2019;20(8):1083-1097.

doi: 10.1016/S1470-2045(19)30274-8

Wainberg ZA, Manji GA, Bahary N, et al. Quemliclustat and
chemotherapy with or without zimberelimab in metastatic
pancreatic adenocarcinoma: a randomized phase 1 trial. Nat
Med. 2026;32(4):1267-1277.

doi: 10.1038/s41591-026-04283-2

Spatola BN, Lerner AG, Wong C, et al. Fully human
anti-CD39 antibody potently inhibits ATPase activity in
cancer cells via uncompetitive allosteric mechanism. MAbs.
2020;12(1):1838036.

doi: 10.1080/19420862.2020.1838036

Yokoyama Y, Estok TM, Wild R. Sirpiglenastat (DRP-
104) Induces Antitumor Efficacy through Direct, Broad
Antagonism of Glutamine Metabolism and Stimulation of
the Innate and Adaptive Immune Systems. Mol Cancer Ther.
2022;21(10):1561-1572.

doi: 10.1158/1535-7163.MCT-22-0282

Luengo A, GuiDY, Vander Heiden MG. Targeting Metabolism
for Cancer Therapy. Cell Chem Biol. 2017;24(9):1161-1180.

doi: 10.1016/j.chembiol.2017.08.028

Vander Heiden MG. Targeting cancer metabolism:
a therapeutic window opens. Nat Rev Drug Discov.
2011;10(9):671-684.

doi: 10.1038/nrd3504

Lemberg KM, Vornov]]J, Rais R, Slusher BS. We're Not “DON”
Yet: Optimal Dosing and Prodrug Delivery of 6-Diazo-5-
oxo-L-norleucine. Mol Cancer Ther. 2018;17(9):1824-1832.

doi: 10.1158/1535-7163.MCT-17-1148

Chakravarti B, Akhtar Siddiqui J, Anthony Sinha R, Raza S.
Targeting autophagy and lipid metabolism in cancer stem
cells. Biochem Pharmacol. 2023;212:115550.

doi: 10.1016/j.bcp.2023.115550

Daemen A, Peterson D, Sahu N, et al. Metabolite profiling
stratifies pancreatic ductal adenocarcinomas into subtypes
with distinct sensitivities to metabolic inhibitors. Proc Natl
Acad Sci. 2015;112(32):E4410-E4417.

doi: 10.1073/pnas.1501605112
Karasinska JM, Topham JT, Kalloger SE, et al. Altered Gene

Volume X Issue X (2026)

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41591-019-0368-8
https://doi.org/10.1038/s41591-019-0368-8
https://doi.org/10.1038/s41568-021-00375-9
https://doi.org/10.1038/s41568-021-00375-9
https://doi.org/10.3389/fonc.2019.00848
https://doi.org/10.3389/fonc.2019.00848
https://doi.org/10.1016/j.ejphar.2014.07.041
https://doi.org/10.1016/j.ejphar.2014.07.041
https://doi.org/10.1038/s41598-025-27860-7
https://doi.org/10.1038/s41598-025-27860-7
https://doi.org/10.1038/sj.onc.1209597
https://doi.org/10.1038/sj.onc.1209597
https://doi.org/10.1158/0008-5472.CAN-12-1949
https://doi.org/10.1158/0008-5472.CAN-12-1949
https://doi.org/10.1158/1078-0432.CCR-21-1204
https://doi.org/10.1158/1078-0432.CCR-21-1204
https://doi.org/10.1016/j.dld.2020.01.008
https://doi.org/10.1016/j.dld.2020.01.008
https://doi.org/10.1056/NEJMoa2103695
https://doi.org/10.1056/NEJMoa2103695
https://doi.org/10.1172/JCI127515
https://doi.org/10.1172/JCI127515
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1038/s41591-026-04283-z
https://doi.org/10.1038/s41591-026-04283-z
https://doi.org/10.1080/19420862.2020.1838036
https://doi.org/10.1080/19420862.2020.1838036
https://doi.org/10.1158/1535-7163.MCT-22-0282
https://doi.org/10.1158/1535-7163.MCT-22-0282
https://doi.org/10.1016/j.chembiol.2017.08.028
https://doi.org/10.1016/j.chembiol.2017.08.028
https://doi.org/10.1038/nrd3504
https://doi.org/10.1038/nrd3504
https://doi.org/10.1158/1535-7163.MCT-17-1148
https://doi.org/10.1158/1535-7163.MCT-17-1148
https://doi.org/10.1016/j.bcp.2023.115550
https://doi.org/10.1016/j.bcp.2023.115550
https://doi.org/10.1073/pnas.1501605112
https://doi.org/10.1073/pnas.1501605112

Eurasian Journal of
Medicine and Oncology

Metabolic adaptations in the PDAC TME

119.

120.

121.

122.

123.

Expression along the Glycolysis—-Cholesterol Synthesis Axis
Is Associated with Outcome in Pancreatic Cancer. Clin
Cancer Res. 2020;26(1):135-146.

doi: 10.1158/1078-0432.CCR-19-1543

Bonanomi M, Mallia S, Scalise M, et al. Serine-Driven
Metabolic Plasticity Drives Adaptive Resilience in Pancreatic
Cancer Cells. Antioxidants. 2025;14(7):833.

doi: 10.3390/antiox14070833

Sharma N, Bhushan A, He ], Kaushal G, Bhardwaj V.
Metabolic plasticity imparts erlotinib-resistance in
pancreatic cancer by upregulating glucose-6-phosphate
dehydrogenase. Cancer Metab. 2020;8(1):19.

doi: 10.1186/540170-020-00226-5

Ghiglione N, Abbo D, Bushunova A, et al. Metabolic plasticity
in pancreatic cancer: The mitochondrial connection. Mol
Metab. 2025;92:102089.

doi: 10.1016/j.molmet.2024.102089

Pourmousa M, Jain S, Barnaeva E, et al. AI-driven discovery
of synergistic drug combinations against pancreatic cancer.
Nat Commun. 2025;16(1):4020.

doi: 10.1038/s41467-025-56818-6

Osipov A, Nikolic O, Gertych A, et al. The Molecular Twin
artificial-intelligence platform integrates multi-omic data to
predict outcomes for pancreatic adenocarcinoma patients.
Nat Cancer. 2024;5(2):299-314.

doi: 10.1038/s43018-023-00697-7

124.

125.

126.

127.

128.

129.

Huang W, XuY,LiZ, et al. Enhancing noninvasive pancreatic
cystic neoplasm diagnosis with multimodal machine
learning. Sci Rep. 2025;15(1):16398.

doi: 10.1038/s41598-025-01502-4

Gao E Tang Z, Lian J, Zhang L. Spatial transcriptomics
reveals the mechanistic role of lactate metabolism in the
pancreatic ductal adenocarcinoma microenvironment.
Front Immunol. 2026;17:1743187.

doi: 10.3389/fimmu.2026.1743187

Razmpour T, Tabibian M, Roohi A, Saha R. GAN-enhanced
machine learning and metabolic modeling identify
reprogramming in pancreatic cancer. PLoS Comput Biol.
2026;22(1):e1013862.

doi: 10.1371/journal.pcbi.1013862

WuT, Zhao X, Zhang Y, et al. Precise metabolic dependencies
of cancer through deep learning and validations. Cell Rep.
2025;44(7):115945.

doi: 10.1016/j.celrep.2025.115945

Guo Y, Wang R, Shi J, et al. Machine learning-based
integration develops a metabolism-derived consensus
model for improving immunotherapy in pancreatic cancer.
Immunother Cancer. 2023;11(9):e007466.

doi: 10.1136/jitc-2023-007466

Topalian SL, Forde PM, Emens LA, et al. Neoadjuvant
immune checkpoint blockade: A window of opportunity
to advance cancer immunotherapy. Cancer Cell.
2023;41(9):1551-1566.

doi: 10.1016/j.ccell.2023.07.011

Volume X Issue X (2026)

18

doi: 10.36922/EJM0O026150164


https://doi.org/10.36922/EJMO026150164
https://doi.org/10.1158/1078-0432.CCR-19-1543
https://doi.org/10.1158/1078-0432.CCR-19-1543
https://doi.org/10.3390/antiox14070833
https://doi.org/10.3390/antiox14070833
https://doi.org/10.1186/s40170-020-00226-5
https://doi.org/10.1186/s40170-020-00226-5
https://doi.org/10.1016/j.molmet.2024.102089
https://doi.org/10.1016/j.molmet.2024.102089
https://doi.org/10.1038/s41467-025-56818-6
https://doi.org/10.1038/s41467-025-56818-6
https://doi.org/10.1038/s43018-023-00697-7
https://doi.org/10.1038/s43018-023-00697-7
https://doi.org/10.1038/s41598-025-01502-4
https://doi.org/10.1038/s41598-025-01502-4
https://doi.org/10.3389/fimmu.2026.1743187
https://doi.org/10.3389/fimmu.2026.1743187
https://doi.org/10.1371/journal.pcbi.1013862
https://doi.org/10.1371/journal.pcbi.1013862
https://doi.org/10.1016/j.celrep.2025.115945
https://doi.org/10.1016/j.celrep.2025.115945
https://doi.org/10.1136/jitc-2023-007466
https://doi.org/10.1136/jitc-2023-007466
https://doi.org/10.1016/j.ccell.2023.07.011
https://doi.org/10.1016/j.ccell.2023.07.011

