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Abstract. Pancreatic cancer (PC) has one of the highest
fatality rates and the currently available therapeutic options
are not sufficient to improve its overall poor prognosis. In
addition to insufficient effectiveness of anticancer treatments,
the lack of clear early symptoms and early metastatic spread
maintain the PC survival rates at a low level. Metabolic
reprogramming is among the hallmarks of cancer and could
be exploited for the diagnosis and treatment of PC. PC is
characterized by its heterogeneity and, apart from molecular
subtypes, the identification of metabolic subtypes in PC could
aid in the development of more individualized therapeutic
approaches and may lead to improved clinical outcomes. In
addition to the deregulated utilization of glucose in aerobic
glycolysis, PC cells can use a wide range of substrates,
including branched-chain amino acids, glutamine and lipids to
fulfil their energy requirements, as well as biosynthetic needs.
The tumor microenvironment in PC supports tumor growth,
metastatic spread, treatment resistance and the suppression of
the host immune response. Moreover, reciprocal interactions
between cancer and stromal cells enhance their metabolic
reprogramming. PC stem cells (PCSCs) with an increased
resistance and distinct metabolic properties are associated
with disease relapses and cancer spread, and represent another
significant candidate for therapeutic targeting. The present
review discusses the metabolic signatures observed in PC,
a disease with a multifaceted and often transient metabolic
landscape. In addition, the metabolic pathways utilized by PC
cells, as well as stromal cells are discussed, providing exam-
ples of how they could present novel targets for therapeutic
interventions and elaborating on how interactions between the
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various cell types affect their metabolism. Furthermore, the
importance of PCSCs is discussed, focusing specifically on
their metabolic adaptations.
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1. Introduction

Pancreatic cancer (PC) is currently the seventh leading cause
of cancer-related mortality, with almost as many deaths as
cases; the highest incidence rates are observed in Europe and
Northern America (1). With the lowest 5-year survival rate
of any cancer type (10%), PC is also projected to become the
second leading cause of cancer-related mortality in the United
States by the year 2030 (2,3). As pancreatic ductal adenocar-
cinoma (PDAC) accounts for ~90% of all PC cases (4), the
present review focuses primarily on this type of PC.

A genetic susceptibility for PC is related to mutations,
such as BRCA2, while other risk factors for the development
of this disease include smoking, obesity, diabetes and chronic
pancreatitis (5,6). Due to a lack of alarming symptoms at the
early stages of the disease, the majority of cases are already
an advanced or metastatic stage at the time of diagnosis, and
low survival rates are observed even in cases where resec-
tion is possible (7,8). Chemotherapy remains the standard
treatment option, although gemcitabine monotherapy, as
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well as certain combination chemotherapeutic regimens,
such as FOLFIRINOX and nab-paclitaxel plus gemcitabine
have achieved only minimal survival benefits, while being
associated with considerable toxicity issues (9,10). Moreover,
advances in the field of cancer immunotherapies have not yet
had an impact on PC, mainly due to the dense stromal barrier,
which poses an obstacle for the infiltration of immune cells,
due to the immunosuppressive environment and the shortage
of effector T-cells able to eliminate tumor cells (11). Although
attempts to manipulate the immune system in PC have yielded
some promising results (12-14), the majority of clinical trials
to date have been largely disappointing (15).

Alternative strategies to combat this lethal disease are
therefore sought after and the targeting of the deregulated
metabolic physiology, which is additionally connected to
radio- and chemo-resistance in PDAC, is one of the promising
options (16,17). The common genomic alterations, such as the
activation of the KRAS oncogene, the deletion of the tumor
suppressor gene, SMAD4, or the transformation of the tumor
suppressor, p53, into a prooncogenic protein significantly
stimulate nutrient acquisition and a variety of metabolic path-
ways (18). The ability to stratify PDAC tumors into subgroups
with distinct metabolic requirements and vulnerabilities could
offer valuable prognostic information and may aid to in the
selection of specific treatments. For example, some studies
have identified glycogenic and lipogenic subtypes associated
with different survival outcomes and distinct sensitivity to
metabolic inhibitors (19,20).

The ability of PC cells to obtain nutrients from their
surroundings and through autophagic pathways, unique physi-
ological characteristics of the tumor microenvironment, as
well as the interactions of PC cells with non-cancer cells are
also among the factors that markedly contribute to the exten-
sively reprogrammed metabolism in PDAC (21). Populations
of highly clonogenic, resistant and metastatic PC stem cells
(PCSCs) appear to have distinct therapeutic vulnerabilities
related to specific metabolic features that could be exploited.
Importantly, metabolic plasticity that allows PCSCs to adapt
to environmental changes appears to be connected to distinct
patterns of DNA methylation and so a disruption of this meta-
bolic-epigenetic crosstalk present within PDA could represent
another therapeutic target (22).

The present review discusses a range of metabolic and
physiological aspects of PC cells, which play a role in the
development and progression of this difficult-to-treat and
aggressive malignancy. The present review also focuses on the
possibility of targeting PDAC-specific metabolic pathways in
order to aid in the development of more effective and person-
alized therapies. The metabolic pathways discussed herein
as taking place in PC cells are summarized in Fig. 1 and the
metabolic crosstalk within the tumor microenvironment in PC
is illustrated in Fig. 2.

2. Search tools

The PubMed/MEDLINE, Scopus and Web of Science
databases were searched with search terms including ‘cell
metabolism’, ‘metabolic phenotypes’, ‘metabolic profiles’,
‘pancreatic cancer’, ‘tumor microenvironment’, ‘stem cells’,
‘therapeutic/treatment resistance’ and ‘metabolomics’ in

various Boolean combinations as search strings. In order
to cover the selected topic comprehensively, articles were
searched without a limit on their date of publication. Only
published, peer-reviewed articles in the English language were
included in the search and literature analysis. The articles
were then manually sorted and critically evaluated according
to relevance. Based on the database searches, electronic and
manual cross-referencing was used to identify additional
relevant sources.

3. Distinct metabolic profiles and metabolic flexibility of
pancreatic cancer cells

Pancreatic tumors are known to be heterogenic at the cellular
level, with distinct metabolic traits and methods of nutrient
acquisition, which can lead to issues with effective treat-
ment (23). There is therefore a need for a better understanding
of the biological characteristics of PC together with an assess-
ment of metabolic phenotypes of individual tumors in order
to lead to the development of more targeted therapeutic strate-
gies. Patient stratification strategies are becoming increasingly
useful in cancer diagnosis, prognosis assignment and in
creating appropriate treatment strategies. The comparison
of mutational profiles has proven problematic with question-
able associations between mutational status and disease
behavior (24).

Genomic and transcriptomic studies based on molecular
profiling have identified subgroups of PDAC often overlapping
to varying degrees (25-29). Moffitt ef al (26) used PDAC gene
expression microarray data to identify and validate two tumor
subtypes, ‘basal-like’ and ‘classical’. On a molecular level, the
basal-like subtype was similar to basal tumors of the urinary
bladder and breast cancer and had a worse outcome. Notably,
using the algorithmic separation of tumor, stromal and
normal gene expression, they also identified distinct stromal
subtypes, which were defined as ‘normal’ and ‘activated’ and
were independently prognostic. These findings demonstrate a
particular significance of the stromal compartment, which has
been shown to play crucial roles in PDAC biology (30-35). It
is also becoming clear that further heterogeneity in expression
profiles exists within cells of a single tumor (36).

PC cells need to be able to proliferate rapidly, which is
complicated by the dense stroma environment, which lacks
adequate vasculature and therefore presents a nutrient- and
oxygen-poor environment. Cells in such conditions undergo
extensive oncogene-directed metabolic reprogramming,
which includes a higher nutrient acquisition, increased
glucose utilization through aerobic glycolysis, an upregulated
biosynthesis of lipids and amino acids, alterations in the redox
balance, as well as an activation of recycling and scavenging
pathways (37-41).

In addition to the molecular signatures of PDAC afore-
mentioned, metabolic subtypes with specific metabolic
requirements have also been identified that are of prognostic
value and could aid in the selection of treatments and may
thus lead to more favorable therapeutic outcomes. Based on
broad metabolic profiling, Daemen et al (19) described ‘slow
proliferating’, ‘glycolytic’ and ‘lipogenic’ PDAC subtypes,
which exhibited different metabolite levels associated with
glycolysis, lipogenesis and redox pathways. Studying the
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Figure 1. Metabolic pathways utilized by pancreatic cancer cells. Upward arrows represent upregulation and T-bars represent inhibition. Red lettering indicates
deregulated genes, proteins and processes. ACS, acetyl-CoA synthetase; Arg, arginine; ASCT2, alanine serine cysteine transporter 2; Asp, aspartate; BCAAs,
branched-chain amino acids; BCAT1/2, branched-chain aminotransferase 1/2; BCKAs, branched-chain keto acids; CPSII, carbamoyl phosphate synthase II;
EMT, epithelial-mesenchymal transition; F-1,6BP, fructose 1,6-bisphosphate; F-6P, fructose 6-phosphate; FA, fatty acid; FASN, fatty acid synthase; G-6P,
glucose 6-phosphate; GFAT, glutamine fructose-6-phosphate amidotransferase; GlcN-6P, glucosamine-6-phosphate; Gln, glutamine; GLS1/GLS2, glutaminase
1/2; Glu, glutamate; GLUT], glucose transporter 1; GOT1/GOT2, glutamate oxaloacetate transaminase 1/2; GPAT, glycerol-3-phosphate acyltransferase;
GSH, glutathione; GSSG, glutathione disulfide; HIF la/HIF2a, hypoxia-inducible factor 1-a/2-a; HIF1f, hypoxia-inducible factor 1-f; HK1/2, hexokinase 1/2;
HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; Farnesyl-PP, farnesyl pyrophosphate; Ile, isoleucine; LDLR, low-density lipoprotein receptor;
Leu, leucine; IncRNA XLOC_006390, long non-coding RNA XLOC_006390; MCT1/MCT4, monocarboxylate transporter 1/4; ME2, malic enzyme 2; ME3,
malic enzyme 3; mTORC1/mTORC?2, mechanistic target of rapamycin complex 1/2; MUFA, monounsaturated fatty acid; Mutp53, mutant p53; NAD", nico-
tinamide adenine dinucleotide; NADH, reduced form of nicotinamide adenine dinucleotide; NADP*, nicotinamide adenine dinucleotide phosphate; NADPH,
reduced form of nicotinamide adenine dinucleotide phosphate; NEAA, non-essential amino acids; NO, nitric oxide; OAA, oxaloacetate; PDH, pyruvate
dehydrogenase; PFK1, phosphofructokinase-1; Pi, inorganic phosphate; PI3K, phosphoinositide 3-kinase; PKM2, pyruvate kinase M2; PPP, pentose phos-
phate pathway; PUFA, polyunsaturated fatty acid; SCDI, stearoyl-CoA desaturase 1; SFA, saturated fatty acid; UB, ubiquitin; UCP2, uncoupling protein 2;
UDP-GIcNAc, uridine diphosphate N-acetylglucosamine; Val, valine; 0-KG, a-ketoglutarate.

differences between glycolytic and lipogenic lines, theys
found particularly significant high levels of phosphoenol-

derived from patients into categories based on the utilization
of glucose and glutamine: Warburg type, reverse Warburg type,

pyruvate (PEP) and of the ENO2 mRNA coding for the
glycolytic enzyme neuron-specific enolase (ENO2), which
converts 2-phosphoglycerate to PEP. The two metabolic
subtypes also responded differently to inhibitors of glycolysis
and lipid metabolism. Based on these findings, those authors
suggested ENO2 inhibitors as a possible therapeutic option
for aggressive, fast growing glycolytic tumors where ENO2
was found to be strongly expressed. They also observed a
correlation between these subtypes and those identified by
Collisson et al (25), indicating that links indeed exist between
molecular and metabolic subtypes. They used their findings
to create a model, in which epithelial tumors use glucose for
the tricarboxylic acid (TCA) cycle and de novo lipogenesis,
whereas mesenchymal tumors preferentially fuel the TCA
cycle by glutamine with a potentially enhanced vulnerability
to ROS-inducing agents (19).

Yu et al (42) performed an analysis of the expression of
metabolism-related proteins and classified pancreatic tumors

mixed type, and null type in glucose-dependent metabolism and
canonical type, and non-canonical type, mixed type and null
type in glutamine-dependent metabolism. The Warburg type,
non-canonical type and mixed types of these two metabolic
branches were represented by metabolically active, biologically
aggressive and tumors with a poor prognosis. Those authors
came to the conclusion that a higher number of metabolic
subtypes and categories leads to major differences in survival
outcome: The more subtypes and categories PCs employ, the
worse the outcome (42). There are other studies focusing on the
molecular and metabolic stratification of PDAC tumors (20,43);
however, the two important phenotype categories which can
be taken out of those are more aggressive, often metastatic
glycolytic subtypes commonly featuring the amplified onco-
genes, KRAS and Myc, with less favorable clinical outcomes,
and lipogenic subtypes with the more prominent utilization of
lipid metabolism pathways and a better prognosis. In addition
to those studies, an association of particular lipid metabolites
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Figure 2. Roles of TME in PC. Upward arrows represent upregulation and T-bars represent inhibition. aPSC, activated pancreatic stellate cell; AXL, AXL
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growth factor 1 receptor; IGFBPs, insulin-like growth factor binding proteins; IL-6, Interleukin-6; IL-6R, interleukin-6 receptor; ISG1S5, ubiquitin-like
molecule interferon-stimulated gene 15; MAPK, mitogen-activated protein kinase; MCT, monocarboxylate transporter; MMPs, matrix metalloproteinases;
NEAA, non-essential amino acid; NF-«kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NK cell, natural killer cell; OAA, oxaloacetate;
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cell adhesion molecule-1; a-KG, a-ketoglutarate.

with a worse prognosis in PDAC has recently been highlighted.
Performing metabolomic profiling of patient-derived tumor
xenografts (PDTX) Kaoutari et al (44) linked increased levels
of triacylglycerols with a poor prognosis. They also managed to
improve the sensitivity of PDTX-derived primary cells to the
cytotoxic drugs gemcitabine, oxaliplatin and 5-fluorouracil by
blocking the synthesis of glycerophospholipids (44).

It should be kept in mind that interactions involving
distinct cell populations within the tumor microenvironment
may also contribute to the complex nature of PDAC metabolic
phenotypes. Single-cell metabolomics can be used to distin-
guish different cell types in a heterogeneous cell mixture
and to provide information about metabolic specificities of
tumor cells from clinical cancer tissues (45). Specifically, a
high-throughput, label-free and sensitive dielectric barrier
discharge ionization-mass spectrometry (DBDI-MS) platform
has been developed for the analysis of single-cell metabolites,
which identified deregulated lipid metabolism in PDAC cells
and detected a reduction in lipid content after the inhibition of

ATP citrate lyase, a rate-limiting enzyme for lipid synthesis,
which has high mRNA levels in both patients with PDAC
from The Cancer Genome Atlas dataset, as well as PC
cell lines (45). Distinguishing metabolic variations among
the subsets of cell populations on a single-cell level is also
possible via a complex metabolic profiling method single
cell energetic metabolism by profiling translation inhibition
(SCENITH) or by measuring multiple enzymatic activities
reflecting different metabolic pathways at saturating substrate
conditions at single cell resolution (46,47). SCENITH is based
around puromycin labeling and flow cytometry measurements
of protein synthesis, reflective of global cellular metabolic
activity. It can be used directly in heterogeneous human tumor
samples to study metabolic profiles of multiple cell types. The
analysis of single cell enzymatic activities within a native
tissue microenvironment relies on enzyme histochemistry and
automated histocytometry to identify particular cell types and
simultaneously characterize intra- and intercellular metabolic
configurations (46,47).
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Metabolic phenotypes of cancer cells can be transient.
For example, progressively de-differentiated PC cells have
been shown to undergo a shift from glycolytic to oxidative
metabolism, resulting in a quiescent state. Following the
re-differentiation, these cells regained their proliferative
capacity and glycolytic metabolism, commonly associated
with a greater aggressiveness (48). Metabolic switches in
PDAC cells can occur also as a response to disruptions caused
by treatments (39,49). It is thus of utmost significance to under-
stand the underlying mechanisms, as it could help either to
prevent, overcome or even exploit such metabolic plasticity.

4. Glucose, lactate and the metabolic collaboration in the
tumor microenvironment

The enhanced utilization of glucose by tumor cells even under
normal oxygen levels was observed by Otto Warburg as early
as the 1920s and was later defined as the Warburg effect (50).
Since then, the importance of the Warburg phenotype in
cancer cells has been well-documented. Its advantages lie in
the quick supply of ATP, the support of increased biosynthetic
needs, the modification of chromatin structure and redox
regulation (51,52). Moreover, the produced and exported
lactate contributes to immunosuppression within the tumor
microenvironment (53). To compensate for the relatively low
ATP output compared to mitochondrial oxidative phosphory-
lation (OXPHOS), the uptake of glucose can be increased by
an overexpression of the glucose transporter 1 (GLUT1) (54).
Additionally, phosphorylation on Ser226 in GLUT1 was iden-
tified as a key event for the enhanced cell surface localization
of GLUT]1 and for the regulation of glucose transport (55).
A sustained elevated glycolytic flux in PDAC is markedly
connected with an increased expression of rate-limiting
glycolytic enzymes like phosphofructokinase 1 and lactate
dehydrogenase A (LDHA) (56-58), and there is also evidence
of glycolytic enzymes regulating the epithelial-mesenchymal
transition (EMT) in PC cells, inducing PC cell invasion and
metastasis as well as promoting tumor angiogenesis (59-63).
The Raf/MEK/extracellular signal-regulated kinase (ERK)
signaling pathway activated by oncogenic KRAS together with
hypoxic conditions known to be present in PDAC increase
glucose uptake and the expression of glycolytic enzymes,
which then leads to the establishment of an acidic microenvi-
ronment and the promotion of tumorigenesis (57,64).

The transport of lactate in and out of cells is a key factor
in metabolic adaptations to deal with the unequal access to
vasculature and differing oxygen levels within a tumor. Out of
the group of monocarboxylate transporters (MCTs) belonging
to the SLCI6A gene family, which are crucial for controlling
acidity levels within the tumor and the microenvironment,
MCT-1 and MCT-4 were previously shown to be upregulated
in PC (65). To correctly function, MCT1 and MCT4 need
to be properly inserted into the plasma membrane, which is
facilitated by CD147 glycoprotein (66). MCT-4 is upregulated
by hypoxia, promotes glucose uptake and the production of
lactate via glycolysis. MCT-1 expression on the other hand is
dependent on oxygen and is repressed by hypoxia (67). It facili-
tates lactate uptake by cells, which is then used as a substrate
in the TCA cycle for ATP production in OXPHOS (68). Cells
expressing MCT-1 have a well-developed mitochondrial
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network and produce large amounts of TCA intermediates and
ATP (41). This led to the development of a model of PDAC
where aerobic cells in normoxic regions utilize OXPHOS fed
by lactate produced by hypoxic cells and imported through
MCT-1, leaving glucose to be preferentially used in aerobic
glycolysis by cells growing at low oxygen pressure (65).

A similar collaboration appears to exist between cancer
cells and stromal resident cells. Cancer cells induce oxidative
stress and aerobic glycolysis in cancer-associated fibroblasts
(CAFs) and subsequently use energy-rich metabolites lactate
and pyruvate secreted by CAFs to sustain their own increased
proliferation (69,70). The Gj-coupled receptor GPR81 was
confirmed to be expressed in several cancer cell lines,
including those of PDAC and to play a critical role in sensing
extracellular lactate (71). Its activation leads to an increased
expression of MCTs, CD147 and peroxisome proliferator-acti-
vated receptor-y co-activator PGC-1a which, apart from its
ability to increase MCT1 expression, engages in a spectrum
of biological processes (72). PGC-1a is strongly linked to the
regulation of glucose and fatty acid metabolism, fiber type
switching in skeletal muscle, adaptive thermogenesis and
heart development as well as the stimulation of mitochondrial
biogenesis (73). The silencing of GPRS81 has been found to
negatively affect the mitochondrial activity of cancer cells
grown in cell culture conditions, with only lactate as an avail-
able energy source. Roland ef al (71) also observed that the loss
of GPR81 was associated with a reduced PC tumor growth and
metastasis in vivo. Following these findings regarding the key
role of lactate metabolism in cancer progression, researchers
have begun to explore potential benefits of the inhibition of
MCTs and CDI147 in PDAC and beyond (74-78).

Finally, Lau et al (79) demonstrated the importance of
studying tumor cellular metabolism within heterogeneous
systems, which contain different cell types to identify depen-
dencies that may not be evident from studying isolated cells in
culture. They used isotope-labeled nutrient tracing in macro-
molecules to detect increased pyruvate carboxylation of PC
cells relative to fibroblasts in murine PC organoid-fibroblast
co-cultures and tumors and then demonstrated that a loss of
enzymes with pyruvate carboxylation activity (malic enzyme 1
and pyruvate carboxylase) had a minimal effect on PC cell
proliferation in monoculture, whereas it reduced the growth of
organoid co-cultures compared to the controls (79).

5. Lipids as essential metabolites and possible clinical
markers of PDAC

Lipids support cancer progression via multiple mechanisms,
including the formation of biomembranes, participation in
cellular signaling and as an energy source (80). Depending
on the microenvironmental conditions, as well as currently
active metabolic pathways, PC cells can direct glucose or
glutamine-derived carbons to increase the synthesis of fatty
acids (19). Notably, increased levels of fatty acid synthase
(FASN) involved in de novo lipid synthesis have been shown to
be associated with a worse prognosis of patients with PC (81).
As for the possible underlying reasons behind this association,
FASN was previously associated with the HER2-PI3K/AKT
signaling axis and shown to exert a prominent effect on the
proliferation and migration of cancer cells (82). Additionally,
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acidic extracellular conditions could lie behind the tran-
scriptional upregulation of FASN by means of epigenetic
modifications (83). It is not unreasonable to suggest that similar
processes could be taking place in PC, where the increased
expression of other lipogenic genes has been found (19).
Furthermore, FASN knockdown has been found to lead to an
increased responsiveness of PC cells to gemcitabine, as well
as radiation treatments, thus creating a link between the over-
expression of FASN and treatment-resistant phenotypes (16).
In a more recent study, a paclitaxel-poly(lactic-co-glycolic
acid) nanoparticle (PPNPs) formulation was able to inhibit
de novo lipid synthesis, alter membrane stability and improve
anticancer efficacy of gemcitabine in PC cells, further
emphasizing the importance of lipid metabolic signaling in
PC chemoresistance (84). Aside from FASN, stearoyl-CoA
desaturasel (SCD1) is another central lipogenic enzyme that
contributes to the progression of cancer. SCDI is important
for keeping the correct composition of cancer cell membranes,
where monounsaturated phospholipids provide protection
from oxidative stress (85,86). Taken together with the fact
that the inhibition of SCDI1 appears to cause obstructions
in aberrant RAS and AKT signaling often involved in the
development and progression of PDAC, it could represent a
potential therapeutic target (87,88).

An increased amount of free, newly synthesized fatty
acids, such as palmitate could be toxic for cancer cells with
apoptosis as the likely outcome. Therefore, a controlled release
of fatty acids from intracellular lipid stores, where they are
stored in the form of triglycerides, by intracellular lipolysis is
crucial for preventing that scenario (89). Apart from de novo
synthesis, PC cells can obtain fatty acids also from the circu-
lation from food digestion or from fatty acid release from
the adipose tissue. This may present an obstacle, as it could
render the aforementioned inhibition of the endogenous fatty
acid synthesis in PDAC insufficient with regard to antitumor
effects, making it hard to justify as an isolated therapeutic
approach. The ability of cancer cells to use fatty acid uptake in
addition to de novo fatty acid synthesis could help to explain
why obesity with characteristically elevated fatty acid plasma
levels and a high-fat diet are among the potential risk factors
for cancer development and worse clinical outcomes of malig-
nancies (38,90-94).

Cholesterol and its synthetic pathway have numerous
functions in cancer cells, supporting their growth, prolif-
eration and migration (95). Both the targeting of exogenous
cholesterol uptake in PC cells through the shRNA silencing
of low-density lipoprotein (LDL) receptor (96) and the inhibi-
tion of 3-hydroxy-methylglutaryl-CoA reductase (HMG-CoA
reductase), a key enzyme in cholesterol synthesis, by statins
has exhibited promising anticancer effects (97). An inhibition
of HMG-CoA reductase can also disrupt the process of protein
prenylation, an essential process for the activation of signaling
proteins including KRAS, which could be exploited to further
target cancer cells (98). It is, however, uncertain whether statins
may be used as a monotherapy for cancer, as their therapeutic
efficacy in clinical trials is controversial (99). For example,
pravastatin, a potent HMG-CoA reductase inhibitor, has been
found to significantly prolong the survival of patients with
advanced hepatocellular carcinoma (HCC) in one study (100),
while in another clinical study, the same statin did not improve

the survival of patients with advanced HCC, despite the high
doses (40-80 mg/day) administered (101). Nevertheless, their
use, specifically in combination with other agents, such as
FASN inhibitors, remains of pharmacological interest.

Looking at the metabolic rewiring in PDAC and specifi-
cally, at the alterations of lipid metabolism in the context of
genomic alterations, inactivating mutations of the TP53 gene
that often precede the emergence of metastatic tumors stand
out in particular. Recently, mass-spectrometry-based lipidome
profiling in combination with the transcriptomics of in vitro
models and patients with PDAC revealed that the loss of p53
caused a deregulation of intracellular and secreted lysophos-
pholipids with the suggestion that this class of lipids may
play a role in p53-mediated non-cell-autonomous molecular
signaling, which causes the remodeling of the cancer micro-
environment and contributes to immune evasion during PDAC
pathogenesis (102).

In addition to rendering the treatment of PDAC more
effective, it is crucial to spot its onset early. Biomarkers with
optimal specificity and sensitivity for an early diagnosis
of PC are therefore much sought after. Within that context,
altered serum levels of several lipid metabolites, such as
very-low-density lipoprotein, LDL, high-density lipoprotein,
3-hydroxybyturate, lysophosphatidylcholine, phosphatidyl-
ethanolamine and bile acids, such as taurocholic acid were
identified (103,104). Recently, Wang ef al (105) combined
machine learning and metabolomics to select lipids, such as
diacylglycerol and lysophosphatidylethanolamine for their
detection in PDAC patients' serum and proposed the poten-
tial clinical application of their liquid chromatography-mass
spectrometry-based targeted lipidomics assay for the effective
and accurate auxiliary diagnosis of PDAC. Analyzing the lipid
content in pancreatic tissue could also be used to distinguish
chronic pancreatitis from PC, e.g., through the employment of
NMR spectroscopy (106).

6. Amino acids are involved in the regulation of pancreatic
cancer cell proliferation and dissemination

As a consequence of the use of aerobic glycolysis for ATP
production and the conversion of pyruvate to lactate, cancer
cells use other mechanisms to secure the fueling of the citric
acid cycle than the conversion of pyruvate of glycolytic origin
to acetyl-CoA and then to citrate. An increased dependence on
glutaminolysis, which is accompanied by nicotinamide-adenine
dinucleotide phosphate (NADPH) production and changes
in the activity of corresponding enzymes is one particular
mechanism through which cancer cells maintain the proper
function of the Krebs cycle (107). This allows such cells to
reserve glucose-derived carbon for the use in biosynthetic
pathways, such as the pentose phosphate pathway, which
ultimately yields NADPH and substrates for the synthesis of
ribonucleotides (108,109). NADPH, as a glutathione reductase
(GR) co-substrate, plays a role in maintaining the reduced pool
of glutathione important for reactive oxygen species (ROS)
scavenging (110). Stepping aside from the important role of
glutamine metabolism in maintaining the appropriate levels
of ROS in cancer cells, the metabolism of other amino acids
has also been identified as a possible target for the disruption
of the redox homeostasis in PC cells. The inhibition of the
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import of oxidized cysteine has been shown to cause a redox
imbalance and subsequent ferroptosis in targeted cells (111).
This points at a critical dependency of PDAC cells on cysteine
contribution to the synthesis of glutathione and coenzyme A
to endure elevated lipid ROS production, typically elicited by
oncogenic signaling to stimulate tumor growth (111).

The mitochondrial production of citrate from glutamine in
a multistep process and its subsequent conversion to cytosolic
acetyl-CoA links glutaminolysis with fatty acid synthesis to
support the growth of cancer cells in vivo (112). Glutamine also
serves as a substrate in the hexosamine phosphate synthesis
and is critical for the replenishment of nucleotides, as well
as amino acids pools (113-115). Bott et al (116) found that
in glutamine-deprived PDAC cells, the glutamate ammonia
ligase-mediated de novo synthesis of glutamine was critical
for the transfer of the terminal amide nitrogen to nucleotides
and hexosamines and subsequently, for their growth. Among
the enzymes present in cancer cells that are responsible for
the production of glutamine-derived a-ketoglutarate are
glutamate-dehydrogenase (GDH), alanine aminotransferase
(ALT or GTP), phosphoserine aminotransferase 1 and aspar-
tate transaminase (AST or GOT) (117). In PC, a so-called
non-canonical glutamine metabolism pathway is prominently
used, where glutamine is first converted to aspartate, which is
then converted to oxaloacetate by GOT1 in the cytoplasm. This
NADPH-producing pathway concludes with the formation of
malate and later pyruvate. An oncogenic form of the KRAS
protein has been shown to be associated with the establish-
ment of this non-canonical pathway of glutamine metabolism
in a study on PDAC (118). This growth advantage-conferring
pathway can also be stimulated by hypoxia, often observed
in PDAC cells: The PI3K/mammalian target of rapamycin
complex (mMTORC) 2 pathway targets hypoxia-inducible
factor 2-o (HIF2-a) with a consequent transcriptional activa-
tion of GOT1 (119). Recently, it has also been confirmed in
PDAC cells that the uncoupling protein 2 (UCP2)-mediated
transport of glutamine-derived aspartate from mitochondria
to cytosol is critical for the generation of NADPH in this
pathway. Notably, UCP2 silencing has been shown to mark-
edly suppress the growth of KRAS™' PDAC cells (120).

Multiple research teams have tried to confirm the critical
importance of this non-canonical pathway of glutamine
metabolism in PC. In a previous study, a pan-inhibitor of
transaminases, aminooxyacetate (AOA) negatively affected
the growth of PDAC cell lines; however, non-transformed
human pancreatic ductal cells and human diploid fibroblasts
remained largely unaffected (118). The authors of that study
suggested, however, that the sensitivity of cells to AOA was
dependent on whether or not oncogenic KRAS was present to
support the anabolic metabolism of glutamine. Encouragingly,
the decreased ability of PDAC cells to combat oxidative stress
after an impairment of Gln metabolism could significantly
increase the success rate of the whole approach (118). In another
study, the inhibition of mitochondrial GOT2 led to a marked
induction of cyclin-dependent kinase inhibitor p27-mediated
cellular senescence and the growth suppression of PDAC cells.
This effect was not observed in non-transformed cells (121).

Apart from oncogenic KRAS signaling, other regulatory
mechanisms exist in PDAC that modulate the metabolism of
amino acids and provide for the metabolic needs of cancer
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cells. The MYC oncogene positively regulates glutamine uptake
and causes a suppression of microRNAs (miRNAs/miRs) with
an inhibitory effect towards glutaminase (GLS) (122,123).
Son et al (118) demonstrated that a chemical inhibition of GLS
had a growth-suppressive effect on both human and mouse
PDAC cells. However, Roux et al (124) observed a decreased
activity and mRNA levels of GLS in the majority of the analyzed
PDAC cells. Those cells had an increased activity, mRNA and
protein expression of glycerol-3-phosphate acyltransferase and
carbamoyl phosphate synthetase II, which allowed them to
produce nucleotides and glutamate, as well as upregulated levels
of alanine serine cysteine transporter 2 responsible for gluta-
mine import. GDH and AST/GOT were other enzymes with an
elevated activity. Another study demonstrated that the activity
of Myc itself could be regulated by RNA and that expression
levels of long non-coding RNA (IncRNA) XLOC_006390 were
specifically associated with changes in glutamate metabolism,
proliferation and migration of PC cells (125). It was found
that this specific IncRNA functioned by binding to c-Myc and
preventing ubiquitination with the final result being the increased
stability of the transcription factor that binds to the promoter
of GDHI and acts as its transcriptional activator. Of note,
He et al (125) suggested that it was the XLOC_006390/c-Myc
signaling axis resulting in the upregulation of GDHI expression
that was associated with worse survival times of patients with
PC rather than the expression of other enzymes involved in the
a-ketoglutarate supply.

In conditions with a low glutamine availability, the
transcription factor p53 is a chief participant in pro-survival
signaling and can help cancer cells to overcome such a
nutritional challenge by stimulating the expression of trans-
porters, facilitating the import of other amino acids. Aspartate
and arginine can be taken up by cells more robustly due to
the involvement of p53, with the latter amino acid capable
of activating the mTORCI, and in turn promoting tumor
growth (126,127). In addition to wild-type p53, mutated p53
can also play a role upon a glutamine withdrawal to promote
tumor cell survival via an induction of p21 resulting in cell
cycle arrest (128). Taken together, pS3 can act in conjunction
with mTORCI] either towards stopping or promoting cell
proliferation in a context-dependent manner, with factors such
as the type of stress stimulus and the mutational status of p53
likely to be involved.

Other tumor suppressors frequently mutated in cancer cells
have been linked to the altered cellular metabolism of various
types of cancer, including PDAC (18). A homozygous deletion of
the tumor suppressor gene locus SMAD4, which occurs in PDAC
and can cause the loss of the malic enzyme 2 (ME2), was previ-
ously exploited to disrupt NADPH production, mitochondrial
redox homeostasis and amino acid metabolism. The simulta-
neous deletion of both mitochondrial malic acid enzymes ME2
and ME3 led to a suppressed transcription of branched-chain
aminotransferase 2 and thus impeded the transfer of amino
groups from branched chain amino acids to a-ketoglutarate. As
a consequence, glutamate could not be resynthesized efficiently
and the de novo nucleotide synthesis was also impaired (129).
This approach could be potentially therapeutically beneficial in
patients with PDAC with a homozygous deletion of the SMAD4
locus, who constitute approximately one-third of PDAC cases
and who, at the same time, have ME2 deletions (129).
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Aberrant metabolism can lead to epigenetic altera-
tions associated with an uncontrolled proliferation, as the
activity of chromatin-modulating enzymes involved in the
regulation of DNA transcription is dependent on the pres-
ence of cellular metabolites, such as acetyl-coenzyme A
and S-adenosylmethionine (130-132). Kottakis et al (133)
established how a concrete metabolic state interconnected
with epigenetic processes contributes to the oncogenic
transformation in pancreatic cells with concurrent LKB1
and KRAS mutations. An interrelation was found between
the generation of excess S-adenosylmethionine induced
by the mTOR-dependent channeling of glucose and
glutamine-derived intermediates into the serine-glycine-one
carbon pathway, and transcriptional silencing through DNA
methylation (133).

The importance of amino acids is also apparent when it
comes to the transcriptional regulation of the Snail family
of EMT transcription factors (EMT-TFs). These EMT-TFs
suppress E-cadherin, and other epithelial markers and
adhesion molecules, and increase the expression of matrix
metalloproteinase (MMPs), thus stimulating EMT, which
often precedes the metastatic spread of cancer cells (134).
Arginine additionally supports PDAC cell dissemination by
serving as the precursor for the synthesis of nitric oxide (NO),
while glutamate has been shown to stimulate the metastatic
spread in PC, functioning through its neurotransmitter
receptors (135,136). Specifically, the depletion of arginine
has been found to impede the migration, adhesion and
invasion of PC cells with a lower expression of EMT-TFs,
extracellular matrix-rebuilding MMPs and an increased
expression of the epithelial marker, E-cadherin (134). The
use of arginine deprivation in the treatment of PC could
also achieve more prominent antitumor effects. It may thus
combat the development of therapeutic resistance with a
simultaneous use of cytotoxic agents, such as gemcitabine
or when combined with the inhibition of other metabolic
pathways in PDAC cells, including those belonging to
glutamine metabolism, serine biosynthesis or polyamine
biosynthesis (137,138).

Finally, to be able to cope with a situation when nutri-
tional deficiencies arise, PDAC cells are well-adapted to
take advantage of extracellular nutrient sources available
in the microenvironment. When needed, they can utilize
protein-macropinocytosis to obtain important amino acids
by lysosomal degradation, as well as autophagy to recycle
proteins, macromolecules and whole organelles and to refill
essential nucleotide pools (139-143). Additionally, autophagy
in PC supports immune evasion and is required for proper
cystine transport and cysteine homeostasis by promoting the
localization of the cystine transporter SLC7A11 at the plasma
membrane (144,145). Notably, Maertin et al (140) found that
while the basal autophagic activity of PC cells was relatively
high, amino acid depletion and hypoxia activated autophagy
only weakly, if at all. As regards the precise regulation of the
autophagic process, they confirmed the stimulation of basal
autophagy by the oncogenic activation mutation in KRAS
GTPase and by the consequently stimulated OXPHOS. A
limitation of amino acid supply to suppress OXPHOS was
also mentioned as a potential option for the treatment of
PDAC (140).

7. Mitochondrial oxidative metabolism as a therapeutic
target

It is no longer controversial that numerous cancer cells
have fully functional mitochondria performing OXPHOS,
depending on the oxygen availability in the particular tumor
site, the amount of available metabolites capable of fueling the
TCA cycle and the required regulation state. This is contrary
to the previous hypothesis of universally diminished OXPHOS
activity with defective mitochondria whenever glycolysis was
found to be upregulated in tumors (146).

Substrates produced by fatty acid oxidation, glycolysis and
glutaminolysis enter the TCA cycle, which extracts electrons
passed on to NADH and flavoproteins. A constant supply of
electrons is necessary for the creation of a transmembrane
proton gradient and the efficient production of ATP by the elec-
tron transport chain complexes and ATP synthase in the inner
mitochondrial membrane (147). The transport of these electrons
can lead to the generation of ROS in mitochondrial complexes
of the electron transport chain (148). Oncogene-inducible ROS
can support anchorage-independent cancer cell growth by
decreasing the phosphorylation of ERK1/2 in the ERK MAPK
signaling pathway to levels that are compatible with cellular
proliferation and as such, were described as a factor supporting
KRAS-driven tumorigenicity (149). Attempts to target the
TCA cycle in PDAC to suppress mitochondrial metabolism
are currently ongoing, with a protocol that includes the lipoic
acid analogue, devimistat, which selectively inhibits the TCA
cycle by impairing the activity of pyruvate dehydrogenase and
a-ketoglutarate dehydrogenase, combined with the modified
FOLFIRINOX regimen (150).

Within a cohort of patients with PDAC, tumors with hetero-
geneous OXPHOS rates have been discovered and the high
OXPHOS activity with high amounts of complex I mRNAs and
proteins could be used as a helpful biomarker to identify tumors
vulnerable to substances, such as phenformin in combination
with traditional chemotherapy (151). The cause for optimism
with this type of treatments is the fact that they could be
applied independently of the main genetic alterations forming
the causal background of the majority of PDAC cases, such as
KRAS mutations, and that the antitumor effects of phenformin
with gemcitabine were successfully replicated in vivo (151). It
was hypothesized that after inhibiting OXPHOS at complex I
with phenformin, the affected cells would lose the protection
from the stress caused by the inhibition of DNA synthesis by
gemcitabine (151). The clinical confirmation of those results
remains to be performed, at least to the best of our knowledge.
To improve the results of OXPHOS inhibition, combined treat-
ments using several compounds will likely be required. For
example, Candido et al (152) based their experiments on the
findings of metformin-mediated autophagy induction through
the suppression of mTORC1 activity. Using metformin, they
increased the anti-proliferative effects of the mTOR inhibitor,
rapamycin, in PDAC cell lines (152).

Attention should be paid to the possibility of potential
disease relapses when cancer treatments targeting mitochon-
drial metabolismare used. An adaptation to OXPHOS inhibition
by a fraction of tumor cells that can switch to glycolysis and
vice versa was previously described in PCSCs, where their
metabolic phenotype observed at a particular time depended
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on MYC/PGC-la balance (39). These highly metastatic and
treatment-resistant cells capable of tumor repopulation were
previously described as more reliant on the OXPHOS pathway
and thus could represent an interesting cell subpopulation
in PC to be targeted by OXPHOS inhibiting drugs (17). The
inhibition of OXPHOS could further benefit cancer patients
by lowering tumor hypoxia, which can interfere with the
efficacy of treatments. An oxygen consumption decrease
in better accessible normoxic regions could lead to a higher
oxygen tension across the microenvironment of the whole
tumor, leading to an improvement of the anticancer effects in
the initially hypoxic regions (146). Finally, carefully selected
medications aimed at increasing tumor oxygenation could
help in the quest to identify strategies with which to suppress
treatment resistance in a number of cancer cases, as exempli-
fied by an improved response to radiotherapy following the
administration of metformin in a prostate cancer in a study
using xenografts (153).

8. Interactions of pancreatic cancer cells with the stromal
environment

The extracellular environment in PC consists of a desmo-
plastic tissue composed of collagen fibers, dissolved growth
factors, metabolites and diverse stromal cells, among which
CAPFs, stellate cells and activated macrophages are strongly
represented (154). Drug penetration through this dense,
fibrotic tissue barrier can be problematic, which together with
frequently occurring hypovascularity, adds to the intrinsic
chemoresistance of PDAC (154). This desmoplastic environ-
ment can be advantageous for cancer cells, while at the same
time forming an obstacle to their access to growth factors
and metabolites and for the metastatic spread. A proteolytic
breakdown of stromal tissue facilitated by plasminogen activa-
tion system, as well as MMPs expressed by CAFs and tumor
cells can help tumor growth and invasion (155). SerpinB2 was
previously identified as a regulator of stromal remodeling of
collagen in PDAC, with its enzymatic target urokinase plas-
minogen activator (UPA) emerging as a novel PDAC prognostic
marker (156). The non-universally beneficial implications of the
fibrotic stroma on PDAC cells have been reflected in reported
findings regarding the role of tumor microenvironment in
PDAC (157-163). Olive et al (160) discovered that the deple-
tion of tumor-associated stromal tissue by the inhibition of the
Hedgehog cellular signaling pathway enhanced the delivery of
chemotherapy in a mouse model of PC, which led to a transient
stabilization of the disease. By contrast, Croucher et al (155)
pointed out the association between reduced stromal integrity
and tumor growth, as well as local invasion in PC.

Pancreatic stellate cells (PSCs) are primarily responsible
for the maintenance of normal stromal tissue architecture;
however, in the case of a repeated or sustained pancreatic
injury, as well as during PC, they become perpetually acti-
vated. Apart from causing pathological fibrosis, important
supporting roles of activated PSCs towards adjacent cancer
cells have been uncovered (164). Signals derived from stromal
cells in the form of secreted factors regulate the expression
of various genes in PC cells, including those connected with
the cell cycle, DNA replication and metabolic pathways.
Those signals can increase glycolytic metabolites, the pentose
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phosphate pathway, nucleic acid synthesis and the TCA cycle,
which translates into the increased viability of PDAC cells
under nutrient-deprived conditions (33). Of note, genes acti-
vated by stromal cues have been found to overlap with genes
activated by the Kras®"P allele, suggesting a cooperation of
stromal components and oncogenes in transcriptionally driven
PC progression (33). Furthermore, oncogenic KRAS switches
on Sonic hedgehog secretion by PDAC cells to activate PSCs
and triggers heterocellular crosstalk, which leads, together with
multiple phosphorylation events via an IGFR1/AXL-AKT axis,
to an increased mitochondrial capacity in tumor cells (35).

In an effort to elucidate the mechanisms through which
the stromal secretome can alter gene expression in PDAC
cells and to identify potential novel therapeutic targets,
Sherman et al (33) uncovered the histone acetylation at
promoter and enhancer regions of functionally relevant genes
as a key mediating event. In their concluding remarks, they
also proposed the hepatocyte growth factor, insulin-like
growth factor binding proteins 2, 3, 7 and MYC-activating,
PSCs-produced I1-6 as possible microenvironment-derived
factors inducing transcriptional and metabolic changes in the
epithelial compartment.

The cooperation between stromal and cancer cells can take
on a different form as PDAC cells can manipulate PSCs to
actively use autophagy and secrete non-essential amino acids
(NEAA5). Those alternative carbon sources are then captured
by PDAC cells and serve to support TCA anaplerosis, lipid
and NEAA biosynthesis when other drivers of these pathways
such as glucose or glutamine become scarce (34). It has been
determined that oxidative stress induced by cancer cells in the
adjacent stromal cells may be behind the autophagy activation
in PSCs with the resultant stromal overproduction of recycled
nutrients benefiting cancer cells by driving mitochondrial
biogenesis and anabolic growth (165). Additionally, the excess
stromal ROS production enhances the antioxidant defense in
nearby cancer cells and contributes to their genomic insta-
bility (165). It has also been suggested that autophagy in CAFs
could be induced by ammonia produced by cancer cells during
glutaminolysis and diffused into the microenvironment, which
could lead to a positive feedback, with subsequent high levels
of glutamine secreted into the TME by CAFs increasing the
conversion of glutamine to glutamate and ammonia along with
mitochondrial activity in cancer cells (166,167). A supportive
role of the metabolic scavenging in PDAC is further evidenced
by the confirmed existence of CAF-derived exosomes
containing mRNA, miRNA, intact metabolites and TCA cycle
intermediates, which promote PC cell proliferation, migration
and chemoresistance in a mechanism similar to macropino-
cytosis under nutrient-depleted conditions (31,168-170). Aside
from acting as a direct source of metabolites, such exosomes
could create a hypoxia-mimicking microenvironment stimu-
lating the reductive carboxylation of glutamine in cancer cells,
the pathway previously observed in rapidly growing malignant
cells and identified to be an alternative to oxidative metabolism
as the major source of citrate and precursors for macromo-
lecular synthesis (168,171).

Under conditions of nutrient stress, PDAC cells can also
take up collagen fragments from the surrounding stroma
either through macropinocytosis-dependent or independent
mechanisms. Following the breakdown of extracellular matrix
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proteins, collagen-derived proline is further metabolized to
support the TCA cycle and to promote PDAC cell survival
and proliferation (172). Moreover, following their activation by
PDAC cells, fibroblasts start to produce higher amount of type I
collagen, which enhances integrin-FAK signaling in PDAC cells,
resulting in an increased PDAC clonogenic growth, self-renewal
and the frequency of cancer stem cells (CSCs) (173).

In addition to stromal fibroblasts, PC cells can interact
with different cell types within the tumor microenviron-
ment. Adipocytes can acquire a mesenchymal phenotype
characterized by decreased lipid content and energy utiliza-
tion after a de-differentiation caused by a co-culture with
PC cells. Adipocytes with this phenotype can increase PC
cell aggressiveness in vitro and can also contribute to matrix
remodeling (174). Meyer et al (175) established a model of
adipocyte-induced proliferation of PC cells enhanced by
nutrient-poor conditions, demonstrating that adipocytes
secreted glutamine and initiated its transfer to cancer cells
after their own catabolism of the same metabolite was down-
regulated by PC cells (175).

Other intercellular interplay found to contribute to the
malignant progression of PDAC involves tumor-associated
macrophages (TAMs). By secreting the cytokine, CCL18, M2
TAMs can activate the NF-kB signal transduction pathway
in PDAC cells and thus induce their expression of the adhe-
sion molecule, vascular cell adhesion molecule-1, which
subsequently enhances aerobic glycolysis in PDAC cells.
Lactate produced by PC cells reciprocally facilitates the
M2-like polarization of macrophages, thus creating a positive
feedback loop (176). Due to the ability of lactate to modify
the host antitumor immune response, its increased production
contributes to the formation of an immunosuppressive tumor
niche and the improved survival of metastatic cells, as shown
by the improvement of the natural killer cell cytolytic function
towards LDHA-deficient PanO2 cells in mice (53).

Intercellular interactions in the pancreatic tumor stroma
may also include short-range interactions through gap junc-
tions or the transfer of mitochondria between PC cells and
other stromal cells, including mesenchymal stem cells (MSCs),
as has been shown for other types of cancer (177). CAFs have
been shown to influence the metabolism and support the malig-
nant progression of non-small cell lung cancer (NSCLC) cells
through connexin-43 gap junctions (178). Of note, the outward
transfer of mitochondria mediated by cell adhesion and
tunneling nanotubes from Jurkat cells, which had an increased
level of ROS after a cytotoxic treatment, to MSCs was shown to
cause chemoresistance in Jurkat cells (179). Multiple myeloma
cells can also receive mitochondria from their microenviron-
ment, which can lead to changes in their metabolism, resulting
in a more prominent use of OXPHOS (180). It is possible that
similar intercellular interactions may be present in pancreatic
tumors. In fact, the role of connexin-43 channels in exporting
lactate from glycolytic PDAC cells to sustain their metabolism
and growth when an outward MCT transport is inhibited
by extracellular acidity, as well as to provide substrate for
OXPHOS of cells in better-perfused areas, where there is also
a more favorable transmembrane gradient for MCT-facilitated
lactate off-loading, has already been described (181). It would
thus be of interest to examine whether other such mechanisms
play a role in PC tumors.

9. Pancreatic cancer stem cells

CSCs are a highly-chemoresistant subpopulation of cells
within tumors capable to self-renew and replenish the
cancer cell population following chemotherapy, which leads
to the recurrence of the disease. The importance of eradi-
cating these cells to successfully treat cancer has become
clear (182-184). A tremendous effort has been place in
identifying potential biomarkers for PCSCs over the years,
so they could be isolated and targeted. For this purpose,
multiple surface markers expressed by these undifferenti-
ated cells were identified, such as CD44, CD24, EpCAM,
CD133, CXCR4, ALDH1 and hepatocyte growth factor
receptor c-MET (185-189). To further expand the options
of the detection and isolation of CSCs in different types
of cancer, Miranda-Lorenzo et al (190) used autofluores-
cence as an exclusive marker of CSCs from solid human
tumors, including that of PDAC. Such cells expressed pluri-
potency-associated genes and displayed chemoresistance,
long-term tumorigenicity and invasiveness in vivo, traits
suggestive of their stem-like identity. As to what potential
advantage could these cells gain from having this auto-
fluorescent phenotype, e.g., during hostile conditions after
chemotherapy, it was hypothesized that riboflavin stored
in the CSC autofluorescent vesicles could be used for the
synthesis of flavin-dependent coenzymes and flavin nucleo-
tides, factors important for the setting up of an antioxidant
defense system (191,192). Additionally, certain genes that
are differentially expressed and distinguish stem cells in
the normal pancreas could be potentially used to identify
stem-like cells in various tumors (193).

Advances in the identification and isolation of PCSCs
uncovered their association with PSCs and CAFs. These
stromal cells create a paracrine niche for PCSCs by secreting
factors, including Nodal/Activin, hCAP-18/LL-37 and ISGIS5,
and enhance their stem cell-like phenotypes along with their
tumorigenic potential (30,194,195).

In keeping with the exceptional ability of PCSCs to
survive stressful conditions, one would predict the occur-
rence of specific metabolic adaptations in these cells. Indeed,
an increased utilization of OXPHOS by PCSCs could confer
to them some resistance in situations when glucose or gluta-
mine is limited, as well as during other situations affecting
their specifically adjusted metabolism, such as the ablation
of K-Ras oncogene (17,39). Importantly, oxygen deprivation
typical for the tumor microenvironment of PDAC does
not prevent the ability of PCSCs to use OXPHOS; instead,
hypoxia supports autophagy and favors their survival and
migration (196,197). A higher reliance on OXPHOS could,
however, be an issue for PCSCs as the ROS produced by
this pathway need to be detoxified to maintain their stem-
ness. Jagust er al (198) demonstrated their dependency
on glutathione metabolism, which was confirmed by the
significantly diminished CSC self-renewal and chemoresis-
tance after a pharmacological targeting of this antioxidant
pathway. Similar to their non-CSCs counterparts, PCSCs
can utilize multiple seemingly crucial metabolic pathways.
The targeting of the non-canonical glutamine metabolism
pathway in PCSCs was shown to negatively affect their
self-renewal, elevate their intracellular levels of ROS and
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subsequently increase their radiosensitivity (199). Apart
from glutamine, the inhibition of fatty acid synthesis and
mevalonate pathways caused an anti-proliferative effect
in PCSCs that was greater than that in parental PC cells,
suggesting that their utilization of metabolic substrates
could be heterogeneous, often dependent on the microenvi-
ronmental context (200).

Epigenetic alterations connected with distinct metabolic
pathways in PCSCs probably predetermine their metabolic
plasticity, which allows them to respond promptly to different
environmental challenges and enhances their tumorigenicity.
Notably, chromatin modifications linked to distant metastatic
subclones was reversed by targeting a specific metabolic
enzyme in a PDAC study, with those results further supporting
metabolism-epigenome links in cancer (201). Currently,
knowledge is expanding regarding the factors behind the
metabolic plasticity of PCSCs, which needs to be overcome if
this highly resistant cellular subpopulation is to be eliminated
in PDAC tumors. The impairment of mitochondrial ISGylation
critical for the recycling of dysfunctional mitochondria disrupts
PaCSC mitochondrial metabolism, consequently affecting
their metabolic plasticity and rendering them susceptible to a
prolonged inhibition with metformin in vivo (202). Recently,
it was also demonstrated that the unique metabolic signatures
of PCSCs mediate organ-specific metastasis, which further
points to the importance of metabolic programming of this
cellular entity (203).

10. Conclusions and future perspectives

Therapeutic options for PDAC are still limited mainly to
surgery and cytotoxic chemotherapy. The targeting of the
reprogrammed cancer metabolism provides an innovative
therapeutic strategy to be used also in combination with
cytotoxic agents to achieve greater effects. Such applications
already exist. Devimistat, a drug that inhibits key enzymes for
the functioning of the TCA cycle in tumor cells in combination
with the modified FOLFIRINOX, protocol led to a response
rate of 61% in patients with metastatic PC in an open-label,
phase I trial (NCTO01835041) (204) and a phase-III clinical
trial to evaluate efficacy and safety of the same combina-
tion of drugs in patients with metastatic adenocarcinoma of
the pancreas is ongoing (205). The cell autophagy inhibitor,
hydroxychloroquine, in combination with cytotoxic agents
or ERK/MAPK pathway inhibitors is currently being tested
for effectiveness in PC clinical trials (NCT01506973;
NCT04145297; NCT03825289 and NCT04132505).

It is likely that further such therapeutic strategies can be
developed based on a detailed understanding of the meta-
bolic flexibility and needs of cancer cells together with the
metabolic cooperation and signaling within the tumor micro-
environment.
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