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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is still burdened with high mortality (5-year survival
rate < 9%) due to late diagnosis, aggressiveness, and a lack of more effective treatment methods. Early
diagnosis and new therapeutic approaches based on the reprogrammed metabolism of the tumor in a nu-
trient-deficient environment are expected to improve the future treatment of PDAC patients. Research
results suggest that genetic and metabolic disorders may precede the onset of neoplastic changes, which
should allow for earlier appropriate treatment. Glycolysis and glutaminolysis are the most investigated
pathways associated with the highest aggressiveness of pancreatic tumors. Blocking of selected metabol-
ic pathways related to the local adaptive metabolic activity of pancreatic cancer cells improving nutrient
acquisition and metabolic crosstalk within the microenvironment to sustain proliferation may inhibit
cancer development, increase cancer cells death, and increase sensitivity to other forms of treatment
(e.g., chemotherapy). Depriving cancer cells of important nutrients (glucose, glutamine) revealed tumor
“checkpoints” for the mechanisms that drive cell proliferation and metastasis formation in order to
determine its accuracy for individualization of the therapeutic approach. The present review highlights
selected metabolic signaling pathways and their regulators aimed at inhibiting the neoplastic process.
Particular attention has been paid to the adaptive metabolism of pancreatic cancer, which promotes its

development in an oxygen-deficient and nutrient-poor environment.
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Introduction

Pancreatic cancer remains the most aggressive cancer,
and despite advances in the detection and management,
the 5-year survival rate still stands at just 9%, the prima-
ry treatment of which is extensive surgery [1-4]. Surgery,
if feasible, prolongs 5-year survival up to approximately
20-30%; however, this applies to a relatively small group
of patients (20%) because, at the time of diagnosis, the
tumor is unresectable. In patients who undergo a success-
ful potentially curative operation, over 80% of them even-
tually develop local recurrence or metastases [5-7]. The
limited efficacy of other treatments (e.g., first-line complex
chemotherapy — FOLFIRINOX/(5-fluorouracil [5-FU], fo-
linic acid, irinotecan, and oxaliplatin), gemcitabine [GEM]
and nab-paclitaxel), especially in patients with metastat-
ic cancer (5-year survival rate of only 2%), indicates that
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pancreatic cancer cells in the majority of treated patients
are resistant to this type of therapy [8-10]. According to the
APACT trial (updated version 6 January 2020), there was
no significant benefit in the median disease-free survival
for gemcitabine plus nab-paclitaxel vs. gemcitabine alone
in the adjuvant setting of PDAC treatment [11].

Due to the high mortality and limited effectiveness of
standard treatments, resulting from the high aggressiveness
of PDAC, increasing attention has been paid to the basic
molecular mechanisms that enable local tumor develop-
ment and metastasis formation. Of particular interest, both
in diagnostic and therapeutic terms, are the disturbances
in signaling pathways associated with important energy
sources for pancreatic cancer cells. For example, repro-
gramming of metabolic signaling pathways regulated by
KRAS and TP 53 genes promotes the development of
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pancreatic cancer by increasing glucose uptake, directing
glucose carbon flux into the pentose phosphate pathway
(PPP), and increasing the dependence of cancer cells on
glutamine [12-14]. Previous studies have shown that in-
creasing glycolysis, enabling cancer cell survival, is one of
the hallmarks of pancreatic cancer, and one of the key en-
zymes involved in glycolysis is pyruvate kinase (PK), the
dimeric form of which (PKM?2) is released by tumor cells
into the peripheral blood, and can be used as a non-specific
marker [15, 16]. In studies on pancreatic cancer cell lines
(BxPc-3, CFPAC-1, PANC-1), it was found that inhibition
of glycolysis in the presence of 2-deoxyglucose (2-DG)
increased cancer cell death and their sensitivity to GEM
[17]. Other studies demonstrated that low glucose en-
hanced metformin’s inhibitory effect on pancreatic cancer
cells (human PANC-1) by suppressing glycolysis and in-
ducing energy stress via upregulation of miR-210-5p [18].
Furthermore, epigallocatechin-3-gallate (EGCG — a major
polyphenol from green tea) also affected glycolysis by sup-
pressing the extracellular acidification rate through the re-
duction of the activity and levels of the glycolytic enzymes
phosphofructokinase and pyruvate kinase [19].

The activating mutations in KRAS were found in low-
grade pancreatic intraepithelial neoplasia (PanIN), which
could indicate that metabolic reprograming may precede
the appearance of the premalignant lesions [20]. An im-
portant diagnostic element has emerged from metabolic
disorders related to the local adaptive metabolism of pan-
creatic cancer, which affect the energy and nutritional
requirements and cancer aggressiveness, including prolif-
eration rate, metastasis formation, resistance to apoptosis
and chemotherapy, glutamine and hypoxia sensitivity,
and redox maintenance [21]. Of particular interest is the
problem of early identification of the neoplastic cells’
microenvironmental requirements at different stages of
cancer development based on changes in metabolic sig-
naling pathways’ reprograming, as this may lead to a new
therapeutic approach. Research results suggest that the de-
velopment of pancreatic cancer, from the first clinically
elusive symptoms through premalignant lesions (PanIN
stage I-II) to carcinoma in situ (PanIN stage III) and rapid-
ly developing metastatic tumor, may take even more than
20 years [22-24]. The process of carcinogenesis involves
the gradual acquisition of mutations in oncogenes and
suppressor genes (KRAS, TP53, SMAD4, CDKN2A-cy-
clin-dependent kinase inhibitor 2A, p16) and changes in
the micro-environment [25, 26]. Unfortunately, in spite of
the long “diagnostic window”, pancreatic cancer is usually
detected in its advanced stage, and the aggressive course
of the neoplastic disease, with rapidly progressing mal-
nutrition, worsens treatment outcomes. The breakdown of
proteins throughout the body, associated with malnutrition,
may be an early event in the development of PDAC [27].
High levels of branched-chain amino acids were detected
in plasma samples associated with pancreatic cancer pa-
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tients. Recently, significant differences in plasma amino
acid concentrations were observed between diagnostic
categories (malignant vs. benign lesions and histological
cancer types) and PDAC stages [28].

Taking into account the problems with the early di-
agnosis and treatment of PDAC, the present review high-
lights selected metabolic signaling pathways and their
regulators aimed at inhibiting the neoplastic process. Par-
ticular attention has been paid to the adaptive metabolism
of pancreatic cancer, which promotes its development in
an oxygen-deficient and nutrient-poor environment.

Alterations in the selected metabolic
pathways

Hopes for the improvement of treatment outcomes in
PDAC patients are primarily raised by the possibility of
inhibiting selected metabolic pathways related to the me-
tabolism of glucose, amino acids, and lipids, which are
reprogrammed mainly due to the changes in key enzymes
and transporters. Some of them are closely regulated by
oncogenic KRAS, which is persistently activated upon mu-
tation in pancreatic cancer (mutationally activated KRAS
is present in > 90% of PDAC and represents the earliest
genetic alteration) and has a key role in metabolic repro-
gramming and particularly in the glycolytic switch [26].
Metabolic reprogramming includes overexpression of glu-
cose transporters and glycolytic enzymes, high-speed ad-
enosine triphosphate (ATP) production, and accumulation
of lactate, which contributes to tumor acidosis [29]. The
enhanced expression of the glycolytic enzymes is associ-
ated with PDAC invasiveness and a bad prognosis [30]. It
was discovered that gene-dosage increase of mutant KRAS
in human PDAC precursors (PanINs) drives both early tu-
morigenesis and metastasis, but there are still no KRAS
inhibitors that have passed the early phase of clinical tri-
als [31]. Currently, only a small clinical trial has provided
supporting evidence to demonstrate the power of KRAS
inhibition and the potential for compounds like AMG 510
to be developed further [32].

Unlike healthy cells, cancer is highly glycolytic, even
in the presence of oxygen (“aerobic glycolysis”, also
called the “Warburg effect”) and reduced mitochondrial
activity. To fuel mitochondrial oxidative phosphorylation
(OXPHOS), cancer cells can induce glycolysis in the stro-
mal cells, which helps regulate nutrient availability [33].
On the other hand, a critical enzyme (prolyl 4-hydroxy-
lase subunit alpha-1 — PAHA1) involved in collagen syn-
thesis controls glycolysis through HIF1o and the PAHA/
HIF1 feedback loop drives the glycolytic and malignant
phenotypes of pancreatic cancer [34]. Growing evidence
demonstrates that many signal molecules, including onco-
genes and tumor suppressors, are involved in the process,
but how oncogenic signals attenuate mitochondrial func-
tion (reduction of mitochondrial oxidation) and promote
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the switch to glycolysis remains unclear [35]. However,
it is known that glycolysis is the main source of energy
production (ATP) in hypoxic conditions, which enables
faster tumor growth. Dense desmoplastic stroma (taking
up to 90% of the tumor volume) creates ischemia and a hy-
poxic microenvironment with limited nutrients, which is
associated with metabolic stress and cancer cell invasive-
ness [36]. Oncogenic KRAS upregulates the expression
of the glucose transporter (GLUT-1), increasing glucose
influx, and of the hexokinase (HK) 1-2 and phosphofruc-
tokinase enzymes, which speed up glycolytic activity and
production of ATP. Increased GLUT-1 expression has
been found in many cancers (e.g., breast, kidney, pancre-
atic, liver, lung, cervical, ovarian) [37, 38]. High GLUT-1
expression predicted shorter survival in patients with
pancreatic cancer. Moreover, GLUT-1 expression was
associated with a tumor size of > 2 cm and the presence
of lymph node metastasis [39]. Also, the latest immuno-
histochemistry studies suggest that GLUT-1 could be re-
lated to higher aggressivity in PDAC and could be used
as a prognostic marker, identifying patients with a worse
response to current therapies who could benefit from more
aggressive treatments [40]. Due to the increased glycolytic
rate in PDAC, increased expression of lactate transporters
(monocarboxylate transporters — MCT1/4) to neutralize
intracellular acidification has also been detected, and inhi-
bition or knockdown of MCT resulted in inhibited lactate
flux and regulated cancer cell lines’ invasiveness [41, 42].

Activation of the transcription of genes encoding glu-
cose transporters and genes encoding glycolytic enzymes
is influenced by the ischemia-activated transcription fac-
tor HIF1 (hypoxia-inducible factor 1), which plays a key
role in reprogramming the metabolism of cancer cells. Hy-
poxia-inducible factor 1 is the master regulator of glucose
metabolism and the induction of mitochondrial autopha-
gy by HIF1 may be another example of an adaptation of
cancer cells to hypoxia [43]. HIF1 is over-expressed in
pancreatic cancer and associated with poor prognosis [44].
Earlier studies have shown that the disruption of the HIF1
pathway might be effective in the treatment of pancreatic
cancers [45]. In such research (in SCID mice), pancreatic
cancer cells were sensitive to apoptosis, hypoxia, and glu-
cose deprivation. Targeting HIF1a or de novo pyrimidine
biosynthesis, in combination with gemcitabine, strongly
diminishes tumor burden [46]. Reduced expression of
genes which regulate flux into pyrimidine biosynthesis
(TKT, CTPS), correlates with better prognosis in pancreat-
ic cancer patients on fluoropyrimidine analogs (like 5-FU,
a second-line chemotherapy).

Glycolysis and glutaminolysis are the most investigat-
ed pathways associated with the highest aggressiveness of
pancreatic tumors. The most common signaling molecules
involved in these metabolic pathways of PDAC are the
phosphatidylinositol 3-kinase (PI3K), protein kinase B
(known as AKT), adenosine monophosphate-activated pro-
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tein kinase (AMPK), and the mammalian target of rapamy-
cin (mTOR) as well as the oncogenic proteins KRAS and
MYC (implicated in the induction of glycolysis genes),
and the tumor suppressor p53 [47, 48]. Tumor cells have
aberrant activation of mTORCT1 that induces an anabolic
growth program resulting in nucleotide, protein, and lipid
synthesis. In addition to glucose, the main source of energy
is glutamine, which is also important in lipid biosynthesis,
as a nitrogen donor for nucleotide synthesis, carbon for the
mitochondrial tricarboxylic acid (TCA) cycle, and in main-
taining redox balance [49, 50]. These mechanisms lead to
the addiction of pancreatic cancer cells to glutamine.
There is a large body of evidence to suggest that
oncogenic KRAS and overactivated signaling factors
(B-Raf, PI3K, AKT) strongly promote pancreatic cancer
[51]. KRAS-driven pancreatic cancer cells were found
to be dependent on increased glycolysis, glutamine con-
sumption, the PPP, and autophagy. For example, PI3K
signaling (activated by KRAS) plays a central node in the
complex cellular signaling networks to impact cancer cell
growth, motility, metabolism, and survival [52]. PI3K
signaling also modifies the tumor microenvironment to
dictate disease outcome, and mutations in the PI3K sig-
naling cascade, accompanied by activation of parallel sig-
naling pathways (AKT, mTOR), make PI3K a promising
candidate for drug therapy (e.g., metformin + gemcitabine
+ erlotinib, MK2206 + fluorouracil + oxaliplatin + sel-
umetinib or capecitabine + cetuximab + everolimus in
phase Il trials). It has been found that the PI3K/mTORC2
pathway increases GOT1 (glutamic-oxaloacetic transam-
inase 1 — cytoplasmic form) expression and stimulates
non-canonical glutamine metabolism by targeting HIF2a,
promoting the progression of PDAC [53]. The results of
these studies confirmed that HIF2o. may be a therapeutic
target in patients with PDAC. Moreover, the PI3K/AKT
pathway has been reported to inhibit cellular apoptosis to
stimulate cell proliferation in pancreatic cancer [54]. Small
molecule therapeutics that block PI3K signaling can in-
hibit the neoplastic process by blocking numerous aspects
of the tumor cell phenotype [55]. Increased expression of
the mitochondrial glutamine transporter (SLC1A5 variant)
has recently been found to mediate ATP production and
glutathione synthesis, which is induced by glutamine and
increases pancreatic cancer cell resistance to gemcitabine
[56]. Adenosine monophosphate-activated protein kinase,
which is a regulator of glycolysis, also plays an essential
role in tumorigenesis. Recent research has revealed that
AMPK activation is highly involved in pancreatic cancer
progression and exerts its pro-tumorigenic functions partly
by sustaining glycolytic activity [57]. Inhibition of AMPK
blocked the proliferation, migration, and invasion ability
of pancreatic cancer cell lines, and AMPK suppression led
to cell cycle arrest and remarkably induced apoptosis. In
another study regulating cellular redox, targeting KRAS/
AMPK signaling and reversing metabolic reprogramming
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were suggested as effective approaches to eliminate cancer
stem cells (CSCs) and enhance chemosensitivity to GEM
to improve the prognosis of pancreatic cancer patients [58].

It is understood that one of the more important features
of pancreatic cancer is metabolic rewiring as a prerequisite
for tumor initiation and progression, and the targeting of an
individual metabolic phenotype with corresponding met-
abolic inhibitors was considered a promising therapeutic
approach. However, molecular changes leading to the met-
abolic adaptation of pancreatic cancer cells remain unclear.
Perhaps, metabolic pathways’ intercellular “dialogue” ex-
plains how pancreatic cancer cells, despite fuel limitation,
maintain their increased proliferation and the ability to
form metastases. Of particular interest in the study of tu-
mor aggressiveness is the role of the microenvironment, in
which pancreatic cancer cells and the corresponding stro-
ma evolve together to form a dynamic feedback loop that
supports cancer metastatic transition. In this process, can-
cer cells recruit and transform stromal cells, which in turn
remodel the extracellular matrix (ECM) of the stroma [59].

Changes of the adaptive metabolic
pathways

More and more data suggest that disruption of the
adaptive mechanism may be of benefit in the treatment
of pancreatic cancer. An important adaptive mechanism
for cancer cell proliferation is the ability to cope with ox-
idative stress (maintaining redox) in an oxygen-deficient
and nutrient-poor environment. Glutamine (Gln), which is
a non-essential amino acid for normal cells, plays a key
role in maintaining redox homeostasis of cancer cells and,
therefore, may be a candidate for therapeutic purposes
[60]. Unlike normal cells, pancreatic cancer cells have
been shown to follow a distinct metabolic pathway that
drives the TCA cycle, in which aspartate-derived Gln is
transported into the cytoplasm, where, after conversion to
oxaloacetate (OAA) by aspartate transaminase (GOT1),
and then into malate and pyruvate, it can increase the
NADPH/NADP+ ratio, which maintains the redox state
[61]. Normal cells utilize glutamate dehydrogenase
(GLUDI1) to convert Gln-derived glutamate (Glu) into
a-ketoglutarate in the mitochondria to fuel the TCA cycle.
It has been shown that glutamine deprivation or inhibition
of mitochondrial aspartate transaminase (GOT2) may re-
sult in suppression of pancreatic cancer growth [62]. In
addition, these studies indicated the significant importance
of GOT2 in senescence regulation of PDAC, which may
have new therapeutic implications. Senescence has been
proposed to be an important tumor-suppressive mechanism
[63, 64] and a selective fibroblast growth factor receptor 4
(FGFR4) inhibitor (BLU9931) reduced PDAC cell pro-
liferation and invasion while promoting their senescence
[65]. Targeting FGFR4 overexpressed in half of PDACs in
combination with senolysis (e.g., quercetin) could provide
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a novel therapeutic strategy in pancreatic cancer patients.
Interestingly, KRAS knockdown resulted in a marked in-
crease in GLUDI and a decrease in GOT1 expression at
the transcriptional level as well as the protein level in mul-
tiple PDAC lines, which indicated that oncogenic KRAS
plays a critical role in coordinating the shift in Gln me-
tabolism to maintain tumor growth and survival. KRAS
promotes glucose uptake and enhances glycolysis by in-
ducing the expression of GLUT1, the glucose transport-
er, and other key glycolysis enzymes [66]. Transcriptome
and metabolomic analyses indicate that Kras®?® serves
a vital role in controlling tumor metabolism and channel-
ing of glucose intermediates into the hexosamine biosyn-
thesis and PPP [66]. The essentiality of this pathway in
PDAC and the fact that it is dispensable in normal cells
may provide novel therapeutic approaches. Disrupting
glutamine metabolism by inhibiting glutaminase (GLS),
and thus reducing the antioxidant potential of glutathione
(GSH) and nicotinamide adenine dinucleotide phosphate
(NADPH), leads to reduced proliferation of pancreatic can-
cer cells. Although the in vitro effects on proliferation were
quite marked, these were lost in multiple in vivo models
of PDAC [60]. Another adaptive mechanism to metabolic
stresses used by PDAC cells to survive the nutrient-poor
tumor microenvironment involving accumulation of miR-
135 in tumor cells in response to glutamine deprivation re-
quires ROS-dependent activation of mutant p53 and should
also be recalled [67]. The authors of these studies showed
that miR-135 targets phosphofructokinase-1 (PFK1) and
inhibits aerobic glycolysis, thereby promoting the utiliza-
tion of glucose to support the TCA cycle. MiR-135 silenc-
ing sensitizes PDAC cells to glutamine deprivation and
represses tumor growth in vivo.

Conclusions and future directions

The short period of survival in patients with PDAC,
a problem which continues despite the progress of knowl-
edge, indicates the strong need to verify promising directions
of research in terms of their usefulness in diagnostics and
treatment. Early diagnosis and new therapeutic approaches
based on the adaptive metabolism of the tumor in a nutri-
ent-deficient environment are expected to improve the future
treatment of PDAC patients. The present research results
suggest that pancreatic cancer is a chronic disease whose
development stretches over many years, which should en-
able earlier detection and more effective treatment. Genetic
mutations and metabolic reprogramming may precede the
appearance of premalignant lesions (PanIN) and pancreatic
tumor formation with metastases. Therapeutic intervention
at the stage of metabolic changes that can be inhibited or
even reversed may improve treatment outcomes. It was
found that blocking selected metabolic pathways related to
the local adaptive metabolic activity of pancreatic cancer
cells, improving nutrient acquisition and metabolic crosstalk
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within the microenvironment to sustain proliferation, may
inhibit cancer development, increase cancer cell death, and
increase sensitivity to other forms of treatment (e.g., che-
motherapy). Research aimed at “starving” cancer cells by
depriving them of their basic energy sources (ATP) allows
for a better understanding of the possibilities of regulating
the principal metabolic reprogramming found in pancreatic
cancer. Based on a better understanding of the diverse func-
tions of pancreatic cancer signaling proteins (e.g., glucose
transporters, glycolytic enzymes), critical points for alterna-
tive therapy and prognostic markers have been established
to identify patients with a worse response to current therapy.
It should be emphasized that the results of basic research
collected in this review shed new light on the reasons for the
reprogramming of metabolic signaling pathways in pancre-
atic cancer (including cancer cell malnutrition, sensitivity
to nutrient deprivation, and addiction of pancreatic cancer
cells to certain nutrients such as glutamine), which can be
used for early diagnosis and may also carry prognostic value
so, in the future, it will allow the implementation of novel,
more effective therapy. Moreover, it was understood that
the heterogeneous nature of pancreatic cancer may be re-
flected in metabolic reprogramming, which, for example,
in the glycolytic cancer subtype is associated with greater
aggressiveness and resistance to chemotherapy. Thus, em-
ploying metabolism to improve the personalized approach
in the diagnosis and treatment of pancreatic cancer is still
a promising direction of research.

The authors declare no conflict of interest.
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