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Abstract

Despite tremendous progress in the treatment of many cancer types, leading to a significant in-
crease in survival, pancreatic ductal adenocarcinoma (PDaC) is still burdened with high mortality 
rates (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 adaptive metabolism 
of the tumor in a nutrient-deficient environment are expected to improve the future treatment of PDaC 
patients. 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 within the 
microenvironment to sustain proliferation, may inhibit cancer development, increase cancer cell death, 
and increase sensitivity to other forms of treatment (e.g., chemotherapy). the present review highlights 
selected metabolic signaling pathways and their regulators aimed at inhibiting the neoplastic process. 
Particular attention is paid to the adaptive metabolism of pancreatic cancer, including fatty acids, 
autophagy, macropinocytosis, and deregulated cell-surface glycoproteins, which promotes cancer cell 
development in an oxygen-deficient and nutrient-poor environment. 
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Introduction
Pancreatic cancer remains the most aggressive can-

cer and due to late diagnosis the 5-year survival rate still 
stands at just 9% [1]. Despite recent improvements in the 
systemic therapy of pancreatic cancer (pancreatic ductal 
adenocarcinoma – PDAC), initially with demonstration of 
the activity of the FOLFIRINOX regimen, and subsequent-
ly with the approval of nab-paclitaxel in combination with 
gemcitabine (GEM), the prognosis still remains poor [2]. 
According to the APACT trial (updated version 6 Janu-
ary 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 [3]. Due to the high mortality and limited effec-
tiveness of standard treatments, resulting from the high ag-
gressiveness of PDAC, increasing attention has been paid 
to the basic molecular mechanisms that enable local tumor 
development and metastasis formation. Of particular inter-
est, both in diagnostic and therapeutic terms, are the dis-
turbances in signaling pathways associated with important 
energy sources for pancreatic cancer cells. An important 
diagnostic element has emerged from metabolic disorders 
related to the local adaptive metabolism of pancreatic can-
cer, which affect the energy and nutritional requirements 

and cancer aggressiveness, including proliferation rate, 
metastasis formation, resistance to apoptosis and chemo-
therapy [4]. Despite the large number of studies, mainly 
experimental, on pancreatic cancer cell lines, there is still 
no answer to the basic question of whether the assessment 
of metabolic reprogramming will be helpful in the early 
diagnosis of pancreatic cancer and the initiation of more 
effective therapy. 

A better understanding of metabolic signaling path-
ways’ reprogramming and the possibilities of their ear-
ly regulation is at the center of interest of many scien-
tists who hope to inhibit pancreatic cancer progression.  
The metabolic mediators of glucose, glutamine, lipids, nu-
cleotides, amino acids, and mitochondrial metabolism have 
emerged as novel therapeutic targets. The roles of auto-
phagy, macropinocytosis, lysosomal transport, recycling, 
amino acid transport, lipid transport, and reactive oxygen 
species in pancreatic cancer development are also being 
extensively studied [4]. One of the main goals of these 
studies is to identify tumor “checkpoints” for the mecha-
nisms that drive or inhibit cell proliferation and metastasis 
formation in order to determine their accuracy for indi-
vidualization of the therapeutic approach. The present re-
view highlights selected metabolic signaling pathways and 
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their regulators aimed at inhibiting the neoplastic process. 
Particular attention is paid to the adaptive metabolism of 
pancreatic cancer, including fatty acids, autophagy, mac-
ropinocytosis, and deregulated cell-surface glycoproteins, 
which promotes cancer cell development in an oxygen- 
deficient and nutrient-poor environment. 

Altered fatty acid metabolism
The importance of altered lipid and fatty acid metabo-

lism in cancer has received renewed interest because they 
are not only components of the membrane matrix and sec-
ondary messengers, but also a source of energy (adenosine 
triphosphate – ATP), and essential for production of cellu-
lar membranes, which is especially important for a rapidly 
growing tumor. Attention has been paid to the ability of 
cancer cells to rewire lipid metabolism in order to sustain 
growth, division, and survival [5]. The metabolic hallmark 
of cancer cells has become lipidomic remodeling, includ-
ing changes in lipid transport (increase lipid uptake from 
the environment), storage, de novo lipogenesis, and β-oxi-
dation (production of ATP) [6]. A high-fat diet that acti-
vates oncogenic Kras and COX2 can induce the develop-
ment of pancreatic cancer in mice. It has also been shown 
that serum fatty acid synthase (FAS) levels are higher in 
patients with PDAC and with intraductal papillary muci-
nous neoplasia (IPMN) of the pancreas, and FAS protein 
was overexpressed in the ductal epithelium of primary pan-
creatic adenocarcinomas (86.0%) and in IPMNs (93.3%) 
[7]. Higher expression of FAS is correlated with shorter 
survival and with a poor response to gemcitabine therapy 
in pancreatic cancer [8, 9]. The pharmacological inhibition 
of this enzyme reduces stemness features and gemcitabine 
resistance in pancreatic cancer. It has also been demon-
strated that up-regulation of fatty acid synthase induced 
by EGFR/ERK (epidermal growth factor receptor/extra-
cellular signal-regulated kinase) pathway activation pro-
motes tumor growth [10]. In addition, fatty acids’ exoge-
nous uptake requires the presence of the transporter CD36, 
which also influences gemcitabine resistance in PDAC by 
regulating anti-apoptosis proteins [11, 12]. Patients with 
high CD36 expression have lower overall survival, and the 
use of anti-CD36 strategies could represent a promising 
therapeutic approach. Recently, a clinical investigation 
using liquid chromatography tandem mass spectrometry 
(LC-MS/MS) revealed that differences in lipidomics may 
be potential biomarkers for early diagnosis of pancreatic 
cancer [13]. It was found that free fatty acids (FFAs) were 
significantly decreased in patients with pancreatic cancer. 
These results also suggest that the damage of the residual 
lipolysis pathway of aldehyde fatty acid may be related to 
the development of pancreatic cancer. Previous research 
suggests that impairment in a lipolytic pathway involving 
lipases and a unique set of saturated FFAs may play an 
important role in the development and progression of pan-

creatic cancer and provide potential targets for therapeutic 
intervention [14]. The expression levels of lipase genes are 
decreased in pancreatic cancer tissues, and the expression 
of the genes for pancreatic lipase (PNLIP) in tumors is as-
sociated with worse patient survival. These studies showed 
that saturated FFAs can induce TRAIL (TNF-related apop-
tosis-inducing ligand) expression and apoptosis, and inhib-
it the proliferation of pancreatic cancer cells. 

It is also possible to block the kinases that drive the 
neoplastic process by applying appropriate nutritional treat-
ment, which is often used in malnourished pancreatic cancer 
patients requiring extensive surgery. An omega 3-enriched 
diet led to reduced lesion penetrance via repression of pro-
liferation associated with reduced phosphorylated AKT/
protein kinase B (pAKT), whereas an omega 6-enriched 
diet accelerated tumor formation [15]. The results of these 
studies suggested that omega-3 fatty acids may prevent early 
pancreatic carcinogenesis. In previous experimental studies, 
the human pancreatic cancer cell line MIA PaCa-2 incubat-
ed with eicosapentaenoic acid (EPA) demonstrated cell cy-
cle arrest and induction of apoptosis [16]. Feeding animals 
with a diet supplemented with 5% fish oil, which contains 
high levels of EPA and docosahexaenoic acid (DHA), also 
strongly suppresses the growth of MIA PaCA-2 human 
pancreatic cancer xenografts in athymic nude mice, by in-
ducing oxidative stress and cell death [17]. Furthermore, 
EPA induces autophagy in these cancer cells and induction 
of autophagy reduces its ability to induce apoptotic cell 
death. It is therefore suggested that a combination of EPA 
with an autophagy inhibitor may be a useful strategy in in-
creasing the therapeutic effectiveness in pancreatic cancer.  
Another study using omega-3 fatty acid desaturase (Fat-1) in 
transgenic mice assessed the impact of omega-3 PUFAs on 
PanINs (pancreatic intraepithelial neoplasia) and their pro-
gression to PDAC [18]. Molecular analysis of the pancreas 
showed significant down-regulation of proliferating cell nu-
clear antigen, cyclooxygenase-2, 5-lipoxygenase (5-LOX), 
5-LOX-activating protein, Bcl-2, and cyclin D1 expression 
levels in Fat-1-p48Cre/+-LSL-KrasG12D/+ mice compared 
to p48Cre/+-LSLKrasG12D/+ mice. These data highlighted 
the usefulness of dietary omega-3 FAs for chemopreven-
tion of pancreatic cancer, especially in high-risk individuals.  
On the other hand, in clinical trials, high omega-3 PUFA, 
especially marine omega-3 PUFAs, and DHA consumption 
was associated with a lower risk of pancreatic cancer [19]. 

Changes of the adaptive metabolic pathways
In the adaptation mechanism, pancreatic cancer cells 

also use other sources of nutrients to support their ener-
gy requirements. In addition to glycolysis and the pentose 
phosphate pathway (non-oxidative PPP), a self-digestion 
process (autophagy) and uptake of external nutrients (mac-
ropinocytosis) can also be activated. Lysosome, which is 
constitutively activated in PDAC, affects both autophagy 
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and macropinocytosis [20]. The nutrient salvage pathways 
fuel tumor growth and generate sugars, amino acids, and 
fatty acids necessary to reduce stress from cancer cells’ 
malnutrition [21]. Elevated autophagy in PDAC not only 
plays a key role in removing reactive oxygen species 
(ROS) and maintaining energy homeostasis but also pre-
vents DNA damage and increases tumor cell proliferation 
[22]. Inhibition of autophagy may delay the growth of 
pancreatic tumor xenografts, while mice lacking the auto-
phagy genes (atg5 or atg7) were observed to have PanIN 
low stage premalignant lesions but did not develop high-
grade PanIN and PDAC [23, 24]. Pancreatic neoplasms 
have constitutively activated autophagy (controlled by 
KRAS and p53), suggesting their sensitivity to inhibition, 
which leads to an increase in ROS, DNA damage, chang-
es in cellular metabolism, and overgrowth of cytotoxic 
substances, preventing sustained tumor growth [23]. Hit-
ting this sensitive point by inhibiting autophagy disrupts 
the adaptive mechanisms of pancreatic cancer and could 
also potentially alter resistance to other forms of therapy. 
Deprivation of the main energy sources (glycolysis) in nu-
trient stress activates AMPK, which activates autophagy, 
leading to the induction of glycolysis [25-27]. In PDAC, 
oncogenic KRAS and glutamine deprivation can activate 
macropinocytosis, but it is not clear how macropinocytosis 
may affect the glucose metabolism in tumor cells [28, 29].  
It has been demonstrated that KRAS promotes autophagy 
to recycle the metabolites and promotes macropinocytosis 
to transport extracellular proteins as an amino acid source 
for the tricarboxylic acid (TCA) cycle to sustain tumor 
growth [28]. A better understanding of the importance of 
autophagy in promoting or inhibiting the neoplastic pro-
cess requires further research. Although enhanced autopha-
gy is detected in PDAC, its elimination contributes to pan-
creatic cancer initiation [30]. More precisely, the authors 
of the latest research demonstrated that acute suppression 
of KRAS (using validated siRNA) further elevated rather 
than decreased the already high basal levels of autopha-
gy in a panel of human and mouse PDAC cell lines [31].  
It also turned out that autophagy was elevated at multiple 
levels, including increased autophagosome flux, phosphor-
ylation and activation of AMPK and Beclin-1, downregu-
lation of the mTOR pathway, and increased transcription 
of autophagy-related genes. These studies showed that 
combinations of pharmacologic inhibitors that concurrent-
ly block both ERK (extracellular signal-regulated kinase)/
MAPK (mitogen-activated protein kinase) and autophagic 
processes that are upregulated in response to ERK inhi-
bition may be effective treatments for PDAC. In another 
series of studies, it was shown that inhibition of KRAS → 
RAF → MEK → ERK signaling elicits autophagy, a pro-
cess of cellular recycling that protects pancreatic ductal 
cancer cells from the cytotoxic effects of KRAS pathway 
inhibition [32]. This evidence of protective autophagy sug-
gests a novel treatment strategy for RAS-driven cancers 

(a combination of trametinib plus hydroxychloroquine).  
As previous research has shown, the ERK/MAPK sig-
naling pathway plays a central role in pancreatic carcino-
genesis [33]. This signaling is involved in cell prolifera-
tion, differentiation, cell cycle regulation, apoptosis, and  
in development of various tumor (e.g., breast, lung, co-
lon cancer), and inhibition of the ERK/MAPK signaling 
pathway can restore tumor cells to a non-transformed state  
in vitro and suppresses growth of tumors in vivo [34-37]. 
In patients with advanced pancreatic cancer in a random-
ized phase II trial, the combination of selumetinib (MEK 
inhibitor) and MK-2206 (AKT inhibitor) revealed that 
their efficacy was inferior to FOLFIRINOX and the toxic-
ity was greater [38]. The clinical effect of the dual-target-
ing strategy involving PI3K/AKT/mTOR and RAS/MEK/
ERK pathways in patients with advanced cancer suggests 
that dual inhibition of both pathways may potentially ex-
hibit favorable efficacy compared with inhibition of either 
pathway, but also at the expense of greater toxicity [39]. 
Unfortunately, in a phase II randomized, double-blind, pla-
cebo-controlled trial in patients with previously untreated 
metastatic adenocarcinoma of the pancreas, oral mitogen/
extracellular signal-related kinase (MEK1/2) inhibitor (tra-
metinib in combination with gemcitabine) had no clinical 
benefit including overall survival, progression-free surviv-
al, overall response rate, and duration of response, and out-
comes were independent of KRAS mutations determined 
by circulating free DNA (cfDNA) [40]. In a phase I/II trial, 
no clinical benefit was observed also with first-line pima-
sertib (selective MEK1/2 inhibitor) plus gemcitabine com-
pared with gemcitabine alone in patients with metastatic 
pancreatic adenocarcinoma [41]. An interesting attempt to 
inhibit the proliferation of KRAS mutated pancreatic can-
cer cells is also the inhibition of nutrient uptake by mac-
ropinocytosis. Phellodendrine chloride (PC) significantly 
inhibited the viability of KRAS mutant pancreatic cancer 
cells (PANC-1 and MiaPaCa-2) in a dose-dependent man-
ner [42]. As shown by these experimental studies, the in-
hibition of macropinocytosis by PC and the decrease in the 
intracellular level of glutamine had the effect of limiting 
PANC-1 cell growth. In PANC-1 cells, inhibition of mac-
ropinocytosis led to an enhanced ROS level and induced 
mitochondrial apoptosis by increased Bax, decreased 
Bcl-2 expression, and activation of caspase-3, 7, 9, and 
PARP cleaved. In other studies, it was found that mac-
ropinocytosis rendered a subset of pancreatic tumor cells 
resistant to mTOR inhibition, and concurrent inhibition of 
mTOR and protein scavenging might be a valuable ther-
apeutic approach [43]. Another interesting discovery was 
the SDC1 (syndecan-1) protein activated by KRAS on the 
cell surface that regulates macropinocytosis in pancreatic 
cancer cells. The determination of this cell surface critical 
mediator of macropinocytosis may be an important diag-
nostic and therapeutic element [44]. As cancer cells’ met-
abolic adaptation to alterations in the microenvironment, 
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macropinocytosis provides not only a survival mechanism 
under nutrient-scarce conditions but also the potential for 
unrestricted tumor growth in an adverse tumor microen-
vironment.

In metabolic adaptation, deregulated cell-surface pro-
teins drive neoplastic transformations and are envisioned to 
mediate crosstalk between the tumor and its microenviron-
ment. Numerous studies indicate the important roles of mu-
cins, a family of multifunctional glycoproteins of epithelial 
cells in the gastrointestinal tract, that not only protect but 
also participate in increasing carcinogenicity, invasiveness, 
metastasis, and tumor drug resistance [45-47]. Multiple 
functional domains present in the mucins (e.g., epidermal 
growth factor-EGF) interact with cell surface receptors, 
signaling mediators, and the extracellular matrix (ECM).  
Aberrant overexpression of the oncoprotein MUC1 is found 
in 90% of pancreatic cancer and is associated with a short 
survival rate [48-50]. MUC1 is an important regulator of 
metabolic reprogramming (e.g., increased glycolysis), fa-
cilitating metabolic adaptation of cancer cells in a hypoxic 
environment, which helps cancer development. In orthotopic 
models of pancreatic cancer implantation, MUC1 increases 
glucose uptake and the expression of genes involved in up-
take [51]. The results of these studies indicate that MUC1 
acts as a modulator of the hypoxia response of pancreatic 
cancer cells by regulating the expression and activity of the 
transcription factor HIF-1. Preclinical studies suggest that 
decreasing mucin expression in tumors has potential as 
a novel molecular approach for the treatment of pancreatic 
cancer [52]. For example, inhibition of MUC1 biosynthesis 
via threonyl-tRNA synthetase suppresses pancreatic cancer 
cell migration [53]. Healthy pancreatic tissue may express 
low levels of mucins such as MUC1, or MUC1 is unde-
tectable in the main pancreatic duct; however, histological 
studies show that there is neo-expression and upregulation 
of mucins such as MUC4, MUC5AC, and MUC16 in pan-
creatic intraepithelial neoplasia (PanIN), intraductal pap-
illary mucinous neoplasms (IPMN), and mucinous cystic 
neoplasms (MCN) [48, 49, 54, 55]. Histological studies re-
vealed a multifold increase in MUC1 and MUC4 expression 
as early as the PanIN lesion stage (in 85% of cases, PDAC 
arises from PanIN), which further increases during pancre-
atic cancer progression. The highest expression of MUC1, 
MUC4, and MUC5AC was found in PanIN III and pancreat-
ic cancer [47, 55-58]. In immunocytochemistry, MUC4 and 
MUC16 have high specificity in distinguishing PDAC pa-
tients from healthy controls, and the latest research showed 
that MUC4 levels in the cystic fluid of IPMN patients could 
accurately discriminate high- from low-risk cystic neo-
plasms with high sensitivity [59, 60]. In pancreatic cancer, 
MUC1 binds to β-catenin and EGFR to activate cell prolif-
eration via the Wnt/β-catenin or MAPK pathway [61, 62], 
and up-regulation of MUC16 stimulates mTOR and c-MYC 
to reprogram pancreatic cancer metabolism, enhancing 
glycolysis and cell proliferation, and can also activate the 

AKT and MAPK pathways to promote metastasis [63, 64]. 
In pancreatic cancer cells, MUC13 expression leads to the 
activation of nuclear translocation of NF-κB p65 and phos-
phorylation of IκB, which in turn upregulates the expression 
of important proteins (Glut-1, c-Myc, and Bcl-2) that are 
involved in glucose metabolism [65]. These results delin-
eate how MUC13 rewires aberrant glucose metabolism to 
enhance the aggressiveness of pancreatic cancer and reveal 
a novel mechanism to develop newer therapeutic strategies.

Mucins are also a target for the development of new 
therapies as well as to enhance the potency of cytotoxic 
drugs [62, 66, 67]. Mucin-based therapy has been applied 
for pancreatic cancer strategies including vaccines, antibod-
ies, gene therapy, and mucolytic agents. For example, in 
clinical application, a synthetic MUC1 peptide was used 
as a vaccine to strengthen the tumor-associated antigen 
presentation of dendritic cells and to activate cytotoxic  
T cells in resected and locally advanced pancreatic cancer 
[68]. Pancreatic cancer immunotherapy with MUC1-based 
vaccines reduced the tumor burden by inducing a cellular 
and humoral response [69]. The combination of MUC1 
antibodies and radioisotopes is an interesting concept, but 
the side effects of radiotherapy such as neutropenia and 
thrombocytopenia as well as the high cost should be con-
sidered [70, 71]. Down-regulation of MUC1 expression by 
RNA interference reduces the growth rate and metastatic 
phenotype of human pancreatic cancer cells [72]. These 
results support the hypothesis that MUC1 contributes sig-
nificantly to growth and metastasis, and that down-regula-
tion of MUC1 protein expression decreases the metastatic 
potential of pancreatic adenocarcinoma. In an orthotopic 
mouse model, MUC4 interference by siRNA also inhibited 
pancreatic tumor cell proliferation [72]. The presence of 
MUC4 on the cell surface was shown to interfere with the 
tumor cell-extracellular matrix interactions, in part by in-
hibiting the integrin-mediated cell adhesion. These studies 
provide experimental evidence that supports the functional 
significance of MUC4 in pancreatic cancer progression and 
indicates a novel role for MUC4 in cancer cell signaling.  
In another study, immunohistochemical staining demon-
strated that high MUC20 expression correlated with poor 
progression-free survival and a high local recurrence rate 
of PDAC patients, and MUC20 knockdown with siRNA 
suppresses the malignant phenotypes of PDAC cells at 
least partially through inhibition of hepatocyte growth fac-
tor (HGF)/MET signaling, a critical pathway for commu-
nication between stroma and cancer cells, and that MUC20 
could act as a potential therapeutic target [73]. Despite  
the encouraging results of experimental studies, MUC gene  
silencing therapy has not been confirmed in clinical trials.

Conclusions
Hypoxia, impaired perfusion, and the limited access 

of PDAC cells to nutrients stimulates development of ad-
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aptations (e.g., autophagy/recycling, macropinocytosis/
extracellular scavenging) to meet the basic energy require-
ments and the needs of unconstrained proliferation. It was 
found that blocking of selected metabolic pathways related 
to the local adaptive metabolic activity of pancreatic can-
cer cells, improving nutrient acquisition and metabolic 
crosstalk within the microenvironment to sustain prolifera-
tion, may inhibit cancer development, increase cancer cell 
death, and increase sensitivity to other forms of treatment  
(e.g., chemotherapy). Most of these studies have been per-
formed on different pancreatic cancer cell lines, under vary-
ing experimental conditions, significantly different from the 
conditions of the gradual development of neoplastic lesions 
in pancreatic cancer patients, making it difficult to compare 
and transfer the results of these studies to clinical practice. 
In addition, analyses are confounded by the heterogeneous 
populations of cells found in the tumor microenvironment. 
The changes in the metabolic profile can also be caused 
by non-cancerous cells strongly supporting tumor growth. 
Thus, the assessment of the contribution of metabolic dis-
orders to the development of pancreatic cancer should also 
take into account other factors explaining the roles of dif-
ferent cellular compartments in cancer development (stro-
ma, immune cells), which may alter metabolism in vivo. 
Without a better understanding of the mechanisms of the 
tumor metabolism adjustment to the changing conditions 
that inhibit its development, it will be impossible to develop 
a more effective therapy. Unfortunately, in clinical trials 
conducted in patients with advanced pancreatic cancer, 
there was no advantage of treatment including various com-
binations of metabolic signaling pathway inhibitors, over 
the current standard treatment, but studies are still ongoing. 

The authors declare no conflict of interest.
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