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ABSTRACT 

Pancreatic cancer is a highly deadly disease: almost all patients develop metastases and conventional 

treatments have little impact on survival. Therapeutically, this tumor is poorly responsive, largely due 

to drug resistance. Accumulating evidence suggest that this chemoresistance is intimately linked to 

specific metabolic aberrations of pancreatic cancer cells, notably an increased use of glucose and the 

amino acid glutamine fueling anabolic processes. Altered metabolism contributes also to modulation 

of apoptosis, angiogenesis and drug targets, conferring a resistant phenotype. As a modality to 

overcome chemoresistance, a variety of experimental compounds inhibiting key metabolic pathways 

emerged as a promising approach to potentiate the standard treatments for pancreatic cancer in 

preclinical studies. These results warrant confirmation in clinical trials. Thus, this review summarizes 

the impact of metabolic aberrations from the perspective of drug resistance and discusses possible 

novel applications of metabolic inhibition for the development of more effective drugs against 

pancreatic cancer. 

 

Abbreviations: AMPK: AMP-activated protein kinase; HK2:hexokinase 2; LDHA, lactate 
dehydrogenase A; GLS1: glutaminase; GLUD, glutamate dehydrogenase GOT1; HIF1-a: Hypoxia-
inducible factor 1-alpha; KRAS: V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; MCT: 
monocarboxylic acid transporter; mTOR: mammalian target of rapamycin; PK: pyruvate kinase PDH, 
pyruvate dehydrogenase; PDK: pyruvate dehydrogenase kinase; PPP: pentose phosphate pathway; 
RRM1: Ribonucleoside-diphosphate reductase large subunit; SLC1A5: Neutral amino acid transporter 
B(0); TCA: tricarboxylic acid cycle. 
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1. Introduction 

Pancreatic cancer is one of the most aggressive and deadliest malignancies. It is expected that by 

2020 pancreatic ductal adenocarcinoma (PDAC) will surpass breast and colorectal cancer to become 

the second most common cause of cancer-related deaths.1 Despite better understanding of its 

biology and pathogenesis, current treatment regimens are still insufficient.2 To date, only 5% to 25% 

of PDACs are eligible for resection, and even after this intervention median survival covers only 12 - 

20 months and the 5-year survival does not exceed 20%.3,4 Given these poor statistics, there is a clear 

need to develop more effective pharmacological therapies.5 

1.1 Pancreatic cancer chemoresistance 

Chemoresistance is the major impediment for treating PDAC.6 Currently, first and second-line therapy 

for PDAC chemotherapy relies on fluoropyrimidine- and gemcitabine-based regimen.7,8,9 The drug 

combination of Folinic acid, 5-Fluorouracil (5-FU), Irinotecan, and Oxaliplatin (FOLFIRINOX) is now 

considered a standard treatment in first-line setting, since it provided PDAC patients with a 4.3 month 

increase in overall survival when compared to gemcitabine alone.10 Despite this progress, not all 

patients benefit from this intense therapy and clinicians are lacking predictive markers to help 

choosing which individual patient will benefit or when chemoresistance will occur. Potential 

biomarker candidates include determinants of drug metabolism and activity, such as the enzyme of 

5-FU catabolism dihydropyrimidine dehydrogenase (DPD), and the target enzyme thymidylate 

synthase (TS)11. For instance, Kurata et al12 demonstrated that PDAC cells with high TS and/or DPD 

levels are more resistant to 5-FU. However, high TS immunoreactivity did not significantly influence 
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the OS of the patients with unresectable tumors, nor was an independent prognostic factor. 

Furthermore, in resectable patients, high TS expression levels were significantly correlated with a 

longer OS rate, vs lower OS for negative or low TS expression levels, suggesting a role for TS as a 

prognostic factor more than as a predictive biomarker.13 

Data on potential biomarkers of resistance to platinum compounds in metastatic PDAC are also 

unclear. It has been demonstrated that cells able to repair platinum-DNA adducts present a profile 

of resistance to these drugs. The nucleotide excision repair system, which consists of at least 30 

identified proteins, including ERCC1, play a key role in removal of damaged DNA.14 However, the 

clinical role of ERCC1 staining as a biomarker for resistance to platinum drugs is limited by 

methodological issues since the currently used ERCC1 antibodies are not specific to detect the unique 

functional ERCC1 isoform.15 

Cappelo et al focused on carboxyl esterase-2 (CES2), which activates irinotecan into SN-38, evaluating 

in vitro and in vivo models as well as extensive analyses of genetic databases, proteomics and tissue 

microarrays. High expression of CES2 was associated with longer OS and PFS in resectable and 

borderline-resectable patients treated with FOLFIRINOX in the neoadjuvant setting.16 Remarkably, 

this is the first study reporting the associating of molecular features of pancreatic tumors and 

outcome of FOLFIRINOX treatment. However, the univariate and multivariate analyses were limited 

by the small number of patients included in the study (n = 22). 

Gemcitabine (2,2-difluoro 2-deoxycytidine, dFdC) has been the standard of care for PDAC since 1997. 

This drug is a deoxycytidine analogue, whose cytotoxic activity is based on interference of DNA 

synthesis. Efficacy of gemcitabine-based therapy for PDAC is limited by emerging drug resistance, 

which can be intrinsic, or acquired after multiple treatment cycles, and is multifactorial.17 Resistance 

can indeed result from several molecular and cellular changes, affecting nucleotide metabolism 

enzymes, apoptosis pathway, drug efflux pumps, cancer stem cells or epithelial-to-mesenchymal 
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transition (EMT) pathway, as well as up- or down-regulated expression of specific microRNA 

(miRNA).18 For instance, Dhayat and collaborators suggested that consistent miR expression profiles 

(miR-21-5p, miR-31*, miR-125b-5p, miR-210-3p, miR-330-3p, miR-378a-3p, miR-422a and miR-486-

5p) enhance proliferation by upregulating Bcl-2 expression in PDAC chemoresistant cells.19Alterations 

in the nucleoside transporter-1 (hENT1), an important element in gemcitabine uptake, as well as 

various gemcitabine metabolism gene products, including deoxycytidine kinase and ribonucleoside 

reductase subunits M1 and M2 (RRM1 and RRM2), were also contributing factors in gemcitabine 

resistance.20,21 Next, aberrant expression of genes associated with cellular survival and apoptosis 

have been implicated in gemcitabine resistance, such as for example the S100 family member 

S100A4, whose expression provokes resistance by regulation of the hypoxia-induced proapoptotic 

gene BNIP3.22 Lastly, the phosphatidylinositol 3-kinase/Akt survival pathway has also been implicated 

in gemcitabine resistance23 along with integrin-linked kinase (ILK).24 

In particular, ILK increases gemcitabine chemoresistance in PDAC cells due to a chemoprotective 

effect occuring in association with suppression of caspase 3 activity.24 

To overcome resistance modalities, several preclinical studies evaluated novel drugs alone and in 

combination with gemcitabine, and albumin-bound paclitaxel particles (nab-paclitaxel) revealed 

antitumor activity as a single agent and synergistic activity in combination with gemcitabine in murine 

models of PDAC.25 Nab-paclitaxel is a nanoparticle albumin-bound paclitaxel, which achieves a higher 

tumor accumulation vs paclitaxel, both due to the lack of drug-sequestering solvent micelles and to 

albumin-mediated transcytosis.26 The presence of albumin-binding proteins, such as secreted protein 

acidic and rich in cysteine (SPARC), which is overexpressed in the stromal fibroblasts surrounding 

PDAC, is another hypothesized mechanism to be responsible of the higher tumor accumulation of 

this drug.27 However, SPARC failed as a predictive biomarker and as a potential selection criteria for 

treatment with nab-paclitaxel.25 
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Additional studies showed that nab-paclitaxel improved the intratumoral concentration of 

gemcitabine, though the inactivation of cytidine deaminase, the main gemcitabine catabolizing 

enzyme.28 After promising phase II trials, a phase III trial enrolled 861 patients, with median OS of 8.5 

months vs 6.7 months, respectively, favouring the combination of nab-paclitaxel and gemcitabine vs. 

gemcitabine monotherapy (P < 0.001).25 However, no validated biomarkers to guide gemcitabine-

nab-paclitaxel treatment are available and further studies on determinants of drug resistance are 

warranted. The role of tubulin in resistance to taxane therapy has been widely investigated in 

different tumor types. Lung cancer patients with low tumor levels of class III B-tubulin isotype had a 

better response rate, longer PFS and OS, and this variable was not found to be predictive in patients 

receiving regimens without taxanes.29 The role of tubulin expression was also investigated in gastric 

cancer: who showed a significantly shorter median PFS if class III B-tubulin expression was high.30 

However, no data on the role of this potential biomarker are available for PDAC patients. 

In the era of actionable mutations and targeted agents it would be desirable to identify molecular 

factors or biomarkers to predict response or resistance to therapy in order to maximize the efficacy 

of treatment and avoid useless toxic effects for non-responding patients. High throughput 

sequencing and copy number studies of PDAC genome have identified and validated the known driver 

mutations in K-RAS, TP53, CDKN2A, and SMAD4, as well as novel gene mutations that may be involved 

in cell growth, DNA repair, invasiveness, angiogenesis and metabolism.31 These studies can 

potentially bridge a shift of focus to novel targets for therapeutic intervention in PDAC, including 

metabolic reprogramming. Understanding how best to integrate inhibitors to metabolic pathways 

with existing chemotherapeutic agents as well as determining the appropriate combination of 

inhibitors of metabolic and key signalling pathways should pave the way to combat and overcome 

the complex landscape of PDAC chemoresistance.32 

1.2 Impact of altered metabolism in pancreatic cancer chemoresistance 
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A recent emerging strategy to treat (chemoresistant) PDAC relies on exploiting aberrant metabolic 

processes in cancer cells in general and PDAC cells in particular.33,34,35 In fact, cancer cells reprogram 

their metabolic pathways, a process regulated by a complex and still poorly defined combination of 

intrinsic and extrinsic factors. A prevailing view posits that a key function of oncogenes is to 

reprogram the cellular metabolism back to the building blocks that sustain unrestricted tumor 

growth.36 An early event during malignant transformation is the acquisition of activating mutations 

in the K-RAS oncogene at codons 12, 13, 61, which occurs in more than 90% of PDAC patients.37 

PDACs are highly “addicted” to this oncogene for multiple parameters influencing tumor initiation, 

progression and maintenance.38 Recent studies demonstrated that K-RAS mutations play a pivotal 

role in the metabolic reprogramming of cancer cells, shifting them towards an anabolic metabolism 

necessary to produce biomass and support unconstrained proliferation.39 Since mutant K-RAS 

expression has been associated to reduced anticancer activity of both gemcitabine and paclitaxel, 

new therapeutic strategies to target the K-Ras-dependent metabolic aberrations should therefore 

inhibit tumor cell growth and counteract drug resistance. 

Desmoplasia and the tumor microenvironment have been frequently reported as major contributors 

to chemoresistance in PDAC. Notably, PDAC cells are embedded in a very complex microenvironment 

together with stromal components that enhance oxidative stress and promote tumor metabolic 

modulation.40 Furthermore, signal transduction between stromal and parenchymal cells promotes 

both tumor cell growth and metabolic aberrations.41 Together, these factors typically prompt PDAC 

cells to exhibit metabolic plasticity. As a consequence, in addition to the wide range of inter-tumor 

genetic heterogeneity, there is also significant intra-tumor heterogeneity due to the presence of 

multiple subclones with distinct metabolic features, that can reduce drug sensitivity. 

The main consequence of metabolic reprogramming is to provide energy and building blocks to 

tumor cells for proliferation and maintain their redox balance to defend against oxidative stress. 
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However, cancer cells acidify their microenvironment by promoting glycolysis to induce epithelial-

mesenchymal transition (EMT) and the expression of matrix metalloproteinases (MMPs), thereby 

enhancing tumor metastatic potential.42 A high glycolysis rate leads to more lactate production, 

which can stimulates angiogenesis and functions as a vasodilator to take over the limited energy 

availability, whereas angiotonics respond to abundant energy supplies.43 Similarly, the hypoxic 

microenvironment of cancer cells triggers the upregulation of hypoxia-inducible factor-1α (HIF-1α), 

which mediates angiogenesis and the desmoplastic responses.44 In keeping with these data, 

mathematical modelling of radiological/pathological data revealed that most PDAC patients harbor 

a few cells that are able to metastasize even when the tumor size is very and this tumor is a systemic 

chemoresistant disease, even at its inception.45,46,47 

The fundamental idea of anticancer drugs is to target specific molecules and/or cellular processes 

that are essential for tumor cell survival and dispensable for normal cells. Aberrant cancer cell 

metabolism due to enrichment of genetic alterations that provide a survival advantage is recognized 

as a potential Achilles’ heel in PDAC. In the next sections we will focus on PDAC metabolism in the 

context of chemoresistance and recent discoveries of small molecules that inhibit metabolism to 

improve standard treatment in PDAC. 

2. Metabolism addiction in pancreatic cancer 

2.1 Aerobic Glycolysis 

Glucose metabolism is a complex process involving glycogenolysis and gluconeogenesis, both of 

which regulate blood glucose levels. The main function of glucose is to provide cellular energy for 

supporting various biochemical reactions. In contrast to normal differentiated cells, which rely 

primarily on mitochondrial oxidative phosphorylation to generate the energy needed for cellular 

processes, most cancer cells instead rely on aerobic glycolysis, a phenomenon termed “the Warburg 

effect”.48 Compared with oxidative phosphorylation (OXPHOS), glycolysis is a less efficient pathway 
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for producing adenosine triphosphate, but it clearly give a survival advantage to tumor cells by 

promoting rapid ATP production, producing key components for cellular biosynthesis and protecting 

towards reactive oxygen species (ROS) production [Figure 1].49 

In PDAC, aberrant metabolism is driven by several cellular factors depending on the aberrant activity 

of specific oncogenes that guide the switching of nutrient utilization.50 As such, cell-autonomous 

metabolic reprogramming is meaningfully driven by the activation of key genetic alterations and 

oncogenic signalling pathways. Not surprisingly, mutations in K-RAS and other canonical oncogenes 

(e.g., MYC) and tumor suppressors (e.g. TP53, RB and PTEN) were identified driving the accelerated 

growth of PDAC by directly reprogramming cellular metabolism.51,52 

The K-ras protein plays an important role in PDAC glucose metabolism, which is featured by 

upregulation of glucose uptake and the increased expression of multiple key glycolytic enzymes, 

including glucose transporter type 1 (GLUT1), hexokinase 1/2 (HK1/2), phosphofructokinase, and 

lactate dehydrogenase A (LDHA).53,54  K-ras also supports synthesis of building blocks (i.e. amino acids 

and nucleic acids) essential for cancer cell proliferation by shuttling glucose toward anabolic 

pathways, such as the pentose phosphate pathway (PPP), while preserving a low level of ROS and 

limiting ROS production and ROS-related apoptosis.53 TP53 contributes to the glycolytic switch via 

upregulation of GLUT1 and GLUT4 expression and loss of expression of TIGAR (TP53-inductible 

glycolytic and apoptotic regulator) which functions as a fructose-2,6-biphosphatase (FBP-ase).55 

The hypoxic tumor microenvironment promotes activation of HIF-1α, leading to similar aberrant 

signalling due to oncogene activation of K-RAS, and MYC, inactivation of the tumor suppressor gene 

TP53 and aberrations in the OXPHOS pathway.56Glycolytic change mediates also important 

interconnections between tumor stroma. Particularly, lactate may be an important vector for tumor-

stroma interactions and symbiotic spatial energy fuel exchange between cell compartments within 

the tumor.57 Hypoxic cancer cells produce lactate, which diffuses to the extracellular environment by 
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means of lactate transporter MCT-4 and is then taken up by normoxic cancer cells through MCT-1 to 

be used for oxidative metabolism, thereby saving glucose for hypoxic cancer cells. Lactate also 

“feeds” stromal cells providing a fuel source for OXPHOS.58 Remarkably, microenvironment acidity 

also contributes to suppress immune cells by promoting chronic inflammation, while suppressing T-

cell mediated adaptive immune response.59 Collectively, high lactate concentrations and acidic pH, 

representative features of “glycolytic tumors”, has been associated with poor prognosis and a more 

aggressive phenotype.60 

2.2 Glutamine metabolism 

Recent evidence demonstrated that some cancer cells use glutamine (Gln) to support anabolic 

processes to fuel proliferation.61 Gln, as the most abundant free amino acid in humans, is utilized by 

tumor cells to maintain their pools of tricarboxylic acid (TCA) cycle amino acids, hexosamine, 

nucleotides and other molecules.62 Recently, a study reported the identification of a non-canonical 

pathway of Gln utilization in PDAC cells that is required for tumor growth [Figure 2].  

While most cells utilize glutamate dehydrogenase (GLUD1) to convert Gln-derived glutamate (Glu) 

into α-ketoglutarate in the mitochondria to fuel the TCA cycle,63,64 PDAC relies on a distinct pathway 

to fuel the TCA cycle such that Gln-derived aspartate is transported into the cytoplasm where it can 

be converted into oxaloacetate (OAA) by aspartate transaminase (GOT1). Subsequently, OAA is 

converted into malate and then pyruvate to increase the NADPH/NADP+ ratio facilitating 

maintenance of the cellular redox state.52 Relative to non-malignant cells, cancer cell growth relies 

on maintenance of proliferative signaling pathways with increased autonomy. 65 In Hela cells, excess 

Gln is exported in exchange for leucine and other essential amino acids. This exchange facilitates 

activation of the serine/threonine kinase mTOR, a major positive regulator of cell growth.66 

Importantly, PDAC cells are strongly dependent on this series of reactions, as Gln deprivation or 

genetic inhibition of any enzyme in this pathway leads to an increase in reactive oxygen species and 
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a reduction in reduced glutathione.67 Moreover, knockdown of any component enzyme in this series 

of reactions also results in pronounced suppression of PDAC growth in vitro and in vivo.68 

Abbreviations: GOT2: mitochondrial aspartate transaminase; GLUD1: glutamate dehydrogenase 1; 
Asp: aspartate;  ME1: malic enzyme 1; ME2: malic enzyme 2; GLS1:  glutaminase 1; MDH1: malate 
dehydrogenase 1; GOT1: cytosolic aspartate transaminase; OAA: oxaloacetate; αKG: α-ketoglutarate; 
TCA: tricarboxylic acid cycle. 
2.3 Pancreatic cancer microenvironment 

The dynamic relationship between tumors and their microenvironment holds promise for novel 

therapeutic interventions. There has been an increased interest in the potential targeting of the PDAC 

desmoplastic reaction, a cellular compartment containing cancer‐associated fibroblasts (CAFs), 

extracellular matrix proteins, inflammatory, and endothelial cells.69 The PDAC microenvironment is 

characterized by hypoxia and minimal vascularity compared to other tumor types [Figure 3].  

Despite this, elevated pro‐angiogenic vascular endothelial growth factor A (VEGF‐A) levels have been 

observed in PDAC patients which correlate with increased vascular density of PDAC and greater 

disease progression.70 However, the dense extracellular matrix of PDAC enables remarkable 

biophysical rigidity with increased intra-tumoral pressure. Increased pressure causes collapse of the 

vasculature and diminished diffusion into the tumor interstitium. This is hypothesized to be a major 

barrier in responding to therapies.31 Furthermore, one of the major consequences of intra-tumoral 

hypoxia is the cells’ metabolic reprogramming to meet the requirements of tumor proliferation under 

low oxygen and low nutrient supply because of lack of vasculature.71 

Cancer associated fibroblasts (CAFs) are one of the most crucial components of the tumor 

microenvironment promoting growth and invasion of cancer cells by various mechanisms.72 In PDAC, 

the CAFs are the main effector cells in the desmoplastic reaction, and are present in aberrantly high 

numbers.73 These cells are distinct from normal fibroblasts and undergo metabolic reprogramming, 

resembling the phenotype associated with the Warburg effect. In particular, CAFs consume more 

glucose and secrete more lactate than normal fibroblasts in most solid tumors74. Moreover, a recent 
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study has shown that CAF-derived exosomes can strikingly reprogram the metabolic machinery 

following their uptake by cancer cells.72 Notably, CAF-derived exosomes inhibit mitochondrial 

OXPHOS, thereby increasing glycolysis and Gln-dependent reductive carboxylation in cancer cells. 

Additionally, CAF-derived exosomes contain intact metabolites, including amino acids, lipids, and 

TCA-cycle intermediates to support tumor growth.75 

In conclusion, tumor progression is driven by genetic mutations; meanwhile, environmental 

conditions such as hypoxia and metabolic energy supplies provide a selective advantage that allows 

cells with such mutations to clonally expand. Hypoxia initiates activation of HIF-1α along with 

oncogenic, inflammatory, oxidative and metabolic stress, the latter of which involves switching to 

anaerobic glycolysis.76 Metabolic effects within the microenvironment, e.g. lactate secretion by 

cancer cells leading to acidification of the microenvironment, also trigger an inflammatory response 

through the release of cytokines and other factors that promote tumor progression.77 Of further 

notice, lactate production by stromal cells can provide a bioenergetic substrate for cancer cells to 

further support their survival and growth.78 

3. Role of metabolism alteration and anticancer drug resistance 

Several metabolic alterations, driven by genetic and epigenetic factors, have been correlated to drug 

activity and clinical outcome, supporting the hypothesis that cancer metabolism is intimately linked 

to chemoreistance.79 In addition, data from in vitro studies, proteomics platforms and 13C metabolic 

flux analysis (MFA) provided insight into the complex metabolic mechanisms of cancer, enabling the 

selection of molecular targets for therapeutic interventions.80 These issues are discussed in greater 

detail in the next paragraphs from the perspective of PDAC. 

3.1 Metabolism-mediated modulation of survival and/or apoptosis pathways 

Metabolic remodeling can contribute to key tumor features, thereby affecting cancer cell 

differentiation, proliferation and/or apoptosis, as well as therapeutic responses.81 In particular, 
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several regulatory enzymes in glycolysis have been implicated in promoting a drug-resistant cancer 

phenotype [Figure 1]. The first metabolic step in the glycolytic pathway is catalyzed by the enzyme 

hexokinase (HK). Of the two isoforms of HK known; cytoplasmic HK1 and mitochondrial HK2, the 

latter is found up-regulated in many cancers and has the ability to inhibit mitochondrial apoptosis by 

direct insertion in the mitochondrial outer membrane.82 HK2 was most highly expressed in PDAC 

metastases, suggesting a link between HK2 and pancreatic aggressive tumor biology.83 Furthermore, 

survival pathways such as the PI3K/Akt/mTOR pathway can activate HK in cancer cells and induce 

drug resistance.84 Due to its contribution in regulating apoptosis and cellular bioenergetics, HK2 is 

considered to be an important anticancer drug target. The HK2 inhibitor 3-bromopyruvate is able to 

reduce ATP reserves, and thereby reverse chemoresistance.85 In contrast, elevated ATP levels as a 

result of increased glycolysis, activate HIF-1α and confer drug resistance.86 

Fructose bisphosphate aldolase (FBA), which converts fructose 1,6-biphosphate into glyceraldehyde-

3-phosphate (G3P) and dihydroxyacetone phosphate, is another metabolic enzyme overexpressed in 

PDAC.64 Overexpression of FBA delays induction of apoptosis, as does G3P, by suppressing caspase-3 

activity.87 Additionally, overexpression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

prevents caspase-independent cell death, presumably by stimulating glycolysis, increasing cellular 

ATP levels, and promoting autophagy.88 

PKM2 is the rate-limiting enzyme of the glycolytic pathway and converts phosphoenolpyruvate (PEP) 

and ADP into pyruvate and ATP. PK is a tetrameric enzyme composed of homotetramers or hybrid 

forms of one the four isotypes (M1, M2, L and R) being differentially expressed in different cell types. 

PKM2 is highly expressed in cancers, conceivably to drive higher glycolytic fluxes because of its high 

substrate affinity for PEP,89 and maintains high lactate levels, which is potentially oncogenic. A recent 

study has demonstrated the role of lactate as a signalling intermediate in hypoxic conditions leading 

to activation of survival pathways. In addition, lactate‐dependent stabilization was demonstrated of 
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the protein NDRG3, which binds to c‐Raf and promotes neovascularization and survival.90 Apart from 

promoting cell survival, lactate can attenuate immune signalling, and in particular, tumor‐derived 

lactate can prevent the response of human T‐cell,91 which dominate the immune infiltrate in human 

PDAC. Of further notice, inhibiting the monocarboxylate family of transporters that include lactate 

transporters is being considered as a potential therapeutic option for cancer treatment, including 

PDAC.92,93 

3.2 Metabolism-mediated regulation of drug targets, transport and catabolism 

At present, altered metabolism is considered as one of the hallmarks of cancer cells, and 

accumulating studies are supportive of metabolic alterations being linked to cancer drug resistance 

and prompt development of new anticancer strategies to overcome chemoresistance.65 However, 

the Warburg effect involves the complex control of the expression of multiple genes and pathways, 

and modulating one target or segment may not be sufficient to suppress tumors and might even 

result in drug resistance.94 To challenge chemoresistance, research into the molecular mechanisms 

underlying chemoresistance is crucial. Altered metabolism comprises a multifactorial process of 

concerted action of genes, proteins and metabolites that generate a characteristic cancer phenotype. 

However, up to now, most studies focussed only on a few proteins involved in cancer metabolism 

and resistance towards anticancer drugs. One representative study showed the association of LDH-A 

and paclitaxel resistance in breast cancer cells and underscored the role of LDH-A in cancer 

therapeutics and drug sensitivity as the increased expression and activity of LDH-A in paclitaxel-

resistant cells directly correlated with the sensitivity to the glycolysis inhibitor oxamate. Moreover, 

siRNA knockdown of LDH-A reversed taxol sensitivity in resistant cells.95 More recently, a study on 

novel LDH-A inhibitors in PDAC cells lines showed a synergistic interaction with gemcitabine, which 

was attributed to modulation of gemcitabine metabolism, by enhanced expression of deoxycytidine 

kinase (dCK), overcoming the reduced synthesis of phosphorylated metabolites. Of note, acquired 
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resistance to gemcitabine in PDAC has been correlated on the differential expression of four genes 

involved in gemcitabine transport, activation and mechanism of action, i.e., hENT1, dCK, and RRM1, 

M2. Specifically, a decreased ratio of hENT1 × dCK/RRM1 × RRM2 gene expression was a 

characteristic feature of gemcitabine-resistant subclones. The ratio of gene expression decreased 

progressively with development of acquired resistance in gemcitabine-resistant subclones. 

Furthermore, this expression ratio also significantly correlated with gemcitabine sensitivity in eight 

PDAC cell lines, whereas no single gene expression level correlated with the sensitivity.20 

Another enzyme with a critical role in metabolism-mediated resistance is pyruvate dehydrogenase 

kinase 3 (PDK3), which catalyzes the first step of OXPHOS, and contributes to hypoxia-induced drug 

resistance in cervical and colon cancer.96 Hypoxia induces PDK3 expression via upregulation of HIF-

1α, which binds to the promoter of PDK3, resulting in a switch from mitochondrial respiration to 

glycolysis for energy production. Hypoxia-mediated PDK3 induction or forced PDK3 overexpression 

significantly inhibits cell apoptosis and increases resistance to cisplatin or paclitaxel in colorectal 

cancer and, considering the similar expression levels detected for this protein in PDAC tissues 

(http://www.proteinatlas.org/ENSG00000067992-PDK3/cancer), it might have the same effects in 

PDAC cells.97 

Finally, fatty acid synthase (FASN) has been linked to acquired docetaxel/trastuzumab/adriamycin 

resistance in breast cancer and intrinsic gemcitabine and radiation resistance in PDAC.98 In pancreatic 

tumors, a previous study demonstrated a positive correlation between FASN expression and 

resistance to chemo- or radio-therapy.86 FASN expression is significantly upregulated in PDAC cells 

and inhibition of FASN by siRNA or the FASN inhibitor orlistat reduce gemcitabine resistance, whereas 

ectopic overexpression of FASN contributes to intrinsic resistance to gemcitabine and radiation .99 

FASN-induced radiation resistance may result from decrease in radiation mediated ceramide 

production, leading to reduced caspase-8 induced apoptosis. However, the precise mechanism of 
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FASN-induced gemcitabine resistance remains to be elucidated.100 In gastric cancer glutaminolysis 

FASN was associated to cisplatin resistance via the activation of mammalian target of rapamycin 

complex 1 (mTORC1) signaling.101 Notably, in vitro and in vivo experiments showed that the 

combination of AZD8055 and erlotinib synergistically inhibited the mTORC1/C2 signaling pathway, 

together with EGFR/AKT feedback activation, and cell growth, as well as suppressed the progression 

of PDAC in a xenograft model.102 Therefore, new combinations of agents targeting of these pathways 

might also overcome chemoresistance caused by metabolic aberrations. 

4. Critical pathways and targets in cancer metabolism 

4.1 HIF-1α 

Human cells require adequate supplies of O2 on a continuous basis for use as the terminal electron 

acceptor in the process of mitochondrial respiration that generates ATP to power most biochemical 

reactions.44 The intracellular O2 concentration is tightly regulated, however, in cancer cells 

dysfunctions in the regulatory pathways, e.g. HIF-1α, are common.103 HIF-1α is a master regulator of 

transcription of genes involved in cell proliferation and survival, as well as glucose and iron 

metabolism. HIF-1α stability, subcellular localization, as well as transcriptional activity are especially 

affected by oxygen levels.104  

Hypoxia directly increases lactate production and excretion due to changes in mitochondrial redox 

status elicited by reduced oxygen availability.105 Although hypoxia often leads to a reduction or 

cessation of proliferation through HIF-1α mediated upregulation of p21, in some cancers 

proliferation is maintained through the sustained activity of mTOR or Notch.106 With hypoxia, in 

PDAC, the expression of HIF-1α is increased [Figure 1], just as the expression of glucose metabolic 

enzymes PDK1, LDH-A and PKM2.107 Accordingly, knockdown of HIF-1α under hypoxic conditions 

inhibited the production of lactate and the expression of PDK1, LDH-A and PKM2. Knockdown of HIF-

1α under hypoxia repressed the growth of the pancreatic cells BxPC-3 along with induction of 
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apoptosis.107 Indeed, the stabilization and activity of HIF-1α in hypoxia strongly supports and even 

enhances the metabolic reprogramming of glycolysis through the upregulation of almost all glycolytic 

genes and the monocarboxylate transporters that export lactate.108 HIF-1α has also been shown to 

upregulate the expression of genes encoding the glucose transporters Glut1 and Glut3, glycolytic 

enzymes such as the hexokinases HK1 and HK3, aldolase A and C and GAPDH.109 HIF-1α mediated 

adaptation responses such as angiogenesis and anaerobic metabolism are induced to promote cell 

survival. Consistently, constitutive expression of HIF-1α confers apoptosis resistance in PDAC cells.110 

In the PDAC cells PCI-35, with constitutive HIF-1α expression, also Glut1 and aldolase A mRNAs were 

more abundantly expressed, thereby facilitating increased anaerobic metabolism and apoptosis 

resistance under conditions of hypoxia and glucose deprivation.111 Another key enzyme upregulated 

by hypoxia-induced HIF-1α activity, and altering pyruvate metabolism, is PDK1. This HIF-1α -mediated 

effect leads to inactivation of the pyruvate dehydrogenase complex and subsequent loss of pyruvate 

oxidation.112 The inhibition of the pyruvate dehydrogenase complex in hypoxia seems a protective 

mechanism, as it has recently been shown that activation of this enzyme complex by oncogenes is a 

key driver of oncogene-induced senescence through increased oxygen consumption and redox 

stress.105 This is surprisingly similar to the phenotype shown in response to the inhibition of glycogen 

metabolism,113 and points to the intriguing possibility of inducing oncogene-induced senescence in 

cancers through the inhibition of one or more obligate glucose-metabolising pathways.105 This is 

further illustrated by the fact that inhibition of PDK1 expression impairs cell growth and increases 

oxygen consumption and cell death under hypoxia in human cancer cell lines.97 

4.2 LDH 

LDH catalyzes the reversible transformation of pyruvate to lactate under anaerobic conditions, 

coupled with the oxidation of NADH to NAD+.114 LDH is a tetrameric enzyme consisting of two types 

of subunits designated M (LDH-A gene product) and H (LDH-B gene product). Human cells contain 
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five different LDH isozymes as a result of the different hybrid forms of H and/or M subunits: LDH1 

(H4); LDH2 (MH3); LDH3 (M2H2); LDH4 (M3H); LDH5 (M4)115, with LDH-A identified as a target of 

both c-Myc and HIF-1.116 LDH plays an essential role in regulating glycolysis by catalyzing the final 

passage of anaerobic glycolysis; therefore, its upregulation favours the efficiency of anaerobic 

glycolysis in tumor cells and allows ATP production in absence of oxygen.117 Of all LDH isoenzyme 

forms, LDH-5 is the predominant isoform found in skeletal muscle and other highly glycolytic tissues, 

including tumor tissues, and has the highest efficiency to catalyze the conversion of pyruvate to 

lactate. LDH-5 is mainly localized to the cytoplasm, where it participates in glucose metabolism.118 

Several studies have illustrated the prognostic relevance of LDH in different tumour types including 

PDAC.119 In tissue and xenograft studies it was demonstrated that inhibition of LDH-A activity due to 

lysine 5 acetylation, is reduced in human PDAC, thereby underlining its role in PDAC initiation and as 

a potential new target.120 The potential oncogenic activity of LDH-A has also been reported in 

oesophageal carcinoma and gastric cancer.121,122 Of further notice, the LDH gene promoter harbours 

two conserved hypoxia response elements (HREs) containing functionally essential binding sites for 

HIF-1α, which strongly suggest an oxygen dependent regulation of LDH-5 activity.123 The relevance 

of LDH is further supported by elevated expression levels of LDH-A observed in PDAC samples 

compared with the matched normal tissues and by the fact that LDH-A promoted the growth of the 

PDAC, both in vitro and in vivo.118 These results encourage further LDH-A-directed therapeutic 

interventions for PDAC.124 

4.3 mTOR 

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase, frequently activated in human 

cancers, including PDAC.125 Whether or not the mTOR gene acquires oncogenic properties through 

somatic mutations, has remained unclear.125 However, K-ras signaling, including PI3K/Akt, links 

ligation of growth factor receptors to the phosphorylation and activation of mTOR.126 
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mTOR engages a signalling program downstream from nutrient availability to stimulate metabolism 

and leading to cell cycle progression.127 mTOR exists as two complexes: mTORC1, being sensitive to 

rapamycin inhibition, and mTORC2, being largely rapamycin inhibition insensitive.128 mTORC1 

interacts with the accessory protein Raptor-to-phosphorylate effectors S6 kinase 1, which ultimately 

enhances the translation of mRNAs, including ribosomal proteins, elongation factors, and insulin 

growth factor 2.127 

The fact that mTOR signalling defects can cause both metabolic disorders and cancer suggests that 

mTOR links cancer development and metabolism129. This notion is supported by the observation that 

metformin inhibits mTORC1 signalling, via activation of AMPK and REDD1 and a Rag GTPase-sensitive 

mechanism, in addition to suppressing cancer.130 Dowling et al. proposed that mTORC1 controls cell 

proliferation exclusively via 4E-BP while it regulates cell growth via S6K.131 Evidence suggesting that 

mTOR links metabolism and cancer is further provided by a recent study demonstrating that LTsc1KO 

mice with hyperactive mTORC1 signaling display metabolic abnormalities, including defects in 

glucose and lipid homeostasis, and subsequently develop hepatocarcinoma.132 Glutaminolysis 

constitutes another mTOR link between metabolism and cancer. Highly proliferating cancer cells are 

often glutamine-addicted, and tumor growth correlates with the activity of glutaminase (GLS), the 

enzyme that catalyzes the first step of glutaminolysis.133 Lastly, it has been demonstrated that 

glutaminolysis also activates mTORC1, thereby promoting cell growth and inhibiting autophagy.132 Of 

note, mTOR activity also impacts expression of HIF-1α, probably through the activation of S6K. As a 

consequence, inhibition of mTOR by rapamycin also suppresses HIF-1α expression.134 

Remarkably, several preclinical data have demonstrated that inhibition of mTOR in specific K-RAS-

dependent PDAC genetic subtypes leads to inhibition of tumorigenesis in vitro and in vivo. However, 

phase II trials of anti-mTOR regimens have not shown positive results.135 Coordinated inhibition of 
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mTOR and other steps along the mTOR signaling pathway, including critical factors in tumor 

metabolism may lead to better responses by targeting pivotal mechanisms of tumor resistance. 

5. From the bench-to-the-bedside: translational studies on the impact of metabolism in pancreatic 

cancer 

5.1 Determinants of cancer glycolytic metabolism as predictors of drug resistance and clinical 

outcome 

PDAC is a highly aggressive and chemoresistant cancer. In search for biomarkers which may predict 

therapy response and/or drug resistance, several serum markers for PDAC have been investigated, 

including carbohydrate antigen 19-9 (CA 19-9), cell surface associated mucin (MUC1), 

carcinoembryonic antigen related cell adhesion protein molecule 1 (CEACAM1), and more recently a 

pyruvate kinase variant (M2-PK).136 However, all these markers lack sensitivity and specificity, as they 

are infrequently elevated in the early stage of the cancerogenesis, and may also be over-expressed 

in various inflammatory conditions.136 Still, high levels of HK2 and low levels of proliferating cell 

nuclear antigen (PCNA) expression may allow accurate identification of PDAC patients who benefit 

from intensive treatments and experience a longer survival.137 Several reports have shown that 

increased acidosis is often linked to a tumor cell phenotype resistant to different anticancer 

therapies. For instance, overexpression of Glut1 in oral squamous cell carcinoma and HK2 in 

metastases of breast cancer predicts poor prognosis after radio- or chemotherapy.138,139 Multivariate 

analysis showed that combined expression of PKM2 and LDH-A was an independent poor prognostic 

marker for survival in PDAC. Specifically, a high expression pattern of these two major glycolytic 

enzymes during pancreatic carcinogenesis featured aggressive tumours and had a significant adverse 

effect on survival.140 High LDH-A is also associated with resistance to standard chemotherapy, poor 

progression-free survival and high performance status in patients with advanced colorectal cancer.141 

Conversely, low levels of LDH-A were significantly linked to improved responses to therapy in PDAC.36 
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Taken together, these findings suggest that LDH-A may serve as predictive marker for assessing the 

response of tumor cells to therapeutic agents, whereas inhibition of LDH-A may offer a novel 

approach in overcoming resistance to chemotherapy.95 With respect to PDAC metabolism, high 

lactate levels are often associated with a worse prognosis, conceivably related to increased 

angiogenesis and metastasis.142 

5.2 Metabolic inhibition to complement current treatment 

Although Warburg effect (i.e., glycolysis preference of malignant cells to gain energy faster) was 

described as early as 1950s, targeting metabolic differences of cancer cells gained more popularity 

only in recent years. Altered metabolism is indeed now considered as one of the hallmarks of 

cancer.65 Therefore, a better understanding of metabolic dysregulations in which characterize 

different tumor types, including PDAC, could lead to the discovery of novel therapeutic targets.143 

Targeting cancer metabolism may provide an additional strategy for PDAC treatment and drug 

resistance and will be discussed hereafter. 

5.2.1 Focus on novel inhibitors of glycolysis 

Several small molecule inhibitors of glycolysis, as single agents or in combination with other 

therapeutic modalities, exhibit promising anticancer activity both in vitro and in vivo [Figure 1].144  

Hexokinase (HK) catalyzes the first regulatory step in glucose metabolism by phosphorylating glucose 

to produce glucose-6-phosphate (G6P). Currently, HK inhibitors such as 2-deoxyglucose (2-DG), 3-

bromopyruvate (3-BrPA) and lonidamine (LND) are evaluated in pre-clinical and early phase clinical 

trials, including a few trials in PDAC patients [Table 1].99 In particular, 2-DG serves as a competitive 

inhibitor of HK blocking access of glucose to the enzyme. 2-DG is taken up by glucose transporters 

and phosphorylated by HK to 2-DG-P and subsequently accumulated intracellularly. 2-DG-P is not 

recognized as a substrate and metabolized by the next glycolytic enzyme, phosphoglucose isomerase. 

This results into the cellular retention of 2-DG-P and an impaired cellular ATP production.145 
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Combinations of 2-DG with radiotherapy or chemotherapy revealed synergistic effects in preclinical 

models of different tumor types, but only negligible effects were observed in clinical trials.146 

Abbreviations: 2-DG, 2-Deoxyglucose; α-KGDH, Alpha-ketoglutarate dehydrogenase; GLS, 
glutaminase; HK, hexokinase; NCT, ClinicalTrials.gov identifier (https://clinicaltrials.gov/ct2/home), 
PDH, pyruvate dehydrogenase; PEXG, cisplatin, epirubicin, capecitabine, and gemcitabine regimen. 
Lactate production occurs at the final stage of the glucose metabolism where LDH-A constitutes a 

major checkpoint for the switch to anaerobic glycolysis.147 Remarkably, metastasis of tumors is 

promoted by lactate-induced secretion of hyaluronan by tumor-associated fibroblasts that create a 

milieu favorable for migration. Lactate itself has been found to induce the migration of cells and cell 

clusters.148 Furthermore, under hypoxia, LDH-A provokes exacerbation of ROS production, which 

drives glycolysis.149 Novel LDH-A inhibitors (NIH) emerged as very promising anticancer agents, by 

targeting both key mechanisms involved in the proliferation, cell-cycle control, apoptosis, stemness, 

and the migration properties of PDAC cells, especially under hypoxic conditions.147 Promising results 

were also observed in several in vivo models. The inhibition of LDH by 3-bromopyruvate showed 

suppression of tumor engraftment and growth on chicken eggs and mice.150 Of note, this study 

showed that 3-bromopyruvate enhanced gemcitabine efficacy by read-outs of expression markers of 

proliferation, apoptosis, self-renewal, and metastasis. Another LDH inhibitor, FLX11, impaired the 

growth of both lymphoma and PDAC xenografts.151 

More recently, a novel and potent LDH inhibitor GNE-140, demonstrated its ability to modulate LDH-

A activity both in vitro and in vivo.152 Interestingly, GNE-140 action was potentiated in combination 

with phenformin, an inhibitor of complex I of the mitochondrial respiratory chain.152 Phenformin is 

biguanide anti-diabetic drug, which harbors anticancer activity.153 At the cellular level, biguanides act 

through activation of AMPK154 via a mechanism that requires LKB1 and involves regulation of the 

downstream pathways relevant to the control of cellular proliferation resulting in a variety of effects 

distinct from their anti-diabetic activity. It has been demonstrated that PDAC cell lines sensitive to 
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GNE-140 were more dependent on glycolysis, whereas cell lines resistant to GNE-140 relied more on 

OXPHOS. Moreover, inhibition of glycolysis with GNE-140 and OXPHOS with phenformin resulted in 

synthetic lethality.152 Consistent with the possibility that GNE-140 sensitive cell lines rely more on 

glycolysis than do resistant cell lines, sensitive lines had a lower baseline oxygen consumption rate 

(OCR). However, cells that are more reliant on OXPHOS may show greater sensitivity to GNE-140 

upon co-treatment with phenformin.152 

Another critical metabolic step in tumor cells, under hypoxia conditions and HIF-1α regulation, is the 

activation of HK and PDK to increase glycolysis and enhance lactate production.155 PDK inhibition in 

tumor cells by dichloroacetate (DCA) elicits dual effects; on the one hand it decreases lactate 

production and the mitochondrial membrane potential, on the other hand it increases ROS and 

mitochondria-dependent apoptosis.156 In Panc-1 cells, DCA-induced PDK inhibition stimulated 

metabolism via the Krebs cycle over glycolysis to impact Panc-1 proliferation and viability.157 

Preclinical results showed that DCA may synergize well with chemotherapeutic agents such as 5-FU 

and cisplatin via inhibition of glucose-dependent, hypoxia-induced chemoresistance.156 Notably, PDH 

inhibition has also been associated with potent anticancer effects in human pancreatic and non-small 

cell lung cancer xenograft models.158 In a phase I-II trial combining the PDH inhibitor CPI-613 with 

gemcitabine in patients with advanced solid tumors study, responses were observed in patients with 

stage IV pancreatic neuroendocrine tumor.159 These encouraging results should prompt future trials.  

The key role of glutamine in fueling tumor cell metabolism has spurred the development of inhibitors 

targeting enzymes along the glutamine metabolism pathway. In particular, CB-839, which is a highly 

selective, reversible, allosteric inhibitor of GLS is currently being evaluated clinically (NCT02071862). 

Finally, a drug which has shown in numerous laboratory research and pharmacoepidemiology studies 

its capacity of attacking the bioenergetics reprogramming of cancer cells is the widely prescribed oral 

anti-diabetic drug metformin.160 This is and inexpensive and safe-toxic-profile molecule and its ability 
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to decrease circulating insulin may be particularly relevant for the treatment of cancers well known 

for being associated with hyperinsulinemia. In particular, type 2 and type 1 diabetes mellitus 

augments the risk of PDAC, and almost 80 % of PDAC patients also have diabetes or impaired glucose 

tolerance. 

Metformin activates AMP-activated protein kinase (AMPK), an energy sensor involved in regulating 

cellular metabolism in response to a rise in the cellular AMP:ATP ratio.161 Currently, a number of 

clinical trials examining the use of metformin as a cancer therapeutic are underway including studies 

in prostate, breast, endometrial and PDAC patients.162 In pancreatic cells, insulin enhances signalling 

triggered by insulin/IGF1R and multiple G protein-coupled receptors to promote cell growth.152 Since 

the cross-talk between insulin/IGF1R and the G protein-coupled receptor signalling system depends 

on mTORC1, metformin was capable of disrupting this cross-talk via AMPK activation and had 

therapeutic effects in PDAC xenograft models.163 However, in a recent preclinical study, several PDAC 

xenografts treated with metformin did not show any tumor growth inhibition.164 

Similarly, a phase II clinical trial, testing the efficacy of supplementing metformin to systemic 

chemotherapy in patients with metastatic PDAC, showed that the addition of a conventional anti-

diabetic dose of metformin to a polychemotherapeutic regimen with gemcitabine and cisplatin did 

not improve patient outcome.165 In another trial, adding metformin to gemcitabine and erlotinib also 

did not improve the clinical outcome of unselected and heterogeneous patients with advanced 

PDAC.166 Hence, the added value of metformin in current PDAC treatment remains controversial and 

additional research is warranted to explain the discordance between preclinical and clinical research. 

In particular, since the diabetic status of PDAC patients seems to have an impact on metformin 

outcome, the anticancer action could be metformin dose dependent and glucose level dependent. 

However, new studies should also address at which stage metformin therapy might be beneficial, 

and if molecular classification and grading of PDAC could improve outcome. Therefore, a more 
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rigorous planning of clinical trials, not only focusing on classical parameters but also on potential 

predictive biomarkers (AMPK, mTOR, HIF-1α, IGF-1R), is warranted. 

6. Conclusions and future perspectives 

Metabolic rewiring is central to the pathogenesis of PDAC and is a critical component of the 

tumorigenic program driven by K-RAS, the signature mutation in this malignancy. A key current 

challenge is to define how nutrient substrates are generated and utilized by these tumors and to 

understand how the multiple different cooperating genomic alterations found in PDAC influence 

these processes. Notably, numerous oncogenic activations of PDAC (such as K-RAS, TP53, and MYC) 

have glycolytic activity promoting effects with concomitant lactate production acidifying the tumor 

microenvironment. The metabolic changes in cancer cells, such as the Warburg effect, allow available 

resources to be converted into biomass in an efficient manner [Figure 4].  

Aberrant (glycolytic) metabolism allows cancer cells to resist standard treatment through modulation 

of apoptosis and angiogenesis, as well as affecting drug transport and targets. Thus, compounds that 

influence deregulated cellular metabolism often have the ability to increase the efficacy or reduce 

resistance to current anticancer treatments. 

In addition, there are many other important links between PDAC metabolism and drug resistance. 

Microenvironment conditions promote the Warburg effect in metabolism. Hypoxic conditions 

activate HIF-1α, which is the guardian sensor of oxygen concentration. HIF-1α activation leads to 

upregulation of glycolytic enzymes resulting in a higher glucose metabolism. In PDAC, CAFs have a 

role in creating an extracellular matrix structure and metabolic and immune reprogramming of the 

tumor microenvironment with an impact on adaptive resistance to chemotherapy. The pleiotropic 

actions of CAFs on tumour cells are probably reflective of them being a heterogeneous and plastic 

population with context-dependent influence on cancer.167 Lactate produced by hypoxic tumor cells 

may indeed diffuse and be taken up by oxygenated tumor cells. Preferential utilization of lactate for 
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oxidative metabolism spares glucose, which may in turn reach hypoxic tumor cells. 

Recently, encouraging results demonstrated that combining metabolism inhibitors to standard 

treatment yielded synergistic effects that potentiate cancer treatment. Although most inhibitors are 

still in the preclinical phase, the inhibition of glycolytic enzymes represents a promising novel 

approach for anticancer therapy in general and PDAC in particular. Unfortunately, many of these 

therapeutic strategies have still several drawbacks such as poor bioavailability, unfavourable 

pharmacokinetic profiles and associated nonspecific toxicities, hampering preclinical investigations. 

Nevertheless metabolic inhibitors appear a promising opportunity to exploit aberrant metabolism in 

PDAC as its Achilles heel. 
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<InlineImage1> 

Figure 1. Summary of pancreatic cancer metabolic reprogramming. Metabolic reprogramming is 
characterized by enhanced glycolysis, PPP, glutaminolysis, among others. These pathways provide 
cancer cells with not only essential energy but also important precursors to supply large-scale 
biosynthesis, rapid proliferation, growth, invasion, metastasis, and resistance to anti-cancer 
therapies. 
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<InlineImage2> 

Figure 2. KRAS enhance non-canonical pathway of glutamine metabolism in pancreatic cancer. In 
KRAS-mutant pancreatic cancer, mitochondrial glutamine flux is rewired to principally flux through 
GOT2, rather of the canonical GLUD1 pathway. 
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<InlineImage3> 

Figure 3. Hypoxic and nutrient starvation in pancreatic tumor development. On the left, normal 
pancreas with functional pancreatic ducts and blood vessels. On the right, pancreatic tumor cells are 
surrounded by a dense stroma constituted by nerve fibers, immune cells, occluded blood vessels, 
cancer associated fibroblasts. Such desmoplasic reaction gradually reduces oxygen and nutrient 
supply to pancreatic cancer cells. 
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<InlineImage4> 

Figure 4.  Schematic representation of the processes related to Warburg effect. 
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Table 1: Clinical trials of inhibitors targeting metabolism in patients with pancreatic cancer. 

Target Phase Compound Combined with  Status/Results 
NCT identifier 
[Reference] 

HK  I/II  2-DG 
alone or with 
docetaxel 

Negligible 
effects 

NCT00096707 

[140] 

PDH and  

α-KGDH 
I/II CPI-613  gemcitabine  

Encouraging 
results 

NCT00907166 

[153] 

GLS I CB-839 alone Ongoing NCT02071862 

Mitochondria
l Complex I 

II metformin PEXG Negative results 
NCT01167738 

[158] 

Mitochondria
l Complex I 

II metformin 
gemcitabine and 
erlotinib 

Negative results 
NCT01210911 

[159] 

 


