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Abstract: Cancer cells reprogram their metabolism to meet bioenergetics and biosynthetic demands.
The first observation of metabolic reprogramming in cancer cells was made a century ago (“Warburg
effect” or aerobic glycolysis), leading to the classical view that cancer metabolism relies on a glycolytic
phenotype. There is now accumulating evidence that most cancers also rely on mitochondria to
satisfy their metabolic needs. Indeed, the current view of cancer metabolism places mitochondria as
key actors in all facets of cancer progression. Importantly, mitochondrial metabolism has become a
very promising target in cancer therapy, including for refractory cancers such as Pancreatic Ductal
AdenoCarcinoma (PDAC). In particular, mitochondrial oxidative phosphorylation (OXPHOS) is an
important target in cancer therapy. Other therapeutic strategies include the targeting of glutamine and
fatty acids metabolism, as well as the inhibition of the TriCarboxylic Acid (TCA) cycle intermediates.
A better knowledge of how pancreatic cancer cells regulate mitochondrial metabolism will allow the
identification of metabolic vulnerabilities and thus novel and more efficient therapeutic options for
the benefit of each patient.
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1. Background

Over the past decade, cancer researchers have turned their attention to the cellular organelle
mitochondrion. Several studies have reported the critical role of mitochondrial metabolism in all facets
of cancer: Development, progression and invasion. Moreover, mitochondria have been involved in
resistance to chemotherapy. Targeting mitochondrial metabolism is thus an exciting area of research
that has shown great promise in the treatment of various types of cancer.

Specifically, pancreatic cancer is a disease that could greatly benefit from mitochondrial metabolism
targeting [1–5]. The most frequent pancreatic cancer is Pancreatic Ductal AdenoCarcinoma (PDAC),
the fifth leading cause of cancer death in the United States by 2017 [6] and the 13th worldwide by
2018 [7]. With a five-year overall survival that has increased very slightly over decades (currently 8%),
PDAC remains a poor-outcome disease with rising incidence in developed countries [8,9].

A major concern is that PDAC death rates have been rising over the past decade, unlike other
cancers (e.g., lung, breast, prostate and colorectal) [6]. Moreover, PDAC is predicted to become the
second cause of cancer-related deaths in the United States by 2030, surpassing breast and colorectal
cancers [6,10,11]. There is thus an imperative need to invest massively to develop effective therapeutic
strategies against this incurable disease.
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The aggressive behavior of PDAC makes it difficult to treat, in addition to the fact that most
patients are diagnosed in an advanced or even metastatic state [8]. In these patients, a combination of
cytotoxic therapies as Gemcitabine plus Nab-Paclitaxel or FOLFIRINOX provides only a mild increase
in survival (in the rank of weeks to months) [12,13]. The outcome could be better with a therapeutic
strategy that would include inhibitors of mitochondrial metabolism for the patients whose tumor
depend on mitochondria for aggressiveness and resistance to therapy.

Among inhibitors of mitochondrial metabolism, those that target the respiratory complex I
(i.e., Metformin, Phenformin) are by far the most frequently cited. Furthermore, analogues or
modified-Metformin compounds have been developed to better amplify the therapeutic activity of
Metformin, as well as the combination with glycolysis inhibitors.

Nevertheless, due to the multifunctionality of mitochondria, there is a vast opportunity to explore
further potential therapeutic options. In particular, the metabolism of nutrients such as glutamine and
other amino acids, fatty acids, intermediates of the TriCarboxylic Acid (TCA) cycle, autophagy and the
generation of Reactive Oxygen Species (ROS) are of main interest in the pancreatic cancer field.

In this review, we will first present the classical view of cancer metabolism over many decades, as
well as an extensive analysis of several important aspects leading to the current view of cancer metabolism.
The latter is a comprehensive and integral approach to better understand cancer metabolism and metabolic
dependencies, with a special focus on the specifics of pancreatic cancer. We will then present current
strategies targeting mitochondrial metabolic pathways that are vulnerabilities. A better knowledge of
how pancreatic cancer cells regulate their metabolism, in particular mitochondrial metabolism, will allow
the design of novel and more efficient therapeutic options for the benefit of each patient.

2. Cancer Metabolism: A New Perspective

2.1. One Hundred Years of Cancer Metabolic Reprogramming

Metabolism is the ensemble of biochemical reactions necessary for organism homeostasis and
survival. It is now well established that metabolism in cancer cells is adapted to their high needs in
energy and macromolecules supporting their aberrant proliferation. Even though the first observation
of a metabolic alteration in cancer cells was made one century ago (“Warburg effect” or aerobic
glycolysis) [14], cancer metabolism became only recently a very active research field, as it provides
great opportunities for cancer diagnosis and treatment.

The term of metabolic reprogramming (also called metabolic rewiring, deregulation, changes,
alterations) started to be used at the beginning of the past decade. Nowadays, metabolic reprogramming
is an established hallmark of cancer that describes the ability of neoplastic cells to adjust energy
metabolism and synthesis of macromolecules to sustain cell growth and division [15]. Importantly,
this capacity of metabolic rewiring is common to almost all cancers and it exists during all stages
of cancer progression, so it is practically possible to consider cancer metabolism as a synonym of
metabolic reprogramming.

The metabolic properties of tumoral cells are altered with regards to their normal counterpart.
Normal cells respond to growth factor stimuli by the activation of canonical signaling pathways
with the main outcome to support anabolism function. In contrast, cancer cells are able to fulfill
their anabolic needs with minimal dependence on extrinsic stimuli by growth factors [16], through
deregulation of pathways related to energy production and biosynthesis (Figure 1). Among these
pathways, glycolysis and glutaminolysis are by far the most investigated. Accordingly, the most
common signaling molecules involved in metabolic pathways are the phosphatidylinositol 3-kinase
(PI3K), protein kinase B (known as AKT), adenosine monophosphate-activated protein kinase (AMPK)
and the mammalian target of rapamycin (mTOR), as well as the oncogenic proteins KRAS and MYC
and the tumor suppressor p53 [16,17].

The classical cancer energetic metabolism view describes the “Warburg effect” or aerobic glycolysis,
characterized by high glycolytic rates observed in cancer cells even in the presence of oxygen, with a
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consequent high amount of lactate production (Figure 1). This phenomenon stands for a reliance of
cancer cells on a glycolytic phenotype, instead of an oxidative phenotype (given by mitochondria).
However, since glycolysis-produced ATP is far less efficient than oxidative phosphorylation (OXPHOS)
in mitochondria, there are different theories regarding the possible advantages that this glycolytic
phenotype provides to cancer cells [17]. The most accepted explanation for this preferred pathway is
that glycolytic intermediates support macromolecular synthesis, such as that of nucleotides, lipids
and some amino acids, as well as reduced equivalents in the form of NADPH [18,19]. Other theory is
that even if the yield of ATP production by aerobic glycolysis is less efficient (18 times less), ATP is
synthetized 100 times faster than OXPHOS, thus rapidly supplying energy demands [19,20]. Other
proposed benefits of the Warburg effect are that it promotes invasion by enhancing tissue disruption
and immune cell evasion due to acidosis in the tumor microenvironment. Finally, aerobic glycolysis
could confer direct signaling functions to cancer cells, mainly the regulation of Reactive Oxygen Species
(ROS) and the mediation of chromatin state [19].
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Figure 1. Metabolic reprogramming in cancer. In contrast with normal cells, cancer cells are able to
fulfill their metabolic needs with minimal dependence on extrinsic stimuli by growth factors, through
deregulation of pathways related to energy production and biosynthesis. Glycolysis and glutaminolysis
are by far the most investigated pathways. The most common signaling molecules involved in metabolic
pathways are PI3K, AKT, mTORC1, AMPK, as well as the oncogenic proteins KRAS and MYC, and
the tumor suppressor p53 (depicted in blue font). A. Glycolysis. The “Warburg effect” or aerobic
glycolysis is characterized by high glycolytic rates observed in cancer cells even in the presence of
oxygen, with a consequent high amount of lactate production. KRAS induces glucose (Glc) uptake by
cancer cells through upregulation of the GLUT1 transporter. The glycolysis pathway is promoted by
KRAS, MYC, AKT, loss of the tumor suppressor TP53 and HIF-1. Additionally, glycolytic intermediates
are diverted towards biosynthetic processes, mainly DNA and RNA synthesis by the Pentose Phosphate
Pathway (PPP). Glycolysis allows the production of pyruvate and ATP. Pyruvate can be converted
into lactate and shuttled outside the cell; PDAC cells have enhanced activity of MCT1/4. Pyruvate can
also enter the mitochondria through the MPC for further feeding the TCA cycle. B. Lipid synthesis.
Cancer cells activate lipid synthesis (also named fatty acid synthesis or lipogenesis) to meet their
demands. This pathway requires the production of cytosolic Acetyl-CoA, which is mainly derived
from mitochondrial citrate into the TCA cycle. C. Fatty Acid Oxidation (FAO). FAO comprises a cyclical
series of reactions that result in the shortening of fatty acids (FAs) molecules (beta-oxidation) to produce
Acetyl-CoA and NADH/FADH2. CPT1, the rate-limiting enzyme of FAO, conjugates fatty acids with
carnitine to translocate them into the mitochondria, where the acylcarnitines undergo B-oxidation. D.
Glutaminolysis. In PDAC, KRAS and MYC also rewires glutamine (Gln) metabolism. Gln is transported
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into mitochondria by GLS1, then converted into glutamate and finally aspartate (Asp), which is
shuttled to the cytosol to generate NADH for redox balance. PDAC relies on the transaminase
enzymes GOT1 and GOT2 for this glutamine-metabolic rewiring. E. OXPHOS. Mitochondria
are functional in cancer, and several cancer subtypes or populations exhibit an oxidative
phenotype. Mitochondrial respiration, through OXPHOS, produces most of the cellular ATP.
For this, the TCA cycle oxidizes substrates from glycolysis, FAO and glutaminolysis to produce
high-energy electron donors (NADH and FADH2). These electrons power the ETC complexes in
the mitochondrial inner membrane, creating a proton force used for high-efficiency ATP generation.
Upon detection of decreased energy charge, AMPK increases energy generation by enhancing
OXPHOS. Metabolites and enzymes overexpressed in PDAC are depicted in red font. Dashed
arrows represent serial reactions. α-KG, α-ketoglutarate; Akt, protein kinase B; AMPK, adenosine
monophosphate-activated protein kinase; 3PG, 3-phosphoglycerate; ASCT2, alanine/serine/cysteine
transporter 2; ATP, adenosine 5′-triphosphate; CPT1, carnitine palmitoyltransferase 1; ETC, electron
transport chain; FADH2, flavin adenine dinucleotide; G6P, glucose-6-phospate; GLS1, glutaminase
1; GLUD1, glutamate dehydrogenase 1; GLUT1, glucose transporter 1; GOT1 and 2, glutamate
oxaloacetic transaminase 1 and 2; HIF-1, hypoxia-inducible factor 1; IMM, inner mitochondrial
membrane; IMS, intermembrane space; MCT1/4, monocarboxylate transporter 1 and 4; MPC,
mitochondrial pyruvate carrier; mTORC1, mammalian target of rapamycin complex 1; NADH,
nicotinamide adenine dinucleotide; OAA, oxaloacetate; OMS, outer mitochondrial membrane;
OXPHOS, oxidative phosphorylation; PI3K, phosphatidylinositol 3-kinase; PPP, pentose phosphate
pathway; TCA, tricarboxylic acid.

Nonetheless, the current view of cancer energetic metabolism points to different several aspects,
leading to a more integral and comprehensive understanding of this concept. First, this new perspective
encompasses the shared roles of glycolytic and oxidative metabolism in cancer (Figure 1) and the
factors that influence the preference of one pathway over another by cancer cells. Second, there is a
vast list of molecules besides glucose that fuel cancer metabolism, as well as different means to obtain
these molecules. Finally, this current perspective highlights the complexity of tumor metabolism in
three key features: (a) Heterogeneity, (b) flexibility and (c) adaptability during cancer progression.
More importantly for the scope of this review, mitochondrial functions are crucial in all the cancer
metabolism aspects stated above.

2.1.1. Glycolytic, OXPHOS or Hybrid Phenotype?

In addition to the extensively described glycolytic phenotype, there is now significant evidence
that most cancers also rely on mitochondria to satisfy their metabolic needs [21]. In fact, mitochondria
are quite active and yield most of the ATP in cancer cells, as in their normal counterparts [22]. Hence,
it is established that both glycolysis and mitochondrial metabolism (through OXPHOS) are able to
maintain anabolic growth (biosynthesis) and catabolism (bioenergetics), although one pathway usually
dominates within a given cell.

Importantly, tumors are not metabolically homogeneous and the glycolytic or oxidative phenotype
can depend on nutrient availability and the microenvironment. For instance, Shiratori et al. [23]
demonstrated that the suppression of glycolysis in different cancer cells including pancreatic (Panc-1
cell line), induces a dramatic switch towards the OXPHOS profile. This switch is characterized by an
increase in enzymes involved in TCA cycle and OXPHOS, as well as an increase in mitochondrial
dynamics and mitochondrial membrane potential. Moreover, the glycolytic phenotype is associated
with a cellular adaptation to hypoxic conditions, driven by activation of the hypoxia-inducible factor
1 (HIF-1), activation of oncoproteins (e.g., KRAS) and loss of tumor suppressor functions (e.g., p53).
Accordingly, in a PDAC mouse model, the oncoprotein KRAS stimulates glucose uptake and channeling
of glucose intermediates into the hexosamine biosynthesis and pentose phosphate pathways (PPP),
thus promoting the glycolytic phenotype [24].

Using a systems biology approach, Jia et al. [25] determined that cancer cells can acquire three
stable metabolic phenotypes: Glycolytic, characterized by high HIF-1 and low AMPK; OXPHOS,
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distinguished by low HIF-1 and high AMPK; and hybrid, with both high HIF-1 and AMPK. Interestingly,
a hybrid glycolytic/OXPHOS phenotype can provide several benefits over cells using only one pathway,
including the flexibility to use different nutrients and a more efficient energy production. Importantly,
the hybrid phenotype can promote resistance to therapies and dissemination through metastasis.

In conclusion, cancer cells can exhibit distinct metabolic phenotypes driven by nutrient and
oxygen availability, as well as key oncogenes, transcription factors and tumor suppressor genes.

2.1.2. The Different Fuels Feeding Cancer

Besides glucose, other fuels contribute to core metabolic functions in cancer, and glutamine
is one of them. Glutamine is a nonessential amino acid considered a major nutrient source for
many cancer cells, and its uptake is significantly enhanced in cancer cells along with glucose. In
particular, it has been demonstrated that pancreatic cancer cells are profoundly sensitive to glutamine
deprivation [26]. However, preferential glutamine metabolism was not observed in KRAS-driven lung
tumors, comparing with cells in culture, pointing out the influence of tissue environment on tumor
metabolic phenotypes [27].

Glutamine is metabolized to glutamate via glutaminase and afterward to the TCA cycle
intermediate α-ketoglutarate by dehydrogenase or transaminase enzymes. Indeed, glutamine is
an important source of TCA cycle anaplerosis and along with glutamate it provides nitrogen for
the production of other amino acids such as serine, alanine, aspartate, asparagine, proline and
arginine [28,29]. Asparagine in particular has attracted the interest of researchers because it has been
shown that this amino acid is crucial in sustaining cancer survival under glutamine depletion [30,31].
Of interest, the essential amino acid methionine has been an emerging focus in cancer metabolism,
specially due to the antineoplastic effect of methionine-restricted diets [32]. Finally, other relevant fuels
in cancer include the essential amino acids leucine, isoleucine and valine (branched chain amino acids,
BCAA), mainly by providing precursors for protein and nucleotide synthesis [33].

In addition to glucose and amino acids, lipids constitute a relevant source for cellular membrane
formation, second messengers and signaling molecules production and a substrate for energy generation
and storage [34,35]. Moreover, cancer cells reactivate lipogenesis, making it a key metabolic footprint
of almost all cancers and required for tumorigenesis, cancer progression and even cancer aggressive
behavior [34]. Accordingly, de novo fatty acid synthesis (FAS) is a prominent hallmark of cancer [36]
since fatty acids are necessary for the biosynthesis of most lipids [35]. However, lipid metabolism
includes not only the process of lipid synthesis and storage, but also catabolism. Of great importance
for this review, the catabolism of fatty acids occurs in mitochondria via the Fatty Acid Oxidation (FAO).
FAO is a crucial pathway feeding the TCA cycle and is a source of both ATP and NADH. The role of
FAO in cancer has remained obscure for a long time; however, over the last years, a growing body of
evidence of the importance of FAO has accumulated in many types of cancer [29,36–39]. Finally, other
reported sources that sustain cancer include the glucose sub products lactate and pyruvate, and also
β-hydroxybutyrate and acetate [16,20,40].

The expanding list of cancer fuels provides a parallel increase in novel pathways required for
their production, which can be targeted for cancer therapy. This is logical considering that cancer
cells must compete for nutrients in a crowded tissue environment [40]. In consequence, cancer cells
not only obtain nutrients by conventional pathways, but also rely on autophagy and scavenging of
macromolecules [41–43]. Finally, which fuel is favored by a given cancer cell is influenced by both
cell-intrinsic and extrinsic factors, such as gene mutations, nutrient and oxygen availability, as well as
microenvironmental conditions [29].

There is thus broad evidence that targeting the manner cancer cells feed themselves and the
pathways they are dependent on is a very relevant approach for cancer treatment. Importantly,
the scope of this approach goes beyond the use of drugs and includes the regulation of nutrients
availability through the diet. Ultimately, this is crucial for the treatment of such a devastating disease
as pancreatic cancer.
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2.1.3. The Complexity of Tumor Metabolism

As indicated above, the preference by cancer cells for a specific metabolic phenotype is totally
related with the three main features of cancer metabolism mentioned before: (a) Heterogeneity,
(b) flexibility and (c) adaptability during cancer progression [44].

Metabolic heterogeneity can be a result of the cancer subtype and even different intratumoral
cell populations [20,22,44]. Metabolic phenotypes in cancer are both heterogeneous and flexible,
and can be the result of combined factors, some intrinsic to the cancer cells and some due to the
microenvironment (extrinsic factors). The former include characteristics of the parental tissue and
aberrant signaling and gene expression intrinsic to the cells. The extrinsic factors encompass features
such as the nutrient milieu, and interactions with the extracellular matrix and stromal cells. In addition,
metabolic conditions of the patient (e.g., genetics, obesity, diet) are considered as extrinsic factors
influencing cancer metabolism [44,45].

Importantly, metabolic adaptations evolve during cancer progression. The mechanisms involve
both well-known and unknown mutations. Briefly, tumor heterogeneity along cancer progression is
influenced by several factors: Truncal mutations in tumorigenesis, the accumulation of subsequent
mutations, the different combinations of them and the order of arising. An explanation of this scenario
is perfectly described by Faubert et al. [44].

2.2. Metabolic Phenotype of Pancreatic Cancer

Metabolism is extensively reprogrammed in PDAC as in all other cancers, supporting
carcinogenesis, tumor growth and therapy resistance [1,2]. A wealth of investigations has accumulated
over the last decade, leading to a better understanding of PDAC metabolism [5,46,47]. These
explorations highlight the large degree of PDAC metabolic flexibility [4,48]. Basic research in this field
is active to identify new metabolic dependencies that represent new vulnerabilities that can be targeted
in the clinic [3–5].

Metabolic reprogramming in PDAC shows similarity with other cancers, but also some specificity
proper to pancreas and PDAC tumors, such as the presence of a huge stroma (desmoplasia) and
poor vascularity leading to nutrient deprivation and hypoxia. Interestingly, PDAC cells are very well
adapted to this hostile environment and they can obtain nutrients through both intrinsic adaptation by
autophagy [49] and from the microenvironment, i.e., extracellular matrix and neighbor cells [50–54].
By instance, Sousa et al. [52] demonstrated that stroma-associated pancreatic stellate cells support
PDAC metabolic needs by alanine secretion, this mechanism being dependent on autophagy. Moreover,
Olivares et al. [54] showed that collagen-derived proline is a critical nutrient source in PDAC when
other fuels are scarce. Finally, Davidson et al. [53] provided strong evidence that the catabolism
of extracellular proteins is necessary in PDAC, showing this statement in tumors from a mutant
KRAS-driven mouse model of PDAC.

Another feature of PDAC is common genetic modifications driving cancer development and
growth, with almost ubiquitous activating mutations of the KRAS oncogene and frequent inactivating
mutations of TP53 and CDKN2A tumor suppressor genes. PDAC arises from cancer precursor lesions
known as Pancreatic Intraepithelial Neoplasia (PanIN) and oncogenic KRAS mutations are an early
event in low grade PanIN (Figure 2). Further mutations in tumor suppressors are present in high grade
PanIN lesion, contributing to disease progression [46]. PDAC can harbor more than 60 mutations,
leading to alterations in canonical signaling pathways [55].

The implication of KRAS and p53 proteins in metabolism has been uncovered during the last
decade [56–59]. Activating mutations of KRAS appear early in pancreatic cancer development and
were shown to be induced by high glucose concentration, this discovery being instrumental in the
better understanding of why diabetes support PDAC initiation [60]. Another metabolic disease, obesity,
is also a risk factor of PDAC [61]. Dysregulation of lipid metabolism is one mechanism underlying
obesity-driven cancer development [62].

start a new page
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Figure 2. Schematic representation of genetic and signaling pathways alterations in PDAC carcinogenesis. PDAC arises from precursor lesions which are acinar-ductal
metaplasia and Pancreatic Intraepithelial Neoplasia (PanIN). KRAS mutations are an early event in low grade PanIN and further mutations in tumor suppressor genes
as CDKN2A/p16, TP53 and SMAD4 are present in high grade PanIN lesions, contributing to disease progression. Mutations in these four genes are by far the most
common in PDAC; however, PDAC can harbor more than 60 mutations. Besides genetic alterations, deregulated signaling pathways and stromal-associated factors
promote an aggressive PDAC behavior. Akt, protein kinase B; AMPK, adenosine monophosphate-activated protein kinase; CDKN2A/p16, cyclin dependent kinase
inhibitor 2A; HIF-1, hypoxia-inducible factor; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; SMAD4, Mothers against decapentaplegic
homolog 4; TGF-β signaling, transforming growth factor-β signaling.
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Furthermore, mutations of KRAS in PDAC support dysregulations in several metabolic pathways,
such as glucose [24], amino acids [26], fatty acids [63] and nucleotides [64]. In addition, KRAS
mutations play a role in the crosstalk with stromal cells [58,65]. It has to be noted here that the metabolic
alterations supported by KRAS mutations depend on the tissue context, for example KRAS-driven
lung cancer displayed increased BCAA metabolism, being the opposite in PDAC [66]. Finally, KRAS
mutations were shown to be associated with epigenetic and gene expression modifications which
promote tumorigenesis [67,68].

Moreover, pancreatic cancer cells use a non-canonical pathway for glutamine metabolism: The
transamination [26]. Whereas most cancer cells use glutamate dehydrogenase (GLUD1) to convert
glutamine-derived glutamate into α-ketoglutarate to refill mitochondrial carbon pool, PDAC use
glutamine-derived aspartate to maintain the cellular redox state (Figure 1). For this, PDAC relies on the
transaminase enzymes Glutamate Oxaloacetate Transaminase 1 and 2 (GOT1 and GOT2; cytosolic and
mitochondrial isoforms, respectively) [26,69]. Importantly, the glutamine metabolic reprogramming in
PDAC is regulated by KRAS [26].

Metabolic reprogramming in PDAC is heterogeneous as in other cancers, thus distinct metabolic
dependencies can be identified and targeted. For example, Daemen et al. [70] performed a large
metabolic profiling in PDAC recognizing different metabolic subtypes associated with glycolytic,
lipogenesis and redox pathways. In this study, authors found a “slow proliferating subtype” with low
amino-acids and carbohydrates metabolites. More interestingly, they observed two other subtypes with
unique metabolic profiles. The “glycolytic subtype” showed high glycolytic and serine metabolites
and low levels of metabolites related to redox balance. The other subtype (the most frequent indeed),
the “lipogenic subtype”, was enriched in various lipids metabolites such as palmitic acid, as well
as OXPHOS metabolites. More importantly, these profiles correlated with sensitivity to different
metabolic inhibitors targeting glycolysis, glutaminolysis and lipogenesis.

The mitochondrial compartment remains poorly explored in PDAC. The Warburg effect,
postulating a deficiency of mitochondrial respiration, delayed the consideration of mitochondria
as actors in cancer metabolism, including PDAC. It is now known that mitochondrial respiration
can be active even at low oxygen concentrations (hypoxia) and that fatty acids and amino acids can
fuel the TCA in addition to glucose. Recently, our team has demonstrated that mitochondria are still
active in PDAC cells and that ATP is produced by OXPHOS along with glycolysis (Masoud et al.
paper under consideration). In the same line, Kovalenko et al. [71] identified novel regulators of
OXPHOS in PDAC, confirming the notion that mitochondrial metabolism sustains pancreatic cancer.
Furthermore, Viale et al. [72] identified a subpopulation of residual pancreatic cancer cells (resistant
to KRAS ablation) that showed strong reliance on mitochondrial respiration, and Sancho et al. [73]
showed that pancreatic-tumor-initiating cells also depend on mitochondrial OXPHOS. Deciphering
further the function and dynamics of the mitochondrial compartment in PDAC is required to unveil
new metabolic vulnerabilities and advance in novel therapeutic avenues.

3. Mitochondrial Metabolism in PDAC: From Better Knowledge to New Targeting Strategies

3.1. Mitochondria Are Hubs in Metabolism

Mitochondrial respiration, through oxidative phosphorylation (OXPHOS), is the primary source
of energy in all tissues under aerobic conditions. Despite of being crucial bioenergetics factories,
mitochondria are also implicated in several cellular functions including biosynthetic performance, cell
signaling and regulation of cell cycle, redox status and programmed cell death. They are involved in
physiopathological processes such as aging, neurodegeneration and cancer [74,75]. More importantly,
at the center of these processes is mitochondrial metabolism and the efficiency with which it works.

Mitochondria are astounding cytoplasmic organelles with a monophyletic origin from a
α-proteobacterial ancestor, which genes were lost or transferred to the eukaryotic (nuclear) genome over
millions of years. As consequence, the modern mitochondrial genome resides in two compartments,



Biomedicines 2020, 8, 270 9 of 23

the mitochondrion (mtDNA) and the nucleus (nDNA), comprising thousands of copies of genes [76].
The mtDNA is replicated independently of the host genome and in humans encodes 13 proteins
that are core constituents of OXPHOS. The proteins encoded by the nDNA are imported into the
mitochondria and include proteins related also to OXPHOS genes, as well as genes for metabolism and
biogenesis [77,78].

Mitochondrial respiration, through OXPHOS, produces approximately 90% of the cellular energy
in the form of ATP (Figure 1). To reach this goal, the TriCarboxylic Acid (TCA) cycle uses substrates
from glycolysis, Fatty Acid Oxidation (FAO) and amino acid catabolism to generate high-energy
electrons (NADH and FADH2). These electrons power the electron transport chain (ETC) complexes in
the inner membrane, creating a proton force used for high-efficiency ATP generation [79]. This system
is embedded in the mitochondrial inner membrane and consists of four multi-subunit complexes:
Complex I (CI or NADH: Ubiquinone oxidoreductase), Complex II (CII or succinate: Ubiquinone
oxidoreductase), Complex III (CIII or ubiquinol: Cytochrome-c oxidoreductase) and complex IV (CIV
or cytochrome-c oxidase). Together with complex V (CV or ATP-synthase), they form the OXPHOS
system [80].

Besides being bioenergetics hubs, mitochondria generate building blocks such as amino acids,
lipids and nucleotides, as well as they contribute to cytosolic biosynthetic precursors such as acetyl-CoA.
Furthermore, mitochondria regulate vital parameters including cytosolic calcium (Ca2+) levels,
oxidation-reduction (redox) status and generation of most of the Reactive Oxygen Species (ROS).
The control of programmed cell death via intrinsic apoptosis is another critical function of these
organelles [77].

Importantly, mitochondrial functions are tightly connected to mitochondrial structure and
dynamics. Mitochondria are dynamic tubular organelles composed of an outer and inner mitochondrial
membrane (OMM and IMM, respectively) that delimitate an intermembrane space (IMS) and the
mitochondrial matrix inside the organelle (Figure 1). Mitochondria continually undergo remodeling
by fusion and fission events, which influences some of the most important cellular activities [75].

Collectively, this multifunctional nature of mitochondria place them as an integral part of the
mechanisms that control cell functioning and survival under physiological and pathological conditions.

3.2. Mitochondrial Metabolism and Cancer

The relevance of mitochondrial functions in cancer has been extensively investigated and a
huge body of evidence supports the fact that mitochondria are essential for cell survival in different
cancer subtypes, including pancreatic cancer [72,81,82]. In accordance, Dong et al. [83] demonstrated
that melanoma cells lacking mtDNA exhibited impairment of tumor growth in vivo, which was
restored after acquiring mtDNA by transfer of whole mitochondria from the host. Of great interest is
that severe suppression of either mitochondrial CI or CII-dependent respiration (by knockdown of
NDUFV1 and SDHC subunits, belonging to CI and CII, respectively) resulted in a marked decrease
in the ability to form tumors, thus directly associating mitochondrial respiration and cancer growth.
Interestingly, Dong et al. [83] point out a major relevance of CI-dependent mitochondrial respiration in
cancer formation.

Mitochondrial DNA is more susceptible to damage than nuclear DNA, with a 10–20 fold higher
rate of mutagenesis than the nuclear genome. Further, an accumulation of mtDNA mutations has been
associated with aging and age-related diseases such as several cancers [78]. In this context, mtDNA
mutations and/or reductions in mtDNA copy number that alter the OXPHOS physiology are common
features of cancer. This implies that alterations in mitochondrial bioenergetics and metabolism have
a role in initiating and/or sustaining the transformed state of cancer [77]. More importantly, genetic
and metabolic mitochondrial modifications are implicated not only in metabolic rewiring but also in
resistance to therapies, and cancer cells lacking mtDNA or with low copy numbers are much more
sensitive to cytotoxic drugs [84,85].
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A rational thought is that if mitochondria perform vital functions in normal cells, they will
exert these activities in their malignant counterparts. In this line of reasoning, besides energy
production, mitochondria confer a biosynthetic advantage to tumor cells, reflected by the production
of building blocks (amino acids, lipids and nucleotides) for high-proliferative tumors [86]. By instance,
mitochondrial metabolism is highly sustained by two main nutrients, glutamine and fatty acids, that
provide electrons to the ETC through NADH production (Figure 1). In addition, glutamine contributes
to macromolecular synthesis in ways other than the production of NADPH. Studies in a glioblastoma
cell line have shown that glutamine contributes the majority of the cellular oxaloacetate pool, which
in turn refill the mitochondrial carbon pool (anaplerosis), with precursors for the maintenance of
mitochondrial membrane potential and macromolecules synthesis [28].

Moreover, mitochondria have a key role in apoptosis in mammalian cells. Cancer cells lacking
mtDNA show higher apoptosis rates under chemotherapy, leading to enhanced sensitivity to
chemotherapeutic drugs [84]. In particular, resistance to Gemcitabine in the pancreatic cancer
cell BxPC-3 has been shown to be dependent on mitochondria-mediated apoptosis through the
ERK1/2-Bcl-2/Bax signaling pathway [87]. The voltage-dependent anion channel 1 (VDAC1) plays
a key role in apoptosis by participating in the release of apoptotic factors from mitochondria to
the cytosol. VDAC1 regulates general mitochondrial activity by transporting metabolites, ions,
nucleotides and calcium, thus participating in the crosstalk between mitochondria and the cytosol. Its
genetic downregulation was shown to induce metabolic reprogramming and tumor growth decrease,
suggesting that it could be a good target in cancer therapy [88,89]. Importantly, OXPHOS is the
major source of ROS in cells, the mitochondrial complexes I and III being the most notable sites of
ROS production. An increase in ROS generation alters mitochondrial membrane potential, inducing
damage in the ETC and leading to apoptosis [86]. However, cancer cells are able to keep balanced
ROS levels by the production of antioxidants within a window that stimulates proliferation without
causing cytotoxicity. Accordingly, Dijk et al. [90] demonstrated that inhibition of mitochondrial
protein synthesis combined with Gemcitabine decreases pancreatic cancer cell survival by two means:
Reducing cell proliferation (by ATP depletion) and enhancing apoptosis by Gemcitabine (decreasing
the mitochondrial inner membrane potential and increasing ROS production).

Altogether, there is compelling evidence that recognizes the fundamental role of mitochondria
in all facets of cancer progression, as well as in resistance to chemotherapy. Of more relevance for
this review, mitochondrial metabolism is central in the regulation of cancer cell proliferation by
bioenergetics and biosynthetic activities.

3.3. Targeting Mitochondrial Metabolism in PDAC

Mitochondria are hubs for metabolic processes and trigger metabolic reprogramming, thus
sustaining cancer growth and progression. In consequence, mitochondrial energetic metabolism is
a very attractive target in cancer therapy, including PDAC. In particular, mitochondrial oxidative
phosphorylation (OXPHOS) is an important target in cancer treatment. Other therapeutic strategies
include the targeting of glutamine and fatty acids metabolism, as well as the inhibition of TCA
cycle intermediates. Figure 3 summarizes the most common approaches to target mitochondrial
metabolism in cancer, with a focus on PDAC. Table 1 shows the ongoing or completed clinical trials
(clinicaltrials.gov) using mitochondrial metabolism inhibitors specifically to treat PDAC.
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Table 1. Current and completed clinical trials using mitochondrial metabolism inhibitors in PDAC.

Targeted Function Molecular
Target

Mitochondrial
Inhibitor Additional Treatment PDAC Stage Clinical Trial

Phase NCT Number

OXPHOS
Complex I Metformin

Gemcitabine, Erlotinib Locally advanced or metastatic II NCT01210911, ref. [91]

Gemcitabine,
Nab-paclitaxel, dietary

supplement
Unresectable I NCT02336087

Oxaliplatin, Leucovorin
calcium, Fluorouracil Metastatic II NCT01666730

Stereotactic radiosurgery Borderline-resectable or locally
advanced Early phase I NCT02153450

Paclitaxel Locally advanced or metastatic,
after Gemcitabine failure II NCT01971034

Rapamycin
Metastatic, stable disease after
FOLFIRINOX or Gemcitabine

treatment
I NCT02048384

Complex IV Arsenic trioxide ——— Locally advanced or metastatic,
after Gemcitabine failure II NCT00053222

TCA cycle PDH and
α-KGDH

Devimistat (CPI-613) mFOLFIRINOX
Unresectable II NCT03699319

Metastatic
III NCT03504423

I NTC01835041, ref. [92]

α-KGDH, α-ketoglutarate dehydrogenase; mFOLFIRINOX, modified FOLFIRINOX; NCT, National Clinical Trial; OXPHOS, oxidative phosphorylation; PDH, pyruvate dehydrogenase;
TCA, tricarboxylic acid.
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Figure 3. Targeting mitochondrial metabolism in PDAC. Several strategies have been developed to
target mitochondrial metabolism in cancer. Compounds that target the ETC and OXPHOS function
are an important target in cancer therapy. Among these, molecules that inhibit the mitochondrial
Complex I such as the biguanides Metformin and Phenformin are the most frequent described.
Other OXPHOS inhibitors are Arsenic trioxide and Atovaquone, targeting CIV and CIII, respectively.
Other therapeutic strategies include the targeting of glutamine and fatty metabolism uptake, by
inhibiting the enzymes that allow the entry of the molecules to mitochondria (GLS1 and CPT1 for
glutamine and fatty acids, respectively). Another way to target mitochondrial metabolism is by
suppressing a specific route of PDAC for metabolize glutamine: The transamination. The use of
aminooxyacetate (AOA), a pan-inhibitor of transaminases, is able to inhibit the mitochondrial enzyme
GOT2. Finally, the inhibition of TCA cycle intermediates is another strategy for cancer therapy.
Devimistat (also known as CPI-613) is a selective-cancer agent that inhibits the enzyme α-ketoglutarate
dehydrogenase and the pyruvate dehydrogenase upstream to the TCA cycle; this compound is
currently under clinical trials for PDAC treatment. The compounds tested for PDAC treatment are
in blue boxes. α-KG, α-ketoglutarate; α-KGDH, α-ketoglutarate dehydrogenase; ATP, adenosine
5′-triphosphate; CPT1, carnitine palmitoyltransferase 1; ETC, electron transport chain; FADH2, flavin
adenine dinucleotide; GLS1, glutaminase 1; GOT1 and 2, glutamate oxaloacetate transaminase 1 and 2;
IMM, inner mitochondrial membrane; IMS, intermembrane space; MPC, mitochondrial pyruvate carrier;
NADH, nicotinamide adenine dinucleotide; OAA, oxaloacetate; OMS, outer mitochondrial membrane;
OXPHOS, oxidative phosphorylation; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid.

3.3.1. Targeting the “OXPHOS Addiction”: Inhibitors of Mitochondrial Respiratory Complexes

Complex I inhibitors
Among the mitochondrial respiratory complexes, Complex I is by far the most frequently described

in pancreatic cancer, as well as in other cancers. This interest arose from the observation that the
biguanide Metformin -a Complex I inhibitor- improved the outcome in diabetic patients suffering from
PDAC [93–96]. Interestingly, in the retrospective study of Sadeghi et al. [94], this beneficial impact
was statistically significant only in patients with non-metastatic disease. However, the combination of
Metformin with chemotherapy in clinical trials did not improve survival in patients with PDAC [91,97].

The primary mechanism of action of the biguanides Metformin and Phenformin to impair tumor
growth can be attributed to mitochondrial Complex I inhibition, this occurring in pancreatic cancer
as well as in other cancers [98–103]. Furthermore, several studies showed that biguanides induce
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a decrease in oxygen consumption and ATP production by mitochondria, promoting glycolysis to
compensate inefficient mitochondrial metabolism [100,104,105]. In accordance, Andrzejewski et al. [100]
demonstrated that in isolated mitochondria or intact cells, Metformin induces reduced glucose
metabolism by the TCA cycle, and that culture in low glucose conditions results in greater sensitivity
to Metformin. Altogether, these studies accumulate evidence that Metformin impacts directly
mitochondrial metabolism, and that cancer cells counteract this effect by enhanced glycolysis, finally
leading to higher lactate production. More importantly, the direct effect of Metformin on mitochondrial
Complex I was demonstrated in vivo [98].

Nonetheless, the direct effect of Metformin on Complex I is questionable, and it has been proved
that it can exert its antitumoral activity by other means [106,107]. This has led to consider Metformin as
a non-specific OXPHOS inhibitor [2]. Some studies described the Metformin anticancer effect through
activation of the conserved energy sensor AMP-activated protein kinase (AMPK), which in turn inhibits
mammalian target of rapamycin complex 1 (mTORC1) [108,109]. In addition, Metformin-driven AMPK
activation was shown to disrupt crosstalk between insulin/IGF-1 receptor and GPCR signaling in
pancreatic cancer cells and inhibits the growth of these cells in xenograft models [110–112].

On the contrary, another study found that Metformin anti-proliferative activity was AMPK-
independent, but its effect was significantly blunted in mTOR-silenced cells [113]. Interestingly, a recent
work by Wang et al. [114] revealed that in liver, a pharmacological Metformin concentration promoted
mitochondrial respiration by increasing mitochondrial fission in a AMPK-dependent manner. In
contrast, supra-pharmacological doses of Metformin reduced mitochondrial respiration but decreasing
adenine nucleotide levels and not by inhibiting Complex I per se.

Based on the notion that Metformin effect is by activating AMPK, which in turn suppresses
mTORC1 (resulting in autophagy induction), Candido et al. [115] combined a suboptimal dose of
Metformin with the mTOR inhibitor Rapamycin. This study showed that Metformin lowered the
IC50 of Rapamycin in two PDAC cells (MIA PaCa-2 and BxPC-3), but not in the ASPC-1 cell line.
Interestingly, treatment with Metformin by itself did not elicit growth inhibitory effects on BxPC-3 or
MIA PaCa-2 cells; however, the Metformin concentration was very low (5 µM). Besides mTORC1, the
PI3K/PTEN/Akt/mTORC1 and Raf/MEK/ERK pathways are also inhibited when AMPK is activated.
Metformin also improved the effect of a PI3K/mTOR inhibitor in both MIA PaCa-2 and BxPC-3.

In another study, Di Magno et al. [116] investigated the therapeutic action of Phenformin in
Hedgehog-dependent medulloblastoma tumors. This work revealed that clinical-relevant dose of
Phenformin inhibits the glycerophosphate shuttle, resulting in an increase of redox state/NADH content.
Further, this work ruled out the involvement of Complex I, AMPK and mTOR in the antitumoral
activity of the biguanide.

Another recent strategy to inhibit PDAC tumorigenesis is based on the role of PDAC stroma.
Qian et al. [117] and Duan et al. [118] demonstrated that Metformin reduced the desmoplastic stroma,
leading to an improved antitumoral effect by chemotherapy.

Regardless of the mechanism of action, Metformin and Phenformin have shown to possess strong
antitumoral activity in vitro and in vivo in several cancers [98,104,105,109,116,119–121], including
PDAC [112,115,122,123]. This anticancer effect is stronger in the case of Phenformin, probably due to its
higher hydrophobicity and permeability. To be noted, the selection of biguanides as anticancer agents
should be on the right basis of their mechanism of action, but also including important aspects as the
cancer subtype, the heterogeneity between cancer cells and sensitivity to biguanides, the concentration
of the drug and the preclinical models used.

In general, all recent and not so recent data reveal that biguanides are an excellent candidate
to treat pancreatic cancer. Moreover, the current approach is to use a combined treatment usually
with chemotherapeutic agents, glycolytic inhibitors or other compounds [102,115,117,118,124,125].
Interestingly, Gravel et al. [126] demonstrated that dietary restriction of serine and glycine potentiate the
antineoplastic effect of Phenformin in allografts models of colon adenocarcinoma. Other works propose
the use of Metformin-analogues with a more potent anticancer effect to exert the Metformin-antitumoral



Biomedicines 2020, 8, 270 14 of 23

effect with pharmacological concentrations [127]. Finally, several clinical trials have been carried out to
test the effect of Metformin on PDAC. Table 1 shows the current or completed clinical trials in PDAC,
illustrating that these trials are mainly using Metformin in combination with chemotherapy.

Inhibitors of respiratory complexes besides CI
Atovaquone is a FDA approved compound used in the clinic for pneumocystis pneumonia and

malaria. Atovaquone is a hydroxy-1, 4-naphthoquinone analogue of ubiquinone, also known as
Co-enzyme Q10 (CoQ10) or mitochondrial Complex III. Hence, it has been shown that its anticancer
activity is mediated by the inhibition of the mitochondrial CIII, directly decreasing OCR and alleviating
tumor hypoxia [128,129].

The Arsenic Trioxide (ATO) is a drug approved by the FDA for the treatment of refractory acute
promyelocytic leukemia and it has been investigated in other types of cancer [20]. ATO interferes with
OXPHOS by inhibiting mitochondrial Complex IV; in particular, this drug reduces hypoxia leading to
an improvement in radiotherapy efficiency [129,130]. In a phase II clinical trial, the effectiveness of
ATO was tested in patients who have locally advanced or metastatic pancreatic cancer that has not
responded to Gemcitabine (NCT00053222).

3.3.2. Targeting Glutamine Metabolism

Since glutamine catabolism has been widely shown to support pancreatic cancer, several studies
have put their effort to target this essential pathway. This targeting was done by different approaches,
mainly through the suppression of glutamine uptake by mitochondria or by suppressing glutamine
anaplerosis in the cancer cells.

First, to suppress glutamine uptake by mitochondria, the glutamine transporter Glutaminase 1
(GLS1) has been proposed as a target for anticancer treatment [75]. Two distinct chemical compounds
inhibiting GLS1 had a growth-suppressive impact on both human and murine PDAC cells [26]. In
the same line, Chakrabarti et al. [131] demonstrated that combining GLS1 inhibition (using BPTES or
CB-839) with a NADPH:quinone oxidoreductase (NQO1)-bioactivatable drug (β-lapachone) sensitizes
PDAC cells to cell death, triggered by ROS burst. Importantly, the authors showed that in order for this
combination to be efficient, cells must present both KRAS-driven glutamine dependence and NQO1
expression. Finally, the therapeutic strategy using CB-839 plus β-lapachone was tested in a PDAC
preclinical model and was efficient to reduce tumoral growth (compared with either agent alone).

In another study, Biancur et al. [132] addressed the question whether GLS inhibition is an effective
therapy in pancreatic cancer. Using the molecule CB-839, authors showed that despite the robust
response in vitro, GLS inhibition did not show antitumoral effect in multiple in vivo PDAC models.
These findings indicate that pancreatic cancer cells have adaptive metabolic networks in vivo. Through
proteomics and metabolomics analyses, the authors identified multiple compensatory pathways mainly
related with oxidative stress response, amino acid metabolism, lysosomal processes, glycolysis and
pyruvate metabolism. Finally, targeting glutamine metabolism with these adaptive responses may
yield clinical benefits.

The second approach to target glutaminolysis is by suppressing glutamine-dependent anaplerosis
and is related to the specific route of PDAC to metabolize glutamine: The transamination. In contrast
to other cancers, PDAC growth relies on the cytosolic and mitochondrial enzymes GOT1 and GOT2,
respectively, and knockdown of related-component enzymes markedly suppressed PDAC growth
in vitro and in vivo [26]. Moreover, the use of aminooxyacetate (AOA), a pan-inhibitor of transaminases,
robustly inhibited PDAC growing in vitro. Importantly, since this transaminase-mediated pathway
is required to sustain PDAC growth, probably through maintaining redox balance, Son et al. [26]
suggested to combine with therapies that increase ROS like chemotherapy and radiation.

Interestingly, Yang et al. [69] confirmed the profound impact of the mitochondrial isoform GOT2
in PDAC. To be precise, in this work, the authors showed that GOT2 inhibition induces a significant
PDAC senescence by increasing ROS through the cyclin-dependent kinase inhibitor p27. Remarkably,
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this impact was observed in the cancer cells, but not in non-transformed cells, indicating a potential
therapeutic approach for PDAC.

3.3.3. Targeting the Fatty Acid Oxidation

The Fatty Acid Oxidation (FAO) is an outstanding pathway of energy production carried out
within the mitochondria. Moreover, FAO is also extremely relevant as a source of NADPH [37].
However, in sharp contrast to the well-studied glycolysis, glutaminolysis and lipogenesis pathways,
FAO in cancer has not been well defined. Nonetheless, there is increasing proof that fatty acid
catabolism is involved in several aspects of cancer [36].

Different cancer subsets rely on FAO for proliferation, survival, stemness, drug resistance or
metastasis [38,39,105,133–136]. The key enzymes or regulators of FAO have therefore emerged
as promising targets for cancer therapy [36,137]. In particular, most of the attention is focused
on the rate-limiting enzyme of FAO, the carnitine palmitoyltransferase 1 (CPT1). CPT1 can be
pharmacologically targeted by drugs like Etomoxir and Perhexiline or the novel compound Avocatin
B, with promising results in vitro and in preclinical studies [135,138–142].

Notwithstanding, the role of FAO in pancreatic cancer has not yet been elucidated and remains as
an unexplored area of cancer metabolism. This fact is quite surprising due to the presence of a lipid-rich
environment around the pancreas, which has been shown to be important in other cancers [143,144].
To our knowledge, only Shin et al. [145] have reported that FAO supports cell viability and invasion of
PDAC in vitro under acidic extracellular conditions.

3.3.4. Targeting the TCA Cycle: Inhibitors of Metabolic Intermediates

The TCA cycle (also known as Krebs cycle) provides the electron donors NADH and FADH2

which fuel the ETC to drive electrochemical proton gradient for ATP production. Moreover, the
activity of this cycle is not restricted to energy performance, but its relevance lies on the fact that major
metabolic pathways converge on it: Glycolysis, glutaminolysis and FAO. These converging pathways
fill up the TCA cycle with key metabolic intermediates that serve as substrates for anabolism processes,
such as citrate, isocitrate, α-ketoglutarate, succinate, fumarate, malate and oxaloacetate.

The importance of TCA cycle intermediates in cancer is widely recognized. By instance, mutations
in isocitrate dehydrogenase enzymes 1 and 2 (IDH1 and IDH2) play a critical role in tumorigenesis.
Hence, several IDH inhibitors are considered as anticancer agents [146]. IDH enzymes catalyze
the conversion of isocitrate to α-ketoglutarate and when mutated, generate the oncometabolite
D-2-hydroxyglutarate (D-2HG) which inhibits epigenetic enzymes. Mutations of these enzymes have
been found in cancers such as glioblastoma [79,147]. However, even if IDH1 is a commonly mutated
metabolic enzyme in some human cancers, only a recent report did describe IDH1 mutation in one
patient with PDAC [148].

A more relevant TCA cycle-target in PDAC is currently under clinical trials using an inhibitor of
α-ketoglutarate dehydrogenase and pyruvate dehydrogenase enzymes [9]. Devimistat (also known
as CPI-613) is a selective-cancer agent that is currently on phase II of clinical trials for patients with
unresectable pancreatic cancer (NCT03699319). The objective of this assay is to treat patients with
Devimistat in combination with modified FOLFIRINOX (mFOLFIRINOX). Concerning patients with
metastatic PDAC, a phase III study to evaluate mFOLFIRINOX plus Devimistat is also ongoing
(NCT03504423). In a small cohort phase I-study [92], patients with metastatic PDAC showed 61% of
response rate to Devimistat combined with mFOLFIRINOX. In addition, the combination regimen was
safe and well tolerated, encouraging further exploring this therapeutic strategy (NTC01835041).

A number of compounds already exist in the cancer field to target the TCA cycle intermediates as
well as the reaction converting pyruvate to acetyl-CoA for entering the cycle. However, most of these
compounds are poorly explored in PDAC, which opens the possibility to test their effectiveness in
this pathology.
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4. Conclusions

The last decade has witnessed an explosion of research on the metabolism of PDAC. Metabolic
specificities and dependencies of pancreatic tumors are regularly uncovered. This research is very
promising to identify vulnerabilities that can be targeted in the clinic. In that context, energetic
metabolism still requires more attention on PDAC, considering mitochondrial respiration and not
only glycolysis. Mitochondria appear now to be central in cancer cell survival and resistance to
therapies. Combining Metformin (inhibiting the respiratory Complex I) with chemotherapy proved
to be disappointing, but a way to identify the patients likely to respond to this combination is still
lacking. By contrast, current clinical trials targeting the TCA cycle with Devimistat in combination
with chemotherapy are very encouraging. Investigation of mitochondrial vulnerabilities in PDAC,
which is still in its infancy, deserves further consideration in basic, translational and clinical research.
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Glossary

Glycolysis: Metabolic pathway to convert glucose and other sugars into pyruvate for energy production in the
form of ATP. The products of this reaction are 2 moles of ATP, NADH, lactic acid and water. This process takes
place in the cytosol and is independent of oxygen. Oxidative phosphorylation: Major metabolic pathway to
oxidize nutrients, including glucose, to produce energy (ATP) in aerobic organisms. ATP synthesis is the result of
the transfer of electrons from NADH or FADH2 to O2 by a series of electron carriers in the Electron Transport
Chain (ETC). This process takes place in the mitochondria and is dependent on oxygen. Warburg effect or aerobic
glycolysis: Enhanced rate of glycolysis and fermentation to lactate that occurs even in the presence of oxygen and
functional mitochondria.

References

1. Blum, R.; Kloog, Y. Metabolism addiction in pancreatic cancer. Cell Death Dis. 2014, 5, e1065. [CrossRef]
[PubMed]

2. Cohen, R.; Neuzillet, C.; Tijeras-Raballand, A.; Faivre, S.; de Gramont, A.; Raymond, E. Targeting cancer cell
metabolism in pancreatic adenocarcinoma. Oncotarget 2015, 6, 16832. [CrossRef] [PubMed]

3. Halbrook, C.J.; Lyssiotis, C.A. Employing Metabolism to Improve the Diagnosis and Treatment of Pancreatic
Cancer. Cancer Cell 2017, 31, 5–19. [CrossRef] [PubMed]

4. Vaziri-Gohar, A.; Zarei, M.; Brody, J.R.; Winter, J.M. Metabolic Dependencies in Pancreatic Cancer. Front.
Oncol. 2018, 8, 617. [CrossRef]

5. Qin, C.; Yang, G.; Yang, J.; Ren, B.; Wang, H.; Chen, G.; Zhao, F.; You, L.; Wang, W.; Zhao, Y. Metabolism
of pancreatic cancer: Paving the way to better anticancer strategies. Mol. Cancer 2020, 19, 50. [CrossRef]
[PubMed]

6. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
[PubMed]

7. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F.
Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J.
Cancer 2018, 144, 1941–1953. [CrossRef] [PubMed]

8. Rawla, P.; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk
Factors. World J. Oncol. 2019, 10, 10. [CrossRef]

http://dx.doi.org/10.1038/cddis.2014.38
http://www.ncbi.nlm.nih.gov/pubmed/24556680
http://dx.doi.org/10.18632/oncotarget.4160
http://www.ncbi.nlm.nih.gov/pubmed/26164081
http://dx.doi.org/10.1016/j.ccell.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28073003
http://dx.doi.org/10.3389/fonc.2018.00617
http://dx.doi.org/10.1186/s12943-020-01169-7
http://www.ncbi.nlm.nih.gov/pubmed/32122374
http://dx.doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://dx.doi.org/10.1002/ijc.31937
http://www.ncbi.nlm.nih.gov/pubmed/30350310
http://dx.doi.org/10.14740/wjon1166


Biomedicines 2020, 8, 270 17 of 23

9. Nevala-Plagemann, C.; Hidalgo, M.; Garrido-Laguna, I. From state-of-the-art treatments to novel therapies
for advanced-stage pancreatic cancer. Nat. Rev. Clin. Oncol. 2020, 17, 108–123. [CrossRef]

10. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer
Incidence and Deaths to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United
States. Cancer Res. 2014, 74, 2913. [CrossRef]

11. Saad, A.M.; Turk, T.; Al-Husseini, M.J.; Abdel-Rahman, O. Trends in pancreatic adenocarcinoma incidence
and mortality in the United States in the last four decades; a SEER-based study. BMC Cancer 2018, 18, 688.
[CrossRef] [PubMed]

12. Vaccaro, V.; Sperduti, I.; Milella, M. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic Cancer. New
Engl. J. Med. 2011, 365, 768–769. [CrossRef] [PubMed]

13. Von Hoff, D.D.; Ervin, T.; Arena, F.P.; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, W.W.;
Saleh, M.N.; et al. Increased Survival in Pancreatic Cancer with nab-Paclitaxel plus Gemcitabine. New Engl.
J. Med. 2013, 369, 1691–1703. [CrossRef] [PubMed]

14. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309–314. [CrossRef]
15. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef]
16. DeBerardinis, R.J.; Chandel, N.S. Fundamentals of cancer metabolism. Sci. Adv. 2016, 2, e1600200. [CrossRef]
17. Cairns, R.A.; Harris, I.S.; Mak, T.W. Regulation of cancer cell metabolism. Nat. Rev. Cancer 2011, 11, 85–95.

[CrossRef]
18. Lunt, S.Y.; Vander Heiden, M.G. Aerobic Glycolysis: Meeting the Metabolic Requirements of Cell Proliferation.

Annu. Rev. Cell Dev. Biol. 2011, 27, 441–464. [CrossRef]
19. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016,

41, 211–218. [CrossRef]
20. Martinez-Outschoorn, U.E.; Peiris-Pagés, M.; Pestell, R.G.; Sotgia, F.; Lisanti, M.P. Cancer metabolism: A

therapeutic perspective. Nat. Rev. Clin. Oncol. 2017, 14, 11–31. [CrossRef]
21. Porporato, P.E.; Filigheddu, N.; Pedro, J.M.B.-S.; Kroemer, G.; Galluzzi, L. Mitochondrial metabolism and

cancer. Cell Res. 2018, 28, 265–280. [CrossRef]
22. Zu, X.L.; Guppy, M. Cancer metabolism: Facts, fantasy, and fiction. Biochem. Biophys. Res. Commun. 2004,

313, 459–465. [CrossRef] [PubMed]
23. Shiratori, R.; Furuichi, K.; Yamaguchi, M.; Miyazaki, N.; Aoki, H.; Chibana, H.; Ito, K.; Aoki, S. Glycolytic

suppression dramatically changes the intracellular metabolic profile of multiple cancer cell lines in a
mitochondrial metabolism-dependent manner. Sci. Rep. 2019, 9, 18699. [CrossRef] [PubMed]

24. Ying, H.; Kimmelman, A.C.; Lyssiotis, C.A.; Hua, S.; Chu, G.C.; Fletcher-Sananikone, E.; Locasale, J.W.;
Son, J.; Zhang, H.; Coloff, J.L.; et al. Oncogenic Kras Maintains Pancreatic Tumors through Regulation of
Anabolic Glucose Metabolism. Cell 2012, 149, 656–670. [CrossRef] [PubMed]

25. Jia, D.; Park, J.; Jung, K.; Levine, H.; Kaipparettu, B. Elucidating the Metabolic Plasticity of Cancer:
Mitochondrial Reprogramming and Hybrid Metabolic States. Cells 2018, 7, 21. [CrossRef]

26. Son, J.; Lyssiotis, C.A.; Ying, H.; Wang, X.; Hua, S.; Ligorio, M.; Perera, R.M.; Ferrone, C.R.; Mullarky, E.;
Shyh-Chang, N.; et al. Glutamine supports pancreatic cancer growth through a KRAS-regulated metabolic
pathway. Nature 2013, 496, 101–105. [CrossRef]

27. Davidson, S.M.; Papagiannakopoulos, T.; Olenchock, B.A.; Heyman, J.E.; Keibler, M.A.; Luengo, A.;
Bauer, M.R.; Jha, A.K.; O’Brien, J.P.; Pierce, K.A.; et al. Environment Impacts the Metabolic Dependencies of
Ras-Driven Non-Small Cell Lung Cancer. Cell Metab. 2016, 23, 517–528. [CrossRef]

28. Wise, D.R.; Thompson, C.B. Glutamine addiction: A new therapeutic target in cancer. Trends Biochem. Sci.
2010, 35, 427–433. [CrossRef]

29. DeNicola, G.M.; Cantley, L.C. Cancer’s Fuel Choice: New Flavors for a Picky Eater. Mol. Cell 2015, 60,
514–523. [CrossRef]

30. Zhang, J.; Fan, J.; Venneti, S.; Cross, J.R.; Takagi, T.; Bhinder, B.; Djaballah, H.; Kanai, M.; Cheng, E.H.;
Judkins, A.R.; et al. Asparagine Plays a Critical Role in Regulating Cellular Adaptation to Glutamine
Depletion. Mol. Cell 2014, 56, 205–218. [CrossRef]

31. Pavlova, N.N.; Hui, S.; Ghergurovich, J.M.; Fan, J.; Intlekofer, A.M.; White, R.M.; Rabinowitz, J.D.;
Thompson, C.B.; Zhang, J. As Extracellular Glutamine Levels Decline, Asparagine Becomes an Essential
Amino Acid. Cell Metab. 2018, 27, 428–438.e5. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41571-019-0281-6
http://dx.doi.org/10.1158/0008-5472.CAN-14-0155
http://dx.doi.org/10.1186/s12885-018-4610-4
http://www.ncbi.nlm.nih.gov/pubmed/29940910
http://dx.doi.org/10.1056/NEJMc1107627
http://www.ncbi.nlm.nih.gov/pubmed/21864184
http://dx.doi.org/10.1056/NEJMoa1304369
http://www.ncbi.nlm.nih.gov/pubmed/24131140
http://dx.doi.org/10.1126/science.123.3191.309
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1126/sciadv.1600200
http://dx.doi.org/10.1038/nrc2981
http://dx.doi.org/10.1146/annurev-cellbio-092910-154237
http://dx.doi.org/10.1016/j.tibs.2015.12.001
http://dx.doi.org/10.1038/nrclinonc.2016.60
http://dx.doi.org/10.1038/cr.2017.155
http://dx.doi.org/10.1016/j.bbrc.2003.11.136
http://www.ncbi.nlm.nih.gov/pubmed/14697210
http://dx.doi.org/10.1038/s41598-019-55296-3
http://www.ncbi.nlm.nih.gov/pubmed/31822748
http://dx.doi.org/10.1016/j.cell.2012.01.058
http://www.ncbi.nlm.nih.gov/pubmed/22541435
http://dx.doi.org/10.3390/cells7030021
http://dx.doi.org/10.1038/nature12040
http://dx.doi.org/10.1016/j.cmet.2016.01.007
http://dx.doi.org/10.1016/j.tibs.2010.05.003
http://dx.doi.org/10.1016/j.molcel.2015.10.018
http://dx.doi.org/10.1016/j.molcel.2014.08.018
http://dx.doi.org/10.1016/j.cmet.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29337136


Biomedicines 2020, 8, 270 18 of 23

32. Sanderson, S.M.; Gao, X.; Dai, Z.; Locasale, J.W. Methionine metabolism in health and cancer: A nexus of
diet and precision medicine. Nat. Rev. Cancer 2019, 19, 625–637. [CrossRef] [PubMed]

33. Selwan, E.M.; Edinger, A.L. Branched chain amino acid metabolism and cancer: The importance of keeping
things in context. Transl. Cancer Res. 2017, 6, S578–S584. [CrossRef]

34. Barbato, D.L.; Vegliante, R.; Desideri, E.; Ciriolo, M.R. Managing lipid metabolism in proliferating cells:
New perspective for metformin usage in cancer therapy. Biochim. Biophys. Acta BBA-Rev. Cancer 2014, 1845,
317–324. [CrossRef] [PubMed]

35. Luo, X.; Cheng, C.; Tan, Z.; Li, N.; Tang, M.; Yang, L.; Cao, Y. Emerging roles of lipid metabolism in cancer
metastasis. Mol. Cancer 2017, 16, 76. [CrossRef]

36. Ma, Y.; Temkin, S.M.; Hawkridge, A.M.; Guo, C.; Wang, W.; Wang, X.-Y.; Fang, X. Fatty acid oxidation: An
emerging facet of metabolic transformation in cancer. Cancer Lett. 2018, 435, 92–100. [CrossRef]

37. Carracedo, A.; Cantley, L.C.; Pandolfi, P.P. Cancer metabolism: Fatty acid oxidation in the limelight. Nat.
Rev. Cancer 2013, 13, 227–232. [CrossRef]

38. Itkonen, H.M.; Brown, M.; Urbanucci, A.; Tredwell, G.; Lau, C.H.; Barfeld, S.; Hart, C.; Guldvik, I.J.;
Takhar, M.; Heemers, H.V.; et al. Lipid degradation promotes prostate cancer cell survival. Oncotarget 2017,
8, 38264–38275. [CrossRef]

39. Lin, H.; Patel, S.; Affleck, V.S.; Wilson, I.; Turnbull, D.M.; Joshi, A.R.; Maxwell, R.; Stoll, E.A. Fatty acid
oxidation is required for the respiration and proliferation of malignant glioma cells. Neuro-Oncol. 2017, 19,
43–54. [CrossRef]

40. Vander Heiden, M.G.; DeBerardinis, R.J. Understanding the Intersections between Metabolism and Cancer
Biology. Cell 2017, 168, 657–669. [CrossRef]

41. Palm, W.; Park, Y.; Wright, K.; Pavlova, N.N.; Tuveson, D.A.; Thompson, C.B. The Utilization of Extracellular
Proteins as Nutrients Is Suppressed by mTORC1. Cell 2015, 162, 259–270. [CrossRef]

42. Guo, J.Y.; Teng, X.; Laddha, S.V.; Ma, S.; Van Nostrand, S.C.; Yang, Y.; Khor, S.; Chan, C.S.; Rabinowitz, J.D.;
White, E. Autophagy provides metabolic substrates to maintain energy charge and nucleotide pools in
Ras-driven lung cancer cells. Genes Dev. 2016, 30, 1704–1717. [CrossRef] [PubMed]

43. Levy, J.M.M.; Towers, C.G.; Thorburn, A. Targeting autophagy in cancer. Nat. Rev. Cancer 2017, 17, 528–542.
[CrossRef] [PubMed]

44. Faubert, B.; Solmonson, A.; DeBerardinis, R.J. Metabolic reprogramming and cancer progression. Science
2020, 368, eaaw5473. [CrossRef] [PubMed]

45. Kim, J.; DeBerardinis, R.J. Mechanisms and Implications of Metabolic Heterogeneity in Cancer. Cell Metab.
2019, 30, 434–446. [CrossRef]

46. Perera, R.M.; Bardeesy, N. Pancreatic Cancer Metabolism: Breaking It Down to Build It Back Up. Cancer
Discov. 2015, 5, 1247–1261. [CrossRef]

47. Olivares, O.; Vasseur, S. Metabolic rewiring of pancreatic ductal adenocarcinoma: New routes to follow
within the maze: Metabolic Rewiring of Pancreatic Ductal Adenocarcinoma. Int. J. Cancer 2016, 138, 787–796.
[CrossRef]

48. Biancur, D.E.; Kimmelman, A.C. The plasticity of pancreatic cancer metabolism in tumor progression and
therapeutic resistance. Biochim. Biophys. Acta BBA-Rev. Cancer 2018, 1870, 67–75. [CrossRef]

49. Yang, S.; Wang, X.; Contino, G.; Liesa, M.; Sahin, E.; Ying, H.; Bause, A.; Li, Y.; Stommel, J.M.;
Dell’Antonio, G.; et al. Pancreatic cancers require autophagy for tumor growth. Genes Dev. 2011, 25,
717–729. [CrossRef]

50. Guillaumond, F.; Leca, J.; Olivares, O.; Lavaut, M.-N.; Vidal, N.; Berthezene, P.; Dusetti, N.J.; Loncle, C.;
Calvo, E.; Turrini, O.; et al. Strengthened glycolysis under hypoxia supports tumor symbiosis and hexosamine
biosynthesis in pancreatic adenocarcinoma. Proc. Natl. Acad. Sci. USA 2013, 110, 3919–3924. [CrossRef]

51. Kamphorst, J.J.; Nofal, M.; Commisso, C.; Hackett, S.R.; Lu, W.; Grabocka, E.; Vander Heiden, M.G.; Miller, G.;
Drebin, J.A.; Bar-Sagi, D.; et al. Human Pancreatic Cancer Tumors Are Nutrient Poor and Tumor Cells
Actively Scavenge Extracellular Protein. Cancer Res. 2015, 75, 544–553. [CrossRef] [PubMed]

52. Sousa, C.M.; Biancur, D.E.; Wang, X.; Halbrook, C.J.; Sherman, M.H.; Zhang, L.; Kremer, D.; Hwang, R.F.;
Witkiewicz, A.K.; Ying, H.; et al. Pancreatic stellate cells support tumour metabolism through autophagic
alanine secretion. Nature 2016, 536, 479–483. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41568-019-0187-8
http://www.ncbi.nlm.nih.gov/pubmed/31515518
http://dx.doi.org/10.21037/tcr.2017.05.05
http://dx.doi.org/10.1016/j.bbcan.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24569230
http://dx.doi.org/10.1186/s12943-017-0646-3
http://dx.doi.org/10.1016/j.canlet.2018.08.006
http://dx.doi.org/10.1038/nrc3483
http://dx.doi.org/10.18632/oncotarget.16123
http://dx.doi.org/10.1093/neuonc/now128
http://dx.doi.org/10.1016/j.cell.2016.12.039
http://dx.doi.org/10.1016/j.cell.2015.06.017
http://dx.doi.org/10.1101/gad.283416.116
http://www.ncbi.nlm.nih.gov/pubmed/27516533
http://dx.doi.org/10.1038/nrc.2017.53
http://www.ncbi.nlm.nih.gov/pubmed/28751651
http://dx.doi.org/10.1126/science.aaw5473
http://www.ncbi.nlm.nih.gov/pubmed/32273439
http://dx.doi.org/10.1016/j.cmet.2019.08.013
http://dx.doi.org/10.1158/2159-8290.CD-15-0671
http://dx.doi.org/10.1002/ijc.29501
http://dx.doi.org/10.1016/j.bbcan.2018.04.011
http://dx.doi.org/10.1101/gad.2016111
http://dx.doi.org/10.1073/pnas.1219555110
http://dx.doi.org/10.1158/0008-5472.CAN-14-2211
http://www.ncbi.nlm.nih.gov/pubmed/25644265
http://dx.doi.org/10.1038/nature19084
http://www.ncbi.nlm.nih.gov/pubmed/27509858


Biomedicines 2020, 8, 270 19 of 23

53. Davidson, S.M.; Jonas, O.; Keibler, M.A.; Hou, H.W.; Luengo, A.; Mayers, J.R.; Wyckoff, J.; Del Rosario, A.M.;
Whitman, M.; Chin, C.R.; et al. Direct evidence for cancer-cell-autonomous extracellular protein catabolism
in pancreatic tumors. Nat. Med. 2017, 23, 235–241. [CrossRef] [PubMed]

54. Olivares, O.; Mayers, J.R.; Gouirand, V.; Torrence, M.E.; Gicquel, T.; Borge, L.; Lac, S.; Roques, J.; Lavaut, M.-N.;
Berthezène, P.; et al. Collagen-derived proline promotes pancreatic ductal adenocarcinoma cell survival
under nutrient limited conditions. Nat. Commun. 2017, 8, 1–14. [CrossRef]

55. Iacobuzio-Donahue, C.A.; Velculescu, V.E.; Wolfgang, C.L.; Hruban, R.H. Genetic Basis of Pancreas Cancer
Development and Progression: Insights from Whole-Exome and Whole-Genome Sequencing. Clin. Cancer
Res. 2012, 18, 4257–4265. [CrossRef] [PubMed]

56. Vousden, K.H.; Ryan, K.M. p53 and metabolism. Nat. Rev. Cancer 2009, 9, 691–700. [CrossRef]
57. White, E. Exploiting the bad eating habits of Ras-driven cancers. Genes Dev. 2013, 27, 2065–2071. [CrossRef]
58. Bryant, K.L.; Mancias, J.D.; Kimmelman, A.C.; Der, C.J. KRAS: Feeding pancreatic cancer proliferation. Trends

Biochem. Sci. 2014, 39, 91–100. [CrossRef]
59. Gomes, A.S.; Ramos, H.; Soares, J.; Saraiva, L. p53 and glucose metabolism: An orchestra to be directed in

cancer therapy. Pharmacol. Res. 2018, 131, 75–86. [CrossRef]
60. Hu, C.-M.; Tien, S.-C.; Hsieh, P.-K.; Jeng, Y.-M.; Chang, M.-C.; Chang, Y.-T.; Chen, Y.-J.; Chen, Y.-J.;

Lee, E.Y.-H.P.; Lee, W.-H. High Glucose Triggers Nucleotide Imbalance through O-GlcNAcylation of Key
Enzymes and Induces KRAS Mutation in Pancreatic Cells. Cell Metab. 2019, 29, 1334–1349.e10. [CrossRef]

61. Calle, E.E.; Rodriguez, C.; Walker-Thurmond, K.; Thun, M.J. Overweight, Obesity, and Mortality from
Cancer in a Prospectively Studied Cohort of U.S. Adults. New Engl. J. Med. 2003, 348, 1625–1638. [CrossRef]
[PubMed]

62. Incio, J.; Liu, H.; Suboj, P.; Chin, S.M.; Chen, I.X.; Pinter, M.; Ng, M.R.; Nia, H.T.; Grahovac, J.; Kao, S.; et al.
Obesity-Induced Inflammation and Desmoplasia Promote Pancreatic Cancer Progression and Resistance to
Chemotherapy. Cancer Discov. 2016, 6, 852–869. [CrossRef] [PubMed]

63. Kamphorst, J.J.; Cross, J.R.; Fan, J.; de Stanchina, E.; Mathew, R.; White, E.P.; Thompson, C.B.;
Rabinowitz, J.D. Hypoxic and Ras-transformed cells support growth by scavenging unsaturated fatty
acids from lysophospholipids. Proc. Natl. Acad. Sci. USA 2013, 110, 8882–8887. [CrossRef] [PubMed]

64. Santana-Codina, N.; Roeth, A.A.; Zhang, Y.; Yang, A.; Mashadova, O.; Asara, J.M.; Wang, X.; Bronson, R.T.;
Lyssiotis, C.A.; Ying, H.; et al. Oncogenic KRAS supports pancreatic cancer through regulation of nucleotide
synthesis. Nat. Commun. 2018, 9, 1–13. [CrossRef] [PubMed]

65. Tape, C.J.; Ling, S.; Dimitriadi, M.; McMahon, K.M.; Worboys, J.D.; Leong, H.S.; Norrie, I.C.; Miller, C.J.;
Poulogiannis, G.; Lauffenburger, D.A.; et al. Oncogenic KRAS Regulates Tumor Cell Signaling via Stromal
Reciprocation. Cell 2016, 165, 910–920. [CrossRef]

66. Mayers, J.R.; Torrence, M.E.; Danai, L.V.; Papagiannakopoulos, T.; Davidson, S.M.; Bauer, M.R.; Lau, A.N.;
Ji, B.W.; Dixit, P.D.; Hosios, A.M.; et al. Tissue of origin dictates branched-chain amino acid metabolism in
mutant Kras-driven cancers. Science 2016, 353, 1161–1165. [CrossRef]

67. Kottakis, F.; Nicolay, B.N.; Roumane, A.; Karnik, R.; Gu, H.; Nagle, J.M.; Boukhali, M.; Hayward, M.C.;
Li, Y.Y.; Chen, T.; et al. LKB1 loss links serine metabolism to DNA methylation and tumorigenesis. Nature
2016, 539, 390–395. [CrossRef]

68. Carrer, A.; Trefely, S.; Zhao, S.; Campbell, S.L.; Norgard, R.J.; Schultz, K.C.; Sidoli, S.; Parris, J.L.D.;
Affronti, H.C.; Sivanand, S.; et al. Acetyl-CoA Metabolism Supports Multistep Pancreatic Tumorigenesis.
Cancer Discov. 2019, 9, 416–435. [CrossRef]

69. Yang, S.; Hwang, S.; Kim, M.; Seo, S.B.; Lee, J.-H.; Jeong, S.M. Mitochondrial glutamine metabolism via GOT2
supports pancreatic cancer growth through senescence inhibition. Cell Death Dis. 2018, 9, 1–10. [CrossRef]

70. Daemen, A.; Peterson, D.; Sahu, N.; McCord, R.; Du, X.; Liu, B.; Kowanetz, K.; Hong, R.; Moffat, J.;
Gao, M.; et al. Metabolite profiling stratifies pancreatic ductal adenocarcinomas into subtypes with distinct
sensitivities to metabolic inhibitors. Proc. Natl. Acad. Sci. USA 2015, 112, E4410–E4417. [CrossRef]

71. Kovalenko, I.; Glasauer, A.; Schöckel, L.; Sauter, D.R.P.; Ehrmann, A.; Sohler, F.; Hägebarth, A.; Novak, I.;
Christian, S. Identification of KCa3.1 Channel as a Novel Regulator of Oxidative Phosphorylation in a Subset
of Pancreatic Carcinoma Cell Lines. PLoS ONE 2016, 11, e0160658. [CrossRef] [PubMed]

72. Viale, A.; Pettazzoni, P.; Lyssiotis, C.A.; Ying, H.; Sánchez, N.; Marchesini, M.; Carugo, A.; Green, T.; Seth, S.;
Giuliani, V.; et al. Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function.
Nature 2014, 514, 628–632. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nm.4256
http://www.ncbi.nlm.nih.gov/pubmed/28024083
http://dx.doi.org/10.1038/ncomms16031
http://dx.doi.org/10.1158/1078-0432.CCR-12-0315
http://www.ncbi.nlm.nih.gov/pubmed/22896692
http://dx.doi.org/10.1038/nrc2715
http://dx.doi.org/10.1101/gad.228122.113
http://dx.doi.org/10.1016/j.tibs.2013.12.004
http://dx.doi.org/10.1016/j.phrs.2018.03.015
http://dx.doi.org/10.1016/j.cmet.2019.02.005
http://dx.doi.org/10.1056/NEJMoa021423
http://www.ncbi.nlm.nih.gov/pubmed/12711737
http://dx.doi.org/10.1158/2159-8290.CD-15-1177
http://www.ncbi.nlm.nih.gov/pubmed/27246539
http://dx.doi.org/10.1073/pnas.1307237110
http://www.ncbi.nlm.nih.gov/pubmed/23671091
http://dx.doi.org/10.1038/s41467-018-07472-8
http://www.ncbi.nlm.nih.gov/pubmed/30470748
http://dx.doi.org/10.1016/j.cell.2016.03.029
http://dx.doi.org/10.1126/science.aaf5171
http://dx.doi.org/10.1038/nature20132
http://dx.doi.org/10.1158/2159-8290.CD-18-0567
http://dx.doi.org/10.1038/s41419-017-0089-1
http://dx.doi.org/10.1073/pnas.1501605112
http://dx.doi.org/10.1371/journal.pone.0160658
http://www.ncbi.nlm.nih.gov/pubmed/27494181
http://dx.doi.org/10.1038/nature13611
http://www.ncbi.nlm.nih.gov/pubmed/25119024


Biomedicines 2020, 8, 270 20 of 23

73. Sancho, P.; Burgos-Ramos, E.; Tavera, A.; Bou Kheir, T.; Jagust, P.; Schoenhals, M.; Barneda, D.; Sellers, K.;
Campos-Olivas, R.; Graña, O.; et al. MYC/PGC-1α Balance Determines the Metabolic Phenotype and
Plasticity of Pancreatic Cancer Stem Cells. Cell Metab. 2015, 22, 590–605. [CrossRef] [PubMed]

74. Evans, A.; Neuman, N. The Mighty Mitochondria. Mol. Cell 2016, 41, 205–206. [CrossRef]
75. Grasso, D.; Zampieri, L.X.; Capelôa, T.; Van de Velde, J.A.; Sonveaux, P. Mitochondria in cancer. Cell Stress

2020, 4, 114–146. [CrossRef]
76. Brown, J.A.; Sammy, M.J.; Ballinger, S.W. An evolutionary, or “Mitocentric” perspective on cellular function

and disease. Redox Biol. 2020, 36, 101568. [CrossRef]
77. Wallace, D.C. Mitochondria and cancer. Nat. Rev. Cancer 2012, 12, 685–698. [CrossRef]
78. Annesley, S.J.; Fisher, P.R. Mitochondria in Health and Disease. Cells 2019, 8, 680. [CrossRef]
79. Zong, W.-X.; Rabinowitz, J.D.; White, E. Mitochondria and Cancer. Mol. Cell 2016, 61, 667–676. [CrossRef]
80. Giachin, G.; Bouverot, R.; Acajjaoui, S.; Pantalone, S.; Soler-López, M. Dynamics of Human Mitochondrial

Complex I Assembly: Implications for Neurodegenerative Diseases. Front. Mol. Biosci. 2016, 3. [CrossRef]
81. Caro, P.; Kishan, A.U.; Norberg, E.; Stanley, I.A.; Chapuy, B.; Ficarro, S.B.; Polak, K.; Tondera, D.; Gounarides, J.;

Yin, H.; et al. Metabolic Signatures Uncover Distinct Targets in Molecular Subsets of Diffuse Large B Cell
Lymphoma. Cancer Cell 2012, 22, 547–560. [CrossRef] [PubMed]

82. Janiszewska, M.; Suva, M.L.; Riggi, N.; Houtkooper, R.H.; Auwerx, J.; Clement-Schatlo, V.; Radovanovic, I.;
Rheinbay, E.; Provero, P.; Stamenkovic, I. Imp2 controls oxidative phosphorylation and is crucial for
preserving glioblastoma cancer stem cells. Genes Dev. 2012, 26, 1926–1944. [CrossRef] [PubMed]

83. Dong, L.-F.; Kovarova, J.; Bajzikova, M.; Bezawork-Geleta, A.; Svec, D.; Endaya, B.; Sachaphibulkij, K.;
Coelho, A.R.; Sebkova, N.; Ruzickova, A.; et al. Horizontal transfer of whole mitochondria restores
tumorigenic potential in mitochondrial DNA-deficient cancer cells. ELife 2017, 6, e22187. [CrossRef]
[PubMed]

84. Mei, H.; Sun, S.; Bai, Y.; Chen, Y.; Chai, R.; Li, H. Reduced mtDNA copy number increases the sensitivity of
tumor cells to chemotherapeutic drugs. Cell Death Dis. 2015, 6, e1710. [CrossRef]

85. Guerra, F.; Arbini, A.A.; Moro, L. Mitochondria and cancer chemoresistance. Biochim. Biophys. Acta
BBA-Bioenerg. 2017, 1858, 686–699. [CrossRef]

86. Cocetta, V.; Ragazzi, E.; Montopoli, M. Mitochondrial Involvement in Cisplatin Resistance. Int. J. Mol. Sci.
2019, 20, 3384. [CrossRef]

87. Wang, M.; Lu, X.; Dong, X.; Hao, F.; Liu, Z.; Ni, G.; Chen, D. pERK1/2 silencing sensitizes pancreatic cancer
BXPC-3 cell to gemcitabine-induced apoptosis via regulating Bax and Bcl-2 expression. World J. Surg. Oncol.
2015, 13, 1–8. [CrossRef]

88. Arif, T.; Krelin, Y.; Nakdimon, I.; Benharroch, D.; Paul, A.; Dadon-Klein, D.; Shoshan-Barmatz, V. VDAC1 is a
molecular target in glioblastoma, with its depletion leading to reprogrammed metabolism and reversed
oncogenic properties. Neuro-Oncol. 2017, 19, 951–964. [CrossRef]

89. Arif, T.; Paul, A.; Krelin, Y.; Shteinfer-Kuzmine, A.; Shoshan-Barmatz, V. Mitochondrial VDAC1 Silencing
Leads to Metabolic Rewiring and the Reprogramming of Tumour Cells into Advanced Differentiated States.
Cancers 2018, 10, 499. [CrossRef]

90. Dijk, S.N.; Protasoni, M.; Elpidorou, M.; Kroon, A.M.; Taanman, J.-W. Mitochondria as target to inhibit
proliferation and induce apoptosis of cancer cells: The effects of doxycycline and gemcitabine. Sci. Rep. 2020,
10, 1–15. [CrossRef]

91. Kordes, S.; Pollak, M.N.; Zwinderman, A.H.; Mathôt, R.A.; Weterman, M.J.; Beeker, A.; Punt, C.J.; Richel, D.J.;
Wilmink, J.W. Metformin in patients with advanced pancreatic cancer: A double-blind, randomised,
placebo-controlled phase 2 trial. Lancet Oncol. 2015, 16, 839–847. [CrossRef]

92. Alistar, A.; Morris, B.B.; Desnoyer, R.; Klepin, H.D.; Hosseinzadeh, K.; Clark, C.; Cameron, A.; Leyendecker, J.;
D’Agostino, R.; Topaloglu, U.; et al. Safety and tolerability of the first-in-class agent CPI-613 in combination
with modified FOLFIRINOX in patients with metastatic pancreatic cancer: A single-centre, open-label,
dose-escalation, phase 1 trial. Lancet Oncol. 2017, 18, 770–778. [CrossRef]

93. Evans, J.M.M.; Donnelly, L.A.; Emslie-Smith, A.M.; Alessi, D.R.; Morris, A.D. Metformin and reduced risk of
cancer in diabetic patients. BMJ 2005, 330, 1304–1305. [CrossRef] [PubMed]

94. Sadeghi, N.; Abbruzzese, J.L.; Yeung, S.-C.J.; Hassan, M.; Li, D. Metformin Use Is Associated with Better
Survival of Diabetic Patients with Pancreatic Cancer. Clin. Cancer Res. 2012, 18, 2905–2912. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.cmet.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26365176
http://dx.doi.org/10.1016/j.molcel.2016.02.002
http://dx.doi.org/10.15698/cst2020.06.221
http://dx.doi.org/10.1016/j.redox.2020.101568
http://dx.doi.org/10.1038/nrc3365
http://dx.doi.org/10.3390/cells8070680
http://dx.doi.org/10.1016/j.molcel.2016.02.011
http://dx.doi.org/10.3389/fmolb.2016.00043
http://dx.doi.org/10.1016/j.ccr.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23079663
http://dx.doi.org/10.1101/gad.188292.112
http://www.ncbi.nlm.nih.gov/pubmed/22899010
http://dx.doi.org/10.7554/eLife.22187
http://www.ncbi.nlm.nih.gov/pubmed/28195532
http://dx.doi.org/10.1038/cddis.2015.78
http://dx.doi.org/10.1016/j.bbabio.2017.01.012
http://dx.doi.org/10.3390/ijms20143384
http://dx.doi.org/10.1186/1477-7819-13-1
http://dx.doi.org/10.1093/neuonc/now297
http://dx.doi.org/10.3390/cancers10120499
http://dx.doi.org/10.1038/s41598-020-61381-9
http://dx.doi.org/10.1016/S1470-2045(15)00027-3
http://dx.doi.org/10.1016/S1470-2045(17)30314-5
http://dx.doi.org/10.1136/bmj.38415.708634.F7
http://www.ncbi.nlm.nih.gov/pubmed/15849206
http://dx.doi.org/10.1158/1078-0432.CCR-11-2994
http://www.ncbi.nlm.nih.gov/pubmed/22465831


Biomedicines 2020, 8, 270 21 of 23

95. Currie, C.J.; Poole, C.D.; Gale, E.A.M. The influence of glucose-lowering therapies on cancer risk in type 2
diabetes. Diabetologia 2009, 52, 1766–1777. [CrossRef]

96. Amin, S.; Mhango, G.; Lin, J.; Aronson, A.; Wisnivesky, J.; Boffetta, P.; Lucas, A.L. Metformin Improves
Survival in Patients with Pancreatic Ductal Adenocarcinoma and Pre-Existing Diabetes: A Propensity Score
Analysis. Am. J. Gastroenterol. 2016, 111, 1350–1357. [CrossRef]

97. Bhaw-Luximon, A.; Jhurry, D. Metformin in pancreatic cancer treatment: From clinical trials through basic
research to biomarker quantification. J. Cancer Res. Clin. Oncol. 2016, 142, 2159–2171. [CrossRef]

98. Wheaton, W.W.; Weinberg, S.E.; Hamanaka, R.B.; Soberanes, S.; Sullivan, L.B.; Anso, E.; Glasauer, A.;
Dufour, E.; Mutlu, G.M.; Budigner, G.S.; et al. Metformin inhibits mitochondrial complex I of cancer cells to
reduce tumorigenesis. eLife 2014, 3, e02242. [CrossRef]

99. Bridges, H.R.; Jones, A.J.Y.; Pollak, M.N.; Hirst, J. Effects of metformin and other biguanides on oxidative
phosphorylation in mitochondria. Biochem. J. 2014, 462, 475–487. [CrossRef]

100. Andrzejewski, S.; Gravel, S.-P.; Pollak, M.; St-Pierre, J. Metformin directly acts on mitochondria to alter
cellular bioenergetics. Cancer Metab. 2014, 2, 1–14. [CrossRef]

101. Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that metformin exerts its anti-diabetic effects through
inhibition of complex 1 of the mitochondrial respiratory chain. Biochem. J. 2000, 348 Pt 3, 607–614. [CrossRef]

102. Alhajala, H.S.; Markley, J.L.; Kim, J.H.; Al-Gizawiy, M.M.; Schmainda, K.M.; Kuo, J.S.; Chitambar, C.R. The
cytotoxicity of gallium maltolate in glioblastoma cells is enhanced by metformin through combined action
on mitochondrial complex 1. Oncotarget 2020, 11, 1531–1544. [CrossRef] [PubMed]

103. Ota, S.; Horigome, K.; Ishii, T.; Nakai, M.; Hayashi, K.; Kawamura, T.; Kishino, A.; Taiji, M.;
Kimura, T. Metformin suppresses glucose-6-phosphatase expression by a complex I inhibition and AMPK
activation-independent mechanism. Biochem. Biophys. Res. Commun. 2009, 388, 311–316. [CrossRef]
[PubMed]

104. Scotland, S.; Saland, E.; Skuli, N.; de Toni, F.; Boutzen, H.; Micklow, E.; Sénégas, I.; Peyraud, R.; Peyriga, L.;
Théodoro, F.; et al. Mitochondrial energetic and AKT status mediate metabolic effects and apoptosis of
metformin in human leukemic cells. Leukemia 2013, 27, 2129–2138. [CrossRef] [PubMed]

105. Farge, T.; Saland, E.; de Toni, F.; Aroua, N.; Hosseini, M.; Perry, R.; Bosc, C.; Sugita, M.; Stuani, L.;
Fraisse, M.; et al. Chemotherapy-Resistant Human Acute Myeloid Leukemia Cells Are Not Enriched for
Leukemic Stem Cells but Require Oxidative Metabolism. Cancer Discov. 2017, 7, 716–735. [CrossRef]

106. Fontaine, E. Metformin-Induced Mitochondrial Complex I Inhibition: Facts, Uncertainties, and Consequences.
Front. Endocrinol. 2018, 9, 753. [CrossRef]

107. Martín-Rodríguez, S.; de Pablos-Velasco, P.; Calbet, J.A.L. Mitochondrial Complex I Inhibition by Metformin:
Drug–Exercise Interactions. Trends Endocrinol. Metab. 2020, 31, 269–271. [CrossRef]

108. Vancura, A.; Bu, P.; Bhagwat, M.; Zeng, J.; Vancurova, I. Metformin as an Anticancer Agent. Trends Pharmacol.
Sci. 2018, 39, 867–878. [CrossRef]

109. Liu, Z.; Ren, L.; Liu, C.; Xia, T.; Zha, X.; Wang, S. Phenformin Induces Cell Cycle Change, Apoptosis, and
Mesenchymal-Epithelial Transition and Regulates the AMPK/mTOR/p70s6k and MAPK/ERK Pathways in
Breast Cancer Cells. PLoS ONE 2015, 10, e0131207. [CrossRef]

110. Soares, H.P.; Ni, Y.; Kisfalvi, K.; Sinnett-Smith, J.; Rozengurt, E. Different Patterns of Akt and ERK Feedback
Activation in Response to Rapamycin, Active-Site mTOR Inhibitors and Metformin in Pancreatic Cancer
Cells. PLoS ONE 2013, 8, e57289. [CrossRef]

111. Rozengurt, E.; Sinnett-Smith, J.; Kisfalvi, K. Crosstalk between Insulin/Insulin-like Growth Factor-1 Receptors
and G Protein-Coupled Receptor Signaling Systems: A Novel Target for the Antidiabetic Drug Metformin in
Pancreatic Cancer. Clin. Cancer Res. 2010, 16, 2505–2511. [CrossRef] [PubMed]

112. Karnevi, E.; Said, K.; Andersson, R.; Rosendahl, A.H. Metformin-mediated growth inhibition involves
suppression of the IGF-I receptor signalling pathway in human pancreatic cancer cells. BMC Cancer 2013, 13,
235. [CrossRef] [PubMed]

113. Liu, X.; Chhipa, R.R.; Pooya, S.; Wortman, M.; Yachyshin, S.; Chow, L.M.L.; Kumar, A.; Zhou, X.; Sun, Y.;
Quinn, B.; et al. Discrete mechanisms of mTOR and cell cycle regulation by AMPK agonists independent of
AMPK. Proc. Natl. Acad. Sci. USA 2014, 111, E435–E444. [CrossRef] [PubMed]

114. Wang, Y.; An, H.; Liu, T.; Qin, C.; Sesaki, H.; Guo, S.; Radovick, S.; Hussain, M.; Maheshwari, A.;
Wondisford, F.E.; et al. Metformin Improves Mitochondrial Respiratory Activity through Activation of
AMPK. Cell Rep. 2019, 29, 1511–1523.e5. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00125-009-1440-6
http://dx.doi.org/10.1038/ajg.2016.288
http://dx.doi.org/10.1007/s00432-016-2178-4
http://dx.doi.org/10.7554/eLife.02242
http://dx.doi.org/10.1042/BJ20140620
http://dx.doi.org/10.1186/2049-3002-2-12
http://dx.doi.org/10.1042/bj3480607
http://dx.doi.org/10.18632/oncotarget.27567
http://www.ncbi.nlm.nih.gov/pubmed/32391122
http://dx.doi.org/10.1016/j.bbrc.2009.07.164
http://www.ncbi.nlm.nih.gov/pubmed/19664596
http://dx.doi.org/10.1038/leu.2013.107
http://www.ncbi.nlm.nih.gov/pubmed/23568147
http://dx.doi.org/10.1158/2159-8290.CD-16-0441
http://dx.doi.org/10.3389/fendo.2018.00753
http://dx.doi.org/10.1016/j.tem.2020.02.003
http://dx.doi.org/10.1016/j.tips.2018.07.006
http://dx.doi.org/10.1371/journal.pone.0131207
http://dx.doi.org/10.1371/journal.pone.0057289
http://dx.doi.org/10.1158/1078-0432.CCR-09-2229
http://www.ncbi.nlm.nih.gov/pubmed/20388847
http://dx.doi.org/10.1186/1471-2407-13-235
http://www.ncbi.nlm.nih.gov/pubmed/23663483
http://dx.doi.org/10.1073/pnas.1311121111
http://www.ncbi.nlm.nih.gov/pubmed/24474794
http://dx.doi.org/10.1016/j.celrep.2019.09.070
http://www.ncbi.nlm.nih.gov/pubmed/31693892


Biomedicines 2020, 8, 270 22 of 23

115. Candido, S.; Abrams, S.L.; Steelman, L.; Lertpiriyapong, K.; Martelli, A.M.; Cocco, L.; Ratti, S.; Follo, M.Y.;
Murata, R.M.; Rosalen, P.L.; et al. Metformin influences drug sensitivity in pancreatic cancer cells. Adv. Biol.
Regul. 2018, 68, 13–30. [CrossRef]

116. Di Magno, L.; Manni, S.; Di Pastena, F.; Coni, S.; Macone, A.; Cairoli, S.; Sambucci, M.; Infante, P.;
Moretti, M.; Petroni, M.; et al. Phenformin Inhibits Hedgehog-Dependent Tumor Growth through a Complex
I-Independent Redox/Corepressor Module. Cell Rep. 2020, 30, 1735–1752.e7. [CrossRef]

117. Qian, W.; Li, J.; Chen, K.; Jiang, Z.; Cheng, L.; Zhou, C.; Yan, B.; Cao, J.; Ma, Q.; Duan, W. Metformin
suppresses tumor angiogenesis and enhances the chemosensitivity of gemcitabine in a genetically engineered
mouse model of pancreatic cancer. Life Sci. 2018, 208, 253–261. [CrossRef]

118. Duan, W.; Chen, K.; Jiang, Z.; Chen, X.; Sun, L.; Li, J.; Lei, J.; Xu, Q.; Ma, J.; Li, X.; et al. Desmoplasia
suppression by metformin-mediated AMPK activation inhibits pancreatic cancer progression. Cancer Lett.
2017, 385, 225–233. [CrossRef]

119. Jiang, W.; Finniss, S.; Cazacu, S.; Xiang, C.; Brodie, Z.; Mikkelsen, T.; Poisson, L.; Shackelford, D.B.; Brodie, C.
Repurposing phenformin for the targeting of glioma stem cells and the treatment of glioblastoma. Oncotarget
2016, 7, 56456. [CrossRef]

120. Yuan, P.; Ito, K.; Perez-Lorenzo, R.; Del Guzzo, C.; Lee, J.H.; Shen, C.-H.; Bosenberg, M.W.; McMahon, M.;
Cantley, L.C.; Zheng, B. Phenformin enhances the therapeutic benefit of BRAFV600E inhibition in melanoma.
Proc. Natl. Acad. Sci. USA 2013, 110, 18226–18231. [CrossRef]

121. Vara-Ciruelos, D.; Dandapani, M.; Russell, F.M.; Grzes, K.M.; Atrih, A.; Foretz, M.; Viollet, B.; Lamont, D.J.;
Cantrell, D.A.; Hardie, D.G. Phenformin, But Not Metformin, Delays Development of T Cell Acute
Lymphoblastic Leukemia/Lymphoma via Cell-Autonomous AMPK Activation. Cell Rep. 2019, 27, 690–698.e4.
[CrossRef] [PubMed]

122. Rajeshkumar, N.V.; Yabuuchi, S.; Pai, S.G.; De Oliveira, E.; Kamphorst, J.J.; Rabinowitz, J.D.; Tejero, H.;
Al-Shahrour, F.; Hidalgo, M.; Maitra, A.; et al. Treatment of Pancreatic Cancer Patient–Derived Xenograft
Panel with Metabolic Inhibitors Reveals Efficacy of Phenformin. Clin. Cancer Res. 2017, 23, 5639–5647.
[CrossRef] [PubMed]

123. Kisfalvi, K.; Moro, A.; Sinnett-Smith, J.; Eibl, G.; Rozengurt, E. Metformin Inhibits the Growth of Human
Pancreatic Cancer Xenografts. Pancreas 2013, 42, 781–785. [CrossRef]

124. Cheng, G.; Zielonka, J.; Hardy, M.; Ouari, O.; Christopher, R.C.; Michael, B.D.; Kalyanaraman, B. Synergistic
inhibition of tumor cell proliferation by metformin and mito-metformin in the presence of iron chelators.
Oncotarget 2019, 10, 3518. [CrossRef]

125. Dong, L.; Neuzil, J. Targeting mitochondria as an anticancer strategy. Cancer Commun. 2019, 39, 63. [CrossRef]
[PubMed]

126. Gravel, S.-P.; Hulea, L.; Toban, N.; Birman, E.; Blouin, M.-J.; Zakikhani, M.; Zhao, Y.; Topisirovic, I.;
St-Pierre, J.; Pollak, M. Serine Deprivation Enhances Antineoplastic Activity of Biguanides. Cancer Res. 2014,
74, 7521–7533. [CrossRef]

127. Kalyanaraman, B.; Cheng, G.; Hardy, M.; Ouari, O.; Sikora, A.; Zielonka, J.; Dwinell, M.B. Modified Metformin
as a More Potent Anticancer Drug: Mitochondrial Inhibition, Redox Signaling, Antiproliferative Effects and
Future EPR Studies. Cell Biochem. Biophys. 2017, 75, 311–317. [CrossRef]

128. Fiorillo, M.; Lamb, R.; Tanowitz, H.B.; Mutti, L.; Krstic-Demonacos, M.; Cappello, A.R.;
Martinez-Outschoorn, U.E.; Sotgia, F.; Lisanti, M.P. Repurposing atovaquone: Targeting mitochondrial
complex III and OXPHOS to eradicate cancer stem cells. Oncotarget 2016, 7, 34084–34099. [CrossRef]

129. Ashton, T.M.; McKenna, W.G.; Kunz-Schughart, L.A.; Higgins, G.S. Oxidative Phosphorylation as an
Emerging Target in Cancer Therapy. Clin. Cancer Res. 2018, 24, 2482–2490. [CrossRef]

130. Diepart, C.; Karroum, O.; Magat, J.; Feron, O.; Verrax, J.; Calderon, P.B.; Gregoire, V.; Leveque, P.; Stockis, J.;
Dauguet, N.; et al. Arsenic Trioxide Treatment Decreases the Oxygen Consumption Rate of Tumor Cells and
Radiosensitizes Solid Tumors. Cancer Res. 2012, 72, 482–490. [CrossRef]

131. Chakrabarti, G.; Moore, Z.R.; Luo, X.; Ilcheva, M.; Ali, A.; Padanad, M.; Zhou, Y.; Xie, Y.; Burma, S.;
Scaglioni, P.P.; et al. Targeting glutamine metabolism sensitizes pancreatic cancer to PARP-driven metabolic
catastrophe induced by ß-lapachone. Cancer Metab. 2015, 3, 1–12. [CrossRef]

132. Biancur, D.E.; Paulo, J.A.; Małachowska, B.; Del Rey, M.Q.; Sousa, C.M.; Wang, X.; Sohn, A.S.W.; Chu, G.C.;
Gygi, S.P.; Harper, J.W.; et al. Compensatory metabolic networks in pancreatic cancers upon perturbation of
glutamine metabolism. Nat. Commun. 2017, 8, 15965. [CrossRef]

http://dx.doi.org/10.1016/j.jbior.2018.02.002
http://dx.doi.org/10.1016/j.celrep.2020.01.024
http://dx.doi.org/10.1016/j.lfs.2018.07.046
http://dx.doi.org/10.1016/j.canlet.2016.10.019
http://dx.doi.org/10.18632/oncotarget.10919
http://dx.doi.org/10.1073/pnas.1317577110
http://dx.doi.org/10.1016/j.celrep.2019.03.067
http://www.ncbi.nlm.nih.gov/pubmed/30995468
http://dx.doi.org/10.1158/1078-0432.CCR-17-1115
http://www.ncbi.nlm.nih.gov/pubmed/28611197
http://dx.doi.org/10.1097/MPA.0b013e31827aec40
http://dx.doi.org/10.18632/oncotarget.26943
http://dx.doi.org/10.1186/s40880-019-0412-6
http://www.ncbi.nlm.nih.gov/pubmed/31653274
http://dx.doi.org/10.1158/0008-5472.CAN-14-2643-T
http://dx.doi.org/10.1007/s12013-017-0796-3
http://dx.doi.org/10.18632/oncotarget.9122
http://dx.doi.org/10.1158/1078-0432.CCR-17-3070
http://dx.doi.org/10.1158/0008-5472.CAN-11-1755
http://dx.doi.org/10.1186/s40170-015-0137-1
http://dx.doi.org/10.1038/ncomms15965


Biomedicines 2020, 8, 270 23 of 23

133. Camarda, R.; Zhou, A.Y.; Kohnz, R.A.; Balakrishnan, S.; Mahieu, C.; Anderton, B.; Eyob, H.; Kajimura, S.;
Tward, A.; Krings, G.; et al. Inhibition of fatty acid oxidation as a therapy for MYC-overexpressing
triple-negative breast cancer. Nat. Med. 2016, 22, 427–432. [CrossRef] [PubMed]

134. Park, J.H.; Vithayathil, S.; Kumar, S.; Sung, P.-L.; Dobrolecki, L.E.; Putluri, V.; Bhat, V.B.; Bhowmik, S.K.;
Gupta, V.; Arora, K.; et al. Fatty Acid Oxidation-Driven Src Links Mitochondrial Energy Reprogramming and
Oncogenic Properties in Triple-Negative Breast Cancer. Cell Rep. 2016, 14, 2154–2165. [CrossRef] [PubMed]

135. Wang, T.; Fahrmann, J.F.; Lee, H.; Li, Y.-J.; Tripathi, S.C.; Yue, C.; Zhang, C.; Lifshitz, V.; Song, J.; Yuan, Y.; et al.
JAK/STAT3-Regulated Fatty Acid β-Oxidation Is Critical for Breast Cancer Stem Cell Self-Renewal and
Chemoresistance. Cell Metab. 2018, 27, 136–150.e5. [CrossRef]

136. Lee, C.; Jeong, S.; Jang, C.; Bae, H.; Kim, Y.H.; Park, I.; Kim, S.K.; Koh, G.Y. Tumor metastasis to lymph nodes
requires YAP-dependent metabolic adaptation. Science 2019, 363, 644–649. [CrossRef] [PubMed]

137. Aiderus, A.; Black, M.A.; Dunbier, A.K. Fatty acid oxidation is associated with proliferation and prognosis in
breast and other cancers. BMC Cancer 2018, 18, 805. [CrossRef]

138. Samudio, I.; Harmancey, R.; Fiegl, M.; Kantarjian, H.; Konopleva, M.; Korchin, B.; Kaluarachchi, K.;
Bornmann, W.; Duvvuri, S.; Taegtmeyer, H.; et al. Pharmacologic inhibition of fatty acid oxidation sensitizes
human leukemia cells to apoptosis induction. J. Clin. Investig. 2010, 120, 142–156. [CrossRef]

139. Schlaepfer, I.R.; Rider, L.; Rodrigues, L.U.; Gijon, M.A.; Pac, C.T.; Romero, L.; Cimic, A.; Sirintrapun, S.J.;
Glode, L.M.; Eckel, R.H.; et al. Lipid Catabolism via CPT1 as a Therapeutic Target for Prostate Cancer. Mol.
Cancer Ther. 2014, 13, 2361–2371. [CrossRef]

140. Ren, X.-R.; Wang, J.; Osada, T.; Mook, R.A.; Morse, M.A.; Barak, L.S.; Lyerly, H.K.; Chen, W. Perhexiline
promotes HER3 ablation through receptor internalization and inhibits tumor growth. Breast Cancer Res. 2015,
17, 20. [CrossRef]

141. Lee, E.A.; Angka, L.; Rota, S.-G.; Hanlon, T.; Mitchell, A.; Hurren, R.; Wang, X.M.; Gronda, M.; Boyaci, E.;
Bojko, B.; et al. Targeting Mitochondria with Avocatin B Induces Selective Leukemia Cell Death. Cancer Res.
2015, 75, 2478–2488. [CrossRef]

142. Vella, S.; Penna, I.; Longo, L.; Pioggia, G.; Garbati, P.; Florio, T.; Rossi, F.; Pagano, A. Perhexiline maleate
enhances antitumor efficacy of cisplatin in neuroblastoma by inducing over-expression of NDM29 ncRNA.
Sci. Rep. 2015, 5, 18144. [CrossRef] [PubMed]

143. Nieman, K.M.; Kenny, H.A.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt, M.R.; Romero, I.L.;
Carey, M.S.; Mills, G.B.; Hotamisligil, G.S.; et al. Adipocytes promote ovarian cancer metastasis and provide
energy for rapid tumor growth. Nat. Med. 2011, 17, 1498–1503. [CrossRef] [PubMed]

144. Tabe, Y.; Yamamoto, S.; Saitoh, K.; Sekihara, K.; Monma, N.; Ikeo, K.; Mogushi, K.; Shikami, M.; Ruvolo, V.;
Ishizawa, J.; et al. Bone Marrow Adipocytes Facilitate Fatty Acid Oxidation Activating AMPK and a
Transcriptional Network Supporting Survival of Acute Monocytic Leukemia Cells. Cancer Res. 2017, 77,
1453–1464. [CrossRef] [PubMed]

145. Shin, S.C.; Thomas, D.; Radhakrishnan, P.; Hollingsworth, M.A. Invasive phenotype induced by low
extracellular pH requires mitochondria dependent metabolic flexibility. Biochem. Biophys. Res. Commun.
2020, 525, 162–168. [CrossRef]

146. Cui, Q.; Wen, S.; Huang, P. Targeting cancer cell mitochondria as a therapeutic approach: Recent updates.
Future Med. Chem. 2017, 9, 929–949. [CrossRef]

147. Kalyanaraman, B.; Cheng, G.; Hardy, M.; Ouari, O.; Lopez, M.; Joseph, J.; Zielonka, J.; Dwinell, M.B. A
review of the basics of mitochondrial bioenergetics, metabolism, and related signaling pathways in cancer
cells: Therapeutic targeting of tumor mitochondria with lipophilic cationic compounds. Redox Biol. 2018, 14,
316–327. [CrossRef]

148. Brody, J.R.; Yabar, C.S.; Zarei, M.; Bender, J.; Matrisian, L.M.; Rahib, L.; Heartwell, C.; Mason, K.; Yeo, C.J.;
Peiper, S.C.; et al. Identification of a novel metabolic-related mutation (IDH1) in metastatic pancreatic cancer.
Cancer Biol. Ther. 2018, 19, 249–253. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nm.4055
http://www.ncbi.nlm.nih.gov/pubmed/26950360
http://dx.doi.org/10.1016/j.celrep.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26923594
http://dx.doi.org/10.1016/j.cmet.2017.11.001
http://dx.doi.org/10.1126/science.aav0173
http://www.ncbi.nlm.nih.gov/pubmed/30733421
http://dx.doi.org/10.1186/s12885-018-4626-9
http://dx.doi.org/10.1172/JCI38942
http://dx.doi.org/10.1158/1535-7163.MCT-14-0183
http://dx.doi.org/10.1186/s13058-015-0528-9
http://dx.doi.org/10.1158/0008-5472.CAN-14-2676
http://dx.doi.org/10.1038/srep18144
http://www.ncbi.nlm.nih.gov/pubmed/26674674
http://dx.doi.org/10.1038/nm.2492
http://www.ncbi.nlm.nih.gov/pubmed/22037646
http://dx.doi.org/10.1158/0008-5472.CAN-16-1645
http://www.ncbi.nlm.nih.gov/pubmed/28108519
http://dx.doi.org/10.1016/j.bbrc.2020.02.018
http://dx.doi.org/10.4155/fmc-2017-0011
http://dx.doi.org/10.1016/j.redox.2017.09.020
http://dx.doi.org/10.1080/15384047.2016.1210743
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	Cancer Metabolism: A New Perspective 
	One Hundred Years of Cancer Metabolic Reprogramming 
	Glycolytic, OXPHOS or Hybrid Phenotype? 
	The Different Fuels Feeding Cancer 
	The Complexity of Tumor Metabolism 

	Metabolic Phenotype of Pancreatic Cancer 

	Mitochondrial Metabolism in PDAC: From Better Knowledge to New Targeting Strategies 
	Mitochondria Are Hubs in Metabolism 
	Mitochondrial Metabolism and Cancer 
	Targeting Mitochondrial Metabolism in PDAC 
	Targeting the “OXPHOS Addiction”: Inhibitors of Mitochondrial Respiratory Complexes 
	Targeting Glutamine Metabolism 
	Targeting the Fatty Acid Oxidation 
	Targeting the TCA Cycle: Inhibitors of Metabolic Intermediates 


	Conclusions 
	References

