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Autophagy is a highly regulated-cell pathway for degrading long-lived proteins as well as for clearing cytoplasmic organelles.
Autophagy is a key contributor to cellular homeostasis and metabolism. Warburg hypothesized that cancer growth is frequently
associated with a deviation of a set of energy generation mechanisms to a nonoxidative breakdown of glucose. This cellular
phenomenon seems to rely on a respiratory impairment, linked to mitochondrial dysfunction. This mitochondrial dysfunction
results in a switch to anaerobic glycolysis. It has been recently suggested that epithelial cancer cells may induce the Warburg
effect in neighboring stromal fibroblasts in which autophagy was activated. These series of observations drove to the proposal of a
putative reverse Warburg effect of pathophysiological relevance for, at least, some tumor phenotypes. In this review we introduce
the autophagy process and its regulation and its selective pathways and role in cancer cell metabolism. We define and describe the
Warburg effect and the newly suggested “reverse” hypothesis. We also discuss the potential value of modulating autophagy with
several pharmacological agents able to modify the Warburg effect. The association of the Warburg effect in cancer and stromal
cells to tumor-related autophagy may be of relevance for further development of experimental therapeutics as well as for cancer
prevention.

1. Introduction

Autophagy is an evolutionarily conserved and highly reg-
ulated lysosomal pathway involved in the degradation of
macromolecules and cytoplasmic organelles [1–3]. Auto-
phagy is a crucial contributor to maintain cellular home-
ostasis. The quality control of mitochondria structure and
function, for instance, is important in the maintenance of cell
energy and this process seems to involve autophagy.

By 1920, Otto Warburg hypothesized that tumor cells
mainly generate energy by nonoxidative breakdown of glu-
cose, making cancer growth feasible. This phenomenon
is known as “Warburg effect.” This cellular event relies
on mitochondrial dysfunction, characterized by respiratory
impairment, resulting in a switch to glycolysis.

Originally, the Warburg effect was thought to occur
only in cancer cells. Nevertheless, in 2008, Vincent et al.
demonstrated that human skin keloid fibroblasts display
similar bioenergetic changes as cancer cells in generating
ATP mainly from glycolysis. The hypoxic microenvironment
is a common fact in solid tumors and keloids, which may be
the explanation for this thermodynamic phenomenon [4]. In
line with these findings, Pavlides and col suggested, in 2009,
a novel hypothesis for understanding the Warburg effect in
tumors [5]: they proposed that epithelial cancer cells induce
the Warburg effect in neighboring stromal fibroblasts.

A clear association among mitochondrial function, War-
burg effect, the reverse Warburg effect, and autophagy can
be established. The objective of this review is to discuss the
autophagy process, its regulation, the selective pathways, and
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its role in cancer cell metabolism. We define Warburg effect
and the “reverse” hypothesis and we discuss the potential
value of modulating autophagy. The relevance of these inter-
actions on cancer cell biology will be also discussed, as well as
their potential impact on disease prevention and treatment.

2. Autophagy and Cancer

Autophagy is a highly regulated-cellular pathway for degrad-
ing long-lived proteins and is the only known pathway for
clearing cytoplasmic organelles. This process is involved
in the turnover of long-lived proteins and other cellular
macromolecules, and,whennormal, itmight play a protective
role in development, aging, cell death, and defense against
intracellular pathogens [6, 7]. Autophagy has been associated
with a variety of pathological processes such as degenerative
diseases (diabetes, neurodegenerative processes, etc.) and
carcinogenesis, with highlights of biomedical relevance [8, 9].

Autophagy consists of several sequential steps: induc-
tion, autophagosome formation, autophagosome-lysosome
fusion, and degradation.Threemajor types of autophagy exist
in eukaryotes: (1) chaperonemediated autophagy (CMA), (2)
microautophagy, and (3) macroautophagy, hereafter referred
to as autophagy [10]. CMA allows the direct lysosomal
import of unfolded, soluble proteins that contain a particular
pentapeptidemotif. Inmicroautophagy, cytoplasmicmaterial
is directly engulfed into the lysosome at the surface of the
lysosome by membrane rearrangement. Finally, autophagy
involves the sequestration of cytoplasm into a double-
membrane cytosolic vesicle, referred to as an autophagosome
that subsequently fuses with a lysosome to form an autolyso-
some for the degradation by lysosomal hydrolases [11].

Autophagy is characterized by sequestration of bulk
cytoplasm and organelles in double-membrane vesicles called
autophagosomes, which eventually acquire lysosomal-like
features [11, 12].

Autophagy is mediated by a set of evolutionarily con-
served gene products (termed the ATG proteins) originally
discovered in yeast [13]. In mammalian cells, BECN1 [2, 14–
16] promotes autophagosome formation when it functions
as part of a complex with the class III phosphatidylinos-
itol 3-kinase (PI3K) mediating the localization of other
autophagic proteins to the autophagosomal membrane [17].
However, despite the advances in understanding autophagy,
autophagosome formation in mammalian cells is a complex
process, and neither the molecular mechanisms nor all the
implicated genes involved in its formation are fully eluci-
dated.

More than 30 highly conserved genes that are involved
in autophagy have been identified so far [18]. A core mo-
lecular machinery has been defined and is composed of
four subgroups: first, the ATG1/unc-51-like kinase (ULK)
complex; second, the class III phosphatidylinositol 3 kinase
(PtdIns3K)/Vps34 complex I; third, two ubiquitin-like pro-
tein (ATG12 and ATG8 (LC3) conjugation systems; and four,
two transmembrane proteins, ATG9/mATG9 (and associated
proteins involved in its movement such as ATG18/WIPI-1)
and VMP1 (whose expression triggers autophagy) [19–21].

Basal autophagy in unstressed cells is kept down by the action
of the mammalian target of rapamycin complex 1 (mTORC1).
Key upstream regulators of mTORC1 include the class I
phosphoinositide 3-kinase (PI3K)-Akt pathway, which keeps
mTORC1 active in cells with sufficient growth factors, and the
AMP-activated protein kinase (AMPK) pathway that inhibits
mTORC1 upon starvation and calcium signals [22, 23].

Autophagy is strongly induced in many types of cultured
cells under stress conditions. These stress conditions include
amino acid starvation. The effects of individual amino acids
differ in their abilities to regulate autophagy. It has been
suggested that amino acid starvation is followed by an
activation of serine/threonine kinase mammalian target of
rapamycin (mTOR) and the subsequent regulation of the
class III PI3K. The mTOR is involved in the control of
multiple cell processes in response to changes in nutrient
conditions [24]. Particularly, mTOR complex 1 (mTORC1)
requires Rag GTPase, Rheb, and Vps34 for its activation and
the corresponding inhibition of autophagy in response to
amino acids [25, 26]. AMP activated protein kinase (AMPK)
senses energy levels and constitutes a key factor for cellular
energy homeostasis. When energy levels are low, AMPK is
activated. The activated AMPK then inactivates mTORC1
through TSC1/TSC2 and Rheb protein [27].This inactivation
ofmTORC1 is an essential step for the induction of autophagy
and plays a central role in autophagy. In addition to amino
acid signaling, it has also been reported that other factors
can regulate autophagy, such as hormones, growth factors,
and many other factors, including bcl-2 [28], reactive oxygen
species (ROS) [29], calcium [30], BNIP3 [31], p19ARF [32],
DRAM [33], calpain [34], TRAIL [35], FADD [36], and
myo-inositol-1,4,5-triphosphate (IP3) [37]. But it is important
to point out that not all autophagy signals are transduced
through mTOR signaling. A recent study showed that small-
molecule enhancers of the cytostatic effects of rapamycin
(called SMERs) induce autophagy independently of mTOR
[38].

Depending on nutrient conditions, the activities of the
ULK1 kinase complex can be regulated by mTOR. Under
growing and high-nutrient conditions, the active mTORC1
interacts with the ULK1 kinase complex (ULK1-mATG13-
FIP200-ATG101) and phosphorylatesULK1 andmATG13 and
therefore inhibits themembrane targeting of theULK1 kinase
complex. On the other hand, during starvation condition,
the inactivated mTORC1 dissociates from the ULK1 kinase
complex. This dissociation results in the ULK1 kinase com-
plex free to phosphorylate components, such as mATG13 and
FIP200, in the ULK1 kinase complex, leading to autophagy
induction [39].

The vacuole membrane protein 1 (VMP1), a pancreatitis-
associated protein, is a transmembrane protein with no
known homologues in yeast. Its expression induces autopha-
gosome formation, even under nutrient-replete conditions
while remaining an integrated autophagosomal membrane
protein in mammalian cells [40]. Hyperstimulation of Gq-
coupled CCK receptor in pancreatic acinar cells during acute
pancreatitis [41] and mutated KRas in pancreatic cancer cells
[42] induce VMP1 expression. In addition, VMP1 interacts
with Beclin 1/ATG6 through its hydrophilic C-terminal
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region (VMP1-ATG domain), which is necessary for early
steps of autophagosome formation [40, 43]. Besides, EPG-
3/VMP1 is one of three essential autophagy genes conserved
from worms to mammals. EPG-3/VMP1 regulates early steps
of the autophagic pathway in Caenorhabditis elegans [44].
VMP1 along with ULK1 and ATG14 localizes in the endo-
plasmic reticulum-associated autophagosome formation
sites in a PI3K activity-independent manner, confirming
the key role of VMP1 in the formation of autophagosomes
[19]. Interestingly, an accumulation of huge ubiquitin-
positive protein aggregates containing the autophagy marker
ATG8/LC3 was seen and p62 homolog [45] in Dictyostelium
cells lacking Vmp1 gene showed. Moreover, the knockdown
of VMP1 expression abolishes starvation and rapamycin-
induced autophagosome formation [40]. It also abolishes
autophagy induced by hyperstimulation of Gq-coupled CCK
receptor in pancreatic acinar cells [41] or by chemotherapy
in pancreatic tumor cells [46]. Furthermore, VMP1 is the
only human disease-inducible ATG-protein described so far.

It has been shown that both downregulated and excessive
autophagy have been implicated in the pathogenesis of
diverse diseases. These diseases include a certain type of
neuronal degeneration, diabetes and its complications, and
cancer [47]. Autophagy has also been implicated in cell
death called autophagic or type II programmed cell death,
which was originally described on the basis of morphological
studies detecting autophagic vesicles during tissue involution
[48].

In general, cancer cells tend to undergo less autophagy
than their normal counterparts, at least for some tumors
[49, 50]. There is a monoallelic deletion of beclin1 autophagy
gene in 40–74% of cases of human sporadic breast, ovar-
ian, and prostate cancer [50]. Heterozygous disruption of
beclin1 increases the frequency of spontaneous malignancies
and accelerates the development of virus-induced premalig-
nant lesions [50]. This suggests that defective regulation of
autophagy promotes tumor genesis. It has been proposed that
autophagy can suppress carcinogenesis by a cell-autonomous
mechanism that involves the protection of genome integrity
and stability and a nonautonomous mechanism that involves
the suppression of inflammation and necrosis. On the other
hand, autophagymay support the survival of rapidly growing
cancer cells that have outgrown their vascular supply and
are exposed to a hostile environment with an inadequate
oxygen supply ormetabolic stress. In contrast, excessive levels
of autophagy promote cell death [51]. Accordingly, it has
been proposed that autophagy can play an important role
both in tumor progression and in promotion of cancer cell
death [52]. For instance, in pancreatic ductal adenocarcinoma
(PDAC), the cellular response to ROS initiates a survival or
cell death pathway dependent on the severity of the oxidative
damage [53]. ROS such as H

2
O
2
can induce autophagy. The

deregulation of the AGER ligand HMGB1 is expressed in
many cancer cells including pancreatic cancer cells. ROS
can increase the release of HMGB1 from necrotic cells and
then activates Beclin-1-dependent autophagy by binding to
AGER in pancreatic cancer cells [53, 54]. In addition, ROS
can promote cytosolic translocation of HMGB1 to bind to
Beclin-1 and then enhance autophagy [55]. Recent studies

have demonstrated that oxidative stress increases the activity
of NF-𝜅B which upregulates the expression of AGER in
pancreatic cancer [56]. This in turn promotes autophagy
flux by upregulation of LC3-II levels and protects pancreatic
cancer cells from oxidative injury. On the other hand,
ascorbate leads to cell death in PDAC through a unique ROS-
mediated caspase-independent autophagy pathway [57], and
gemcitabine and cannabinoids combination induces ROS-
mediated autophagic cell death in pancreatic tumor cells [58].

There are suggestions that autophagy may be a cancer
cell survival response to tumor-associated hypoxia. Tumor
hypoxia has been used as a marker of poor prognosis [59];
in any case, how cancer cells become more malignant or
survive with an extremely poor blood supply is poorly
understood. When cancer cells are exposed to hypoxia,
anaerobic glycolysis increases and provides energy for cell
survival, but as the glucose supply is also insufficient due
to the poor blood supply, there must be an alternative
metabolic pathway that provides energy when both oxygen
and glucose are depleted [60, 61]. In pancreatic cancer,
there have been reports of hypoxia increasing the malignant
potential of the tumor [59]. Proliferating cancer cells require
more nutrients than surrounding noncancerous cells do.
Nutrition of these proliferating cancer cells is supplied via
functionally structurally immature neovessels. Autophagy
may react to the cancer microenvironment to favor the
survival of rapidly growing cancer cells. This is because
autophagy-specific genes promote the survival of normal cells
during nutrient starvation in all eukaryotic organisms. LC3
expression has been seen in surgically resected pancreatic
cancer tissue that shows activated autophagy in the peripheral
area, which included the invasive border and concomitantly
exhibits enhanced expression of carbonic anhydrase [62].
This suggests that autophagy may promote cell viability in
hypovascularized cancer tissue.

Another proposal is that autophagy is a survival cancer
cell response to tumor-associated inflammation [63]. The
promotion of carcinogenesis and resistance to therapy are
two results of cancer-associated inflammation. Several phe-
notypic alterations observed in cancer cells are a result of
inflammatory signals found within the tumor microenviron-
ment [63]. The receptor for advanced glycation end products
(RAGE) is an induced inflammatory receptor. It is consti-
tutively expressed on many murine and human epithelial
tumor cell lines [64, 65]. Murine and human pancreatic ade-
nocarcinoma tumors have shown the highest levels of RAGE
expression. Genotoxic and/ormetabolic stress lead tomodest
but reproducible increases in overall expression of RAGE
on epithelial cell lines. There is a direct correlation between
RAGE expression and the ability of both murine and human
pancreatic tumor cell lines to survive cytotoxic aggression.
Targeted knockdown of RAGE significantly increases cell
death, whereas forced overexpression promotes survival. It
was recently reported that the enhanced sensitivity to cell
death in the setting of RAGE knockdown is associated with
increased apoptosis and decreased autophagy. In contrast,
overexpression of RAGE is associated with an increased
autophagy, but diminished apoptosis and enhances cancer
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cell viability. Knockdown of RAGE enhances mTOR phos-
phorylation in response to chemotherapy; therefore, there is a
prevention of an induction of a survival response. Inhibition
of autophagy by means of silencing beclin1 expression in
pancreatic cancer cells enhances apoptosis and cell death
[66]. These findings suggest that RAGE expression in cancer
cells has a role in tumor cell response to environmentally
induced stress through the enhancement of autophagy. How-
ever, increased sensitivity to chemotherapeutic agents in
RAGE-knockdown pancreatic cancer cells is dependent on
ATG5 expression but independent of BECN1 expression [66].
These last findings suggested that the role of autophagy in the
resistance to microenvironment insult or in the sensitivity to
chemotherapeutic agent is the result of complex molecular
pathways in the tumor cell.

On the other hand, inhibition of autophagy has been
suggested as a tumor cell response to prolonged hypoxic con-
ditions. Pancreatic cancer cell response to prolonged hypoxia
may consist in inhibition of autophagic cell death. Amember
of the basic helix-loop-helix family of transcriptional regu-
lators [67], the short isoform of single-minded 2 (SIM2s),
is upregulated in pancreatic cancer. The procell death gene
BNIP3 has been identified by microarray studies as a target
of SIM2s repression. Prolonged hypoxia induces cell death
via an autophagic pathway involving the HIF1alfa-mediated
upregulation of BNIP3 [31, 68]. There is an association
between the deregulation of both SIM2s andBNIP3with poor
prognostic outcomes [69]. Decreased BNIP3 levels and poor
prognosis correlate with elevated SIM2s expression in pan-
creatic cancer.The loss of BNIP3, either by hypermethylation
or by transcriptional repression, correlates with inhibition of
cell death [70, 71]. On the contrary, upregulation of BNIP3
sensitizes pancreatic carcinoma cells to hypoxia-induced cell
death [72]. SIM2s expression, concomitant with its repression
of BNIP3, enhances tumor cell survival under prolonged
hypoxic conditions. Recent data linked the increased SIM2s
expression with enhanced cell survival during hypoxia-stress
associated with BNIP3 repression and the attenuation of
hypoxia-induced autophagic processes. Therefore, inhibition
of autophagic cell death by BNIP3 repression enhances tumor
cell survival under prolonged hypoxic conditions.

In some cancer cells a relation between a decreased
autophagy and malignant stages of the disease has been
found.Cancer cells present a general tendency to undergo less
autophagy than their normal counterparts; this supports the
idea that defective autophagic cell death plays an important
role in the tumor progression process. Pancreatic adenocarci-
noma cells have lower autophagic capacity than premalignant
cells. This has been proved by studies of carcinogen-induced
pancreatic cancer in animal models [73]. The WIPI protein
family, which includes ATG18, the WIPI-1 homolog in S.
cerevisiae, was genetically identified as a gene contributing
to autophagy [73]. Human WIPI-1a, a member of a highly
conservedWD-repeats protein family, is linked to starvation-
induced autophagic processes in the mammalian system.
The deprivation of amino acids triggers an accumulation of
endogenous hWIPI-1 protein. They are contained in large
vesicular and cup-shaped structures where colocalize with
LC3. The starvation-induced hWIPI-1 formation is blocked

by wortmannin, a principal inhibitor of PI-3 kinase-induced
autophagosome formation [74]. An interesting fact is that
WIPI proteins are linked pathologically to cellular transfor-
mation. This is because all human WIPI genes are reported
aberrantly expressed in a variety of matched human cancer
samples. Strikingly, hWIPI-2 and hWIPI-4 mRNA expres-
sion is substantially decreased in 70% of matched kidney
(10 patients) and 100% of pancreatic (seven patients) tumor
samples. Most of these samples were derived from tumors
in an advanced stage, such as pancreatic adenocarcinomas
stages I–IV. Therefore, cancer-associated downregulation of
hWIPI-2 andhWIPI-4 supports the possibility that decreased
autophagic activity is necessary for the malignant stages of
pancreatic cancer.

3. Warburg Effect and Cancer Cell Biology

Otto Warburg and colleagues performed studies measuring
lactate production and oxygen consumption on liver rat
carcinoma tissue and were able to propose that cancer cells
display some very relevant differences when compared with
normal tissues with regard to their glucose metabolism;
glycolysis is favored despite oxygen availability. The hypoth-
esis of Warburg was that cancer growth is caused by the
fact that tumor cells mainly generate energy (in the form
of ATP) by nonoxidative breakdown of glucose. This view
contrasts with the observation that normal cells produce ATP
during oxidative phosphorylation obtaining “fuel” through
the oxidative breakdown of glucose [75].

Glycolysis under anaerobic condition produces 2ATP per
molecule of glucose. This yield of ATP is much lower than
the production of ATP by means of a complete oxidation of
glucose to CO

2
under aerobic conditions (30 or 32 ATP per

molecule of glucose) [76]. In other words, about a 15 times
higher amount of glucose is consumed anaerobically when
compared to the aerobic pathway to yield the same amount
of ATP. As consequence, glucose uptake takes place about ten
times faster in most solid tumors than in normal tissues [77].
Commonly, cancer cells depend on anaerobic glycolysis for
their ATP production due to their exposure to a limited O

2

supply (hypoxia).
The “Warburg effect” was the denomination given to this

phenomenon of preferred aerobic glycolysis, which results
in an increased lactate production even in presence of ade-
quate pO

2
. It was suggested that this cellular behavior relies

on mitochondrial dysfunction, characterized by respiratory
impairment, resulting into a switch to glycolysis. It was also
suggested that the high glycolytic rate might also result from
a decreased mitochondrial mass in tumor cells [78].

This effect, first described in cancer tissues, was further
identified in many other rapidly dividing normal cells [79].
Several mechanisms have been proposed to explain the
Warburg effect in cancer tissues and they may be involved
in transcriptional and posttranslational related metabolic
changes.

A reduced expression of the tumor suppressor protein
p53 in cancer cells might be linked to the Warburg effect.
P53 is known to reduce the glycolysis rate by increasing the
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activity of a fructose-2,6-bisphosphatase. This mechanism is
also involved in the regulatory pathways of apoptosis [80, 81].
In addition, this mechanism seems to increase the oxida-
tive phosphorylation process. Other transcription regulators,
such as the alpha estrogen-related receptor (of potential
relevance in breast cancer) might be linked to the Warburg
effect; in the same way, an increased expression of oncogenes
like MYC also seems to be associated with an increased
glycolytic rate and might be involved in the pathophysiology
of themetabolic modifications found in tumors [82]. Besides,
glycolytic enzymes and glucose transmembrane transport are
activated by MYC overexpression.

As mentioned before, the posttranslational regulation of
the Warburg effect was also under scrutiny. As a relevant
example, the activation of the PI3K/AKTdownstreamderives
into an increased glucose influx and the phosphorylation of
some enzymes like hexokinase and phosphofructokinase-2
with an upregulation of the glycolytic pathway [80]. Several
posttranslational modifications of the M2 isoform pyruvate
kinase result in a change in its activity, modulating the
glycolytic pathway in several tissues. The K305 acetylation of
this M2 isoform reduces its enzymatic activity and increases
the enzyme degradation via chaperone-mediated autophagy
[80].The posttranscriptional modification of the M2 isoform
of the pyruvate kinase has been shown to influence glycolysis
at various models and experimental conditions, by oxidation,
acetylation, phosphorylation, and so forth. A recent link
was described among tumor overexpression of endogenous
microRNA (miRNA), metabolic regulation of cancer cells,
and the “Warburg effect” [80]. Even when attractive, the
biological impact of this association remains to be clarified.

4. The Reverse Warburg Effect in Cancer:
Pharmacological Modulation of Warburg
and Reverse Warburg Effects

As stated before, it was thought that the Warburg effect
only occurred in cancer cells. Recently, it has been shown
that human skin keloid fibroblasts were able to generate
energy (ATP) mainly from glycolysis; this phenomenon was
explained through the existence of similar hypoxic microen-
vironments in tumors and keloids [4, 5].This observation led
to suggest a new hypothesis where epithelial cancer cells are
able to induce the Warburg effect in stromal fibroblasts. This
process was termed “reverseWarburg effect” and it is based in
studies performed in cocultures systems (e.g., stromal fibrob-
lasts and human breast cancer cells) [4]. This hypothesis is
consistent with the original view and is important to point
out that in this situation the Warburg effect is not occurring
in cancer cells but in the stroma. For a clearer understanding,
the reverse Warburg effect can be explained as occurring in
two steps.

As a first step, cancer-associated fibroblasts undergomyo-
fibroblastic differentiation and secrete lactate and pyruvate
through the glycolytic pathway. As stated before, this process
is induced in cancer cells by amechanism involving oxidative
stress in association with loss of Caveolin-1, mitophagy,

and/or mitochondrial dysfunction and increased production
of NO [83].

Following these changes, epithelial cancer cells take up
the energy-rich metabolites, which in turn enter in the
tricarboxylic acid (TCA) pathway. This leads to production
of ATP by oxidative phosphorylation. The mitochondrial
mass of these cells expands to satisfy the increased metabolic
demand. In addition, antioxidant enzymes are upregulated in
order to cope with the oxidative stress generated and increase
tumor aggressive behavior [84].

It is conceivable that different variants of similar types of
cancer may differ with regard to their metabolic behavior.
Breast cancer seems to be heterogeneous in its metabolic
status, and therefore it can be classified into variousmetabolic
phenotypes. “Warburg” and mixed variants had been identi-
fied, closely associated with the triple negative breast cancer
phenotype, whereas the reverse Warburg and null types
were frequently identified within the luminal type of breast
tumors, suggesting a correlation between metabolic pheno-
type and the biology of breast cancer [85].

The Warburg effect might be modified and reversed by
some pharmacological interventions. Even though several
mechanisms for such actions were reported, in general, the
clinical relevance of these findings is still on the way of being
clarified.

One of the most studied agents in this area is a well-
known antidiabetic agent, metformin. This drug has been
proposed as a potential multifaceted agent for cancer pre-
vention. Metformin acts as an indirect activator of AMPK
and is able to reduce mitochondrial complex I activity. These
have been proposed as mechanisms for reducing hepatic
glucose output in patients with type 2 diabetes. Metformin
treatment was associated with an increased cell death in P53-
deficient cancer cells. In normal cells, there is an increase in
glycolysis rates as an alternative ATP-producing mechanism
that follows metformin treatment. In fact, one very rare but
still possible adverse effect of metformin is lactic acidosis. It
seems that P53-deficient cells experience problems in switch-
ing their metabolic pattern. This is followed by an enhanced
cell death rate. Metformin diminishes ROS generation at
mitochondria [86]. This is mainly achieved by reducing the
activity of the respiratory chain complex I. Acknowledging
this is important because the role of ROS in tumorigenesis
and in cancer growth has been widely recognized.Metformin
exhibits a mild to moderate antiangiogenic effect; this is an
effect that it shares with thrombospondin and endostatin.
This effect on angiogenesis may be on the basis of its potential
actions on cancer cells and/or its stroma [86].

In addition, as mentioned before, metformin activates
the ATM/LKB1/AMPK axis. A very well-characterized tumor
suppressor in the pathophysiology of melanoma and pan-
creatic and lung cancer, the tumor suppressor LKB1, might
participate at the mechanism of action of metformin. It is
thought that part of the preventive effects of metformin
might be mediated by this suppressing factor. Metformin
may inhibit the mTOR pathway by activating AMPK; this
effect has been proposed as an explanation for the potential
antineoplastic effects ofmetformin in breast and renal tumors
[87]. Metformin’s effects on the Warburg effect may be
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explained by many of the mentioned mechanisms. This drug
has been suggested to reduce glycolysis and to increase
mitochondrial respiration in tumors, and both effects have
been associated with growth arrest [87]. It has been proposed
that pyruvate kinase expression in fibroblast of tumoral
stroma is linked to cancer growth. Cancer cells produce ROS
that promote oxidative stress in fibroblasts. This results in
the activation of HIF1 and NF-𝜅B. NF-𝜅B increases proin-
flammatory cytokines and HIF1 alpha promotes autophagy
and anaerobic glycolysis. Pyruvate kinase activity results
in an increase in ketones and lactate, and these nutrients
are transferred to cancer cells where they are used for
mitochondrial oxidative metabolism. As it has been said
before, metformin reduces the mitochondrial chain activity
by inhibiting complex I activity. In this manner, metformin
may alter some of the mechanisms involved into the reverse
Warburg effect [88]. It may also affect cell reprogramming
bymodifying the lipogenic enzymes acetyl-Co A carboxylase
and fatty acid synthase [89]. These changes may also affect
the metabolic behavior of both stroma and tumor cells. As
mentioned before, the clinical impact of these modifications
is still uncertain.

There are other drugs that exhibit potential for the
modification of Warburg effect and authophagy rates. Mild
autophagy induction by hypoxia or starvation seems to
protect the cells, but rapamycin or sulforaphane leads to
its elimination [90]. In contrast, an excessive autophagy
rate may induce cell death. Elimination of highly aggres-
sive pancreatic adenocarcinoma cells can be achieved by
inhibition of autophagy by monensin or 3-methyladenine
[90]. This is possible because these drugs may totally block
continuous recycling of cellular components necessary for
new synthesis and survival. This information suggests that
both inhibitors and activators of autophagy may have utility
in the treatment of patients with pancreatic ductal ade-
nocarcinoma, since strong overactivation as well as strong
inhibition of autophagy induces death in highly aggres-
sive adenocarcinoma cells and sensitizes them to hypoxia-
starvation [90]. Both autophagy activating (e.g., rapamycin—
derivates sirolimus and temsirolimus or sulforaphane-a nat-
urally occurring dietary substance enriched in broccoli) or
inhibiting drugs (e.g., antibiotic monensin, antimalarial drug
chloroquine) are available and generally tolerated well by
patients.

Autophagy may be necessary for the maintenance of the
tumor in advanced cancer. This is why multiple clinical trials
are on their way to test this as a therapeutic approach in
human patients using hydroxychloroquine (HCQ) [91, 92].

Autophagy can be affected in different manner and
several ways by standard cancer chemotherapies. Gemc-
itabine monotherapy or its combination with other agents
has become the standard chemotherapy for the treatment
of advanced pancreatic cancer. Gemcitabine is a relatively
effective chemotherapeutic agent acting by competition with
dCTP for the incorporation intoDNAcausing chain termina-
tion. On the other hand, gemcitabine serves as an inhibitory
alternative substrate for ribonucleotide reductase and leads to
a reduction of deoxynucleotide pools [93, 94]. This molecule
inhibits cells that are insensitive to classic anticancer drugs,

including other nucleoside analogs with similar structures.
It has been recently suggested that gemcitabine also induces
autophagy in pancreatic cancer cells [46] even though gemc-
itabine seems to exert its toxicity at least in part by activation
of apoptosis [93]. It has been proposed that the early induc-
tion of autophagy with gemcitabine may be mediated by an
increased expression of VMP1 [46]. Capecitabine, which is a
pyrimidine analog, induces apoptosis in several cancer lines
and shows a modest efficacy in locally advanced pancreatic
ductal adenocarcinoma when associated with limited field
radiotherapy [95]. It has been proposed that capecitabine
modulates autophagy by displaying a Src kinase modulatory
effect [96], but the results on this area are still contradictory.
Irinotecan is a topoisomerase I inhibitorwhich preventsDNA
from unwinding. In a phase III trial, the combination of
5-fluouracil, leucovorin, oxaliplatin, and irinotecan resulted
in better responses, progression-free survival, and overall
survival when compared with the standard single drug
therapy with gemcitabine for metastatic pancreatic ductal
adenocarcinoma [97]. In small-cell prostatic carcinoma,
irinotecan promoted an increase in autophagy of treated
tumors as indicated by an increase in LC3B expression [98,
99]. Nevertheless, authors of this research state that the role
of autophagy is complex. This can be said because there is
evidence that autophagy supports both promotion and sup-
pression of cancer growth. In general, as mentioned before,
a considerable amount of caution should be exercised for the
interpretation of the consequences of cancer chemotherapy
on autophagy. Other chemotherapeutic agents like the glyco-
side oleandrin, some platinum compounds, the multikinase
inhibitor sorafenib, and some histone-deacetylase inhibitors
have demonstrated effects on the autophagy rate in pancre-
atic carcinoma cell lines [98, 99]. As proposed, autophagy
may be involved in carcinogenesis, tumor progression, and
dissemination and may be associated at least in part with
the actions of some chemotherapy for pancreatic ductal
adenocarcinoma as well. All these modifications may alter
Warburg and reverse Warburg effects, but it is important
to remember that the real contribution of these metabolic
changes to tumor cell survival and clinical prognosis remains
unclear.

5. Conclusions

Autophagy regulation involves a set of key processes needed
for a normal cell survival and turnover. The association
between abnormal or defective autophagy and cancer devel-
opment has been strongly suggested by several authors. This
association is currently under an intense scrutiny aimed to
contribute to a better understanding of the tumor cell biol-
ogy. Figure 1 summarizes the link between abnormalities in
autophagy and the Warburg and the reverse Warburg effects,
critical to understand several tumor adaptive behaviors. A
better knowledge of these metabolic interactions may be of
importance in the development of new therapeutic agents in
oncology, as well as for the development of more efficient
preventive strategies for some cancer phenotypes.
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[59] P. Büchler, H. A. Reber, R. S. Lavey et al., “Tumor hypoxia
correlates with metastatic tumor growth of pancreatic cancer in
an orthotopic murine model,” Journal of Surgical Research, vol.
120, no. 2, pp. 295–303, 2004.

[60] K. Izuishi, K. Kato, T. Ogura, T. Kinoshita, and H. Esumi,
“Remarkable tolerance of tumor cells to nutrient deprivation:
possible new biochemical target for cancer therapy,” Cancer
Research, vol. 60, no. 21, pp. 6201–6207, 2000.

[61] H. Esumi, K. Izuishi, K. Kato et al., “Hypoxia and nitric
oxide treatment confer tolerance to glucose starvation in a 5-
AMP-activated protein kinase-dependent manner,” Journal of
Biological Chemistry, vol. 277, no. 36, pp. 32791–32798, 2002.

[62] S. Fujii, S. Mitsunaga, M. Yamazaki et al., “Autophagy is
activated in pancreatic cancer cells and correlates with poor
patient outcome,” Cancer Science, vol. 99, no. 9, pp. 1813–1819,
2008.

[63] D. G. DeNardo, M. Johansson, and L. M. Coussens, “Inflaming
gastrointestinal oncogenic programming,” Cancer Cell, vol. 14,
no. 1, pp. 7–9, 2008.

[64] R. Abe and S. Yamagishi, “AGE-RAGE system and carcinogene-
sis,”Current Pharmaceutical Design, vol. 14, no. 10, pp. 940–945,
2008.

[65] T. Arumugam, D. M. Simeone, K. Van Golen, and C. D. Logs-
don, “S100P promotes pancreatic cancer growth, survival, and
invasion,” Clinical Cancer Research, vol. 11, no. 15, pp. 5356–
5364, 2005.

[66] R. Kang, D. Tang, N. E. Schapiro et al., “The receptor for
advanced glycation end products (RAGE) sustains autophagy
and limits apoptosis, promoting pancreatic tumor cell survival,”
Cell Death and Differentiation, vol. 17, no. 4, pp. 666–676, 2010.

[67] R. J. Kewley, M. L. Whitelaw, and A. Chapman-Smith, “The
mammalian basic helix-loop-helix/PAS family of transcrip-
tional regulators,” The International Journal of Biochemistry &
Cell Biology, vol. 36, no. 2, pp. 189–204, 2004.

[68] M. B. Azad, Y. Chen, E. S. Henson et al., “Hypoxia induces
autophagic cell death in apoptosis-competent cells through a
mechanism involving BNIP3,” Autophagy, vol. 4, no. 2, pp. 195–
204, 2008.

[69] T. R. Burton and S. B. Gibson, “The role of Bcl-2 familymember
BNIP3 in cell death and disease: NIPping at the heels of cell
death,”Cell Death and Differentiation, vol. 16, no. 4, pp. 515–523,
2009.

[70] J. Okami, D. M. Simeone, and C. D. Logsdon, “Silencing of
the hypoxia-inducible cell death protein BNIP3 in pancreatic
cancer,” Cancer Research, vol. 64, no. 15, pp. 5338–5346, 2004.

[71] P. C. Mahon, P. Baril, V. Bhakta et al., “S100A4 contributes
to the suppression of BNIP3 expression, chemoresistance, and
inhibition of apoptosis in pancreatic cancer,” Cancer Research,
vol. 67, no. 14, pp. 6786–6795, 2007.

[72] T. Abe, M. Toyota, H. Suzuki et al., “Upregulation of BNIP3
by 5-aza-2-deoxycytidine sensitizes pancreatic cancer cells to

hypoxia-mediated cell death,” Journal of Gastroenterology, vol.
40, no. 5, pp. 504–510, 2005.

[73] J. Guan, P. E. Stromhaug, M. D. George et al., “Cvt18/Gsa12 is
required for cytoplasm-to-vacuole transport, pexophagy, and
autophagy in Saccharomyces cerevisiae and Pichia pastoris,”
Molecular Biology of the Cell, vol. 12, no. 12, pp. 3821–3838, 2001.

[74] T. Proikas-Cezanne, S. Waddell, A. Gaugel, T. Frickey, A.
Lupas, and A. Nordheim, “WIPI-1𝛼 (WIPI49), a member of the
novel 7-bladed WIPI protein family, is aberrantly expressed in
human cancer and is linked to starvation-induced autophagy,”
Oncogene, vol. 23, no. 58, pp. 9314–9325, 2004.

[75] O.Warburg, “On the origin of cancer cells,” Science, vol. 123, no.
3191, pp. 309–314, 1956.

[76] D. Nelson and D. Cox, Lehninger Principles of Biochemistry,
chapter 14, WH Freeman and Co., New York, NY, USA, 2008.

[77] R. Bartrons and J. Caro, “Hypoxia, glucose metabolism and the
Warburg’s effect,” Journal of Bioenergetics and Biomembranes,
vol. 39, no. 3, pp. 223–229, 2007.

[78] V. Gogvadze, B. Zhivotovsky, and S. Orrenius, “The Warburg
effect and mitochondrial stability in cancer cells,” Molecular
Aspects of Medicine, vol. 31, no. 1, pp. 60–74, 2010.

[79] M. Vincent, “Cancer: a de-repression of a default survival
program common to all cells?” BioEssays, vol. 34, no. 1, pp. 72–
82, 2012.

[80] S. J. Bensinger andH.R. Christofk, “New aspects of theWarburg
effect in cancer cell biology,” Seminars inCell andDevelopmental
Biology, vol. 23, no. 4, pp. 352–361, 2012.

[81] K. Bensaad, A. Tsuruta, M. A. Selak et al., “TIGAR, a p53-indu-
cible regulator of glycolysis and apoptosis,” Cell, vol. 126, no. 1,
pp. 107–120, 2006.

[82] L. M. Nilsson, T. Z. Plym Forshell, S. Rimpi et al., “Mouse
genetics suggests cell-context dependency for myc-regulated
metabolic enzymes during tumorigenesis,” PLoS Genetics, vol.
8, no. 3, Article ID e1002573, 2012.

[83] U. E. Martinez-Outschoorn, S. Pavlides, D. Whitaker-Menezes
et al., “Tumor cells induce the cancer associated fibroblast
phenotype via caveolin-1 degradation: implications for breast
cancer andDCIS therapy with autophagy inhibitors,”Cell Cycle,
vol. 9, no. 12, pp. 2423–2433, 2010.

[84] M. P. Lisanti, U. E. Martinez-Outschoorn, B. Chiavarina et
al., “Understanding the “lethal” drivers of tumor-stroma co-
evolution: emerging role(s) for hypoxia, oxidative stress and
autophagy/mitophagy in the tumor micro-environment,” Can-
cer Biology andTherapy, vol. 10, no. 6, pp. 537–542, 2010.

[85] T. Smith-Vikos, “A report of the James Watson lecture at Yale
University,” The Yale Journal of Biology and Medicine, vol. 85,
no. 3, pp. 417–419, 2012.

[86] S. del Barco, A. Vazquez-Martin, S. Cuf́ı et al., “Metformin:
multi-faceted protection against cancer,” Oncotarget, vol. 2, no.
12, pp. 896–917, 2011.

[87] B. Chiavarina, D. Whitaker-Menezes, U. E. Martinez-Out-
schoorn et al., “Pyruvate kinase expression (PKM1 and PKM2)
in cancer associated fibroblasts drives stromal nutrient produc-
tion and tumor growth,”Cancer Biology andTherapy, vol. 12, no.
12, pp. 1101–1113, 2011.

[88] A. Vazquez-Martin, B. Corominas-Faja, S. Cufi et al., “The
mitochondrial H+-ATP synthase and the lipogenic switch: new
core components of metabolic reprogramming in induced
pluripotent stem (iPS) cells,” Cell Cycle, vol. 12, no. 2, pp. 207–
218, 2013.



10 BioMed Research International

[89] V. Rausch, L. Liu, A. Apel et al., “Autophagy mediates survival
of pancreatic tumour-initiating cells in a hypoxicmicroenviron-
ment,”The Journal of Pathology, vol. 227, no. 3, pp. 325–335, 2012.

[90] R. K. Amaravadi, J. Lippincott-Schwartz, X. Yin et al., “Princi-
ples and current strategies for targeting autophagy for cancer
treatment,” Clinical Cancer Research, vol. 17, no. 4, pp. 654–666,
2011.

[91] J. Choi, H. Kim do, W. H. Jung, and J. S. Koo, “Metabolic inter-
action between cancer cells and stromal cells according to breast
cancer molecular subtype,” Breast Cancer Research, vol. 15, no.
5, article R78, 2013.

[92] J. D. Mancias and A. C. Kimmelman, “Targeting autophagy ad-
diction in cancer,”Oncotarget, vol. 2, no. 12, pp. 1302–1306, 2011.

[93] B. Ewald, D. Sampath, and W. Plunkett, “Nucleoside analogs:
molecular mechanisms signaling cell death,” Oncogene, vol. 27,
no. 50, pp. 6522–6537, 2008.

[94] I. Vivanco and C. L. Sawyers, “The phosphatidylinositol 3-
kinase-AKT pathway in human cancer,”Nature Reviews Cancer,
vol. 2, no. 7, pp. 489–501, 2002.

[95] A. S.N. Jackson, P. Jain, G. R.Watkins et al., “Efficacy and tolera-
bility of limited field radiotherapy with concurrent capecitabine
in local advanced pancreatic cancer,” Clinical Oncology, vol. 22,
no. 7, pp. 570–577, 2010.

[96] R. Sheikh, N. Walsh, M. Clynes, R. O’connor, and R. McDer-
mott, “Challenges of drug resistance in the management of
pancreatic cancer,” Expert Review of AnticancerTherapy, vol. 10,
no. 10, pp. 1647–1661, 2010.

[97] T. Conroy, F. Desseigne, M. Ychoy et al., “Randomized phase
III trial comparing FOLFIRINOX (F: 5FU/leucovorin [LV],
irinotecan [I], and oxaliplatin [O]) versus gemcitabine (G) as
first-line treatment for metastatic pancreatic adenocarcinoma
(MPA): preplanned interim analysis results of the PRODIGE
4/ACCORD 11 trial,” Journal of Clinical Oncology, vol. 28,
supplement 15s, abstract 4010, 2010.

[98] W. Tung, Y.Wang, P.W. Gout, D.M. Liu, andM. Gleave, “Use of
irinotecan for treatmentof small cell carcinoma of the prostate,”
Prostate, vol. 71, no. 7, pp. 675–681, 2011.

[99] M. I. Vaccaro, C. D. Gonzalez, S. Alvarez, and A. Ropolo,
“Modulating autophagy and the ‘reverse warburg effect’,” in
Tumor Metabolome Targeting and Drug Development, Cancer
Drug Discovery and Development, S. Kanner, Ed., Springer, New
York, NY, USA, 2014.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


