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A B S T R A C T

The use of energy restriction mimetic agents (ERMAs) to selectively target cancer cells addicted to

glycolysis could be a promising therapeutic approach. Thiazolidinediones (TZDs) are synthetic agonists

of the nuclear receptor peroxisome proliferator-activated receptor (PPAR)g that were developed to treat

type II diabetes. These compounds also display anticancer effects which appear mainly to be

independent of their PPARg agonist activity but the molecular mechanisms involved in the anticancer

action are not yet well understood. Results obtained on ciglitazone derivatives, mainly in prostate cancer

cell models, suggest that these compounds could act as ERMAs. In the present paper, we introduce how

compounds like 2-deoxyglucose target the Warburg effect and then we discuss the possibility that the

PPARg-independent effects of various TZD could result from their action as ERMAs.
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1. Warburg effect

As observed by Otto Warburg in the 1920s, the metabolic

properties of cancer cells differ markedly from those of normal

cells. Indeed, cancer cells have elevated rates of glucose

consumption and high lactate production but unlike normal cells,

lactate production occurs even in the presence of oxygen. This is

known as aerobic glycolysis or Warburg Effect [1]. High glucose

uptake of cancer tissues is clinically used to diagnose cancer and

to monitor tumor response to treatment by imaging uptake of
18F-deoxyglucose with PET scan [2]. Increased Warburg effect

drives both tumor growth and metastatic potential and is

associated with poor prognosis [3].

Glycolysis is the metabolic pathway that converts glucose into

pyruvate by a determined sequence of ten enzyme-catalyzed

reactions (Fig. 1). The first phase is an energy investment phase,

which uses two adenosine 50-triphosphate (ATP) molecules

to phosphorylate glucose by hexokinase (HK) and fructose

6-phosphate by phosphofructokinase (PFK). The second phase is

an energy production phase during which two molecules of

glyceraldehyde 3-phosphate lead to two molecules of pyruvate

with the production of 4 ATP molecules. The phosphoinositide

3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR)

pathway, that mediates the physiological role of insulin in normal

cells, plays an important role in coupling the energy status of the

cell and its growth. In addition to direct available amino-acids into

protein synthesis, this pathway regulates glucose uptake and

utilization since it can not only regulate glucose transporter (GLUT)

expression, but also enhance glucose capture by HK and stimulate

PFK activity [4].

In normal cells, after glycolysis, pyruvate enters in the

mitochondrial tricarboxylic acid cycle that produces NADH which

fuels oxidative phosphorylation to maximize ATP production

(Fig. 1). In this case, the complete oxidation of glucose to CO2 and

H2O leads to the production of 36 ATP molecules. When the ability

of normal proliferating cells to produce ATP from glucose is

compromised, they can undergo cell cycle arrest and reactivate

catabolic metabolism [5]. Indeed, signaling pathways exist to

monitor energy status. In case of a decline in ATP production,

adenylate kinases convert two molecules of adenosine diphos-

phate (ADP) to one ATP and one AMP (adenosine 50-monopho-

sphate). This has two consequences: it allows the maintenance of a

viable ATP/ADP ratio on the one hand, and it leads to accumulation

of AMP on the other hand. This compound binds to AMP-activated

kinase (AMPK) and alters its conformation resulting in AMPK

activation by its upstream regulator, the tumor suppressor protein

liver kinase B1 (LKB1), via phosphorylation of AMPK at Thr172.

Subsequently, AMPK phosphorylates several targets to improve

energy charge in cells [6]. For instance, AMPK phosphorylates and

activates tuberous sclerosis complex (TSC) 1 and 2 resulting in

mTOR signaling down-regulation and activation of autophagy.

Interestingly, there is another connection between these two

pathways: AKT phosphorylates and inhibits TSC1/2 and AMPK also

phosphorylates and inhibits acetyl CoA carboxylase (ACC) 1 and 2.

This is important because these enzymes catalyze the first step of

fatty acids synthesis.

In cancer cells, aerobic glycolysis and conversion of pyruvate to

lactate produce only 2 ATP molecules. This observation raises the

question why an apparently less efficient metabolism, at least in

terms of ATP production, would be interesting for rapidly
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Fig. 1. Schematic representation of the main metabolic pathways discussed in this review. A simplified view of glycolysis that occurs in the cytoplasm and leads from glucose

to pyruvate is depicted. The tricarboxylic acid (TCA) cycle and oxidative phosphorylation that both take place in mitochondria are also shown. The red arrows indicate the flux

enhanced in cancer cells with the formation of lactate even in the presence of O2 (aerobic glycolysis or Warburg effect). The links with some other pathways involved in the

synthesis of amino acids (AA), nucleotides and lipids are also indicated. Dashed lines illustrate multistep events. See text for details. GLUT = glucose transporter,

HK = hexokinase 2, PFK = phosphofructo kinase, LDHA = lactate deshydrogenase A, aKG = a ketoglutarate.

S. Kuntz et al. / Biochemical Pharmacology 92 (2014) 102–111 103



proliferating cancer cells. In fact, cancer cell metabolism is adapted

to facilitate uptake and incorporation of nutrients into macromo-

lecular precursors such as acetyl-CoA for fatty acid synthesis,

glycolytic intermediates for nonessential amino acids, and ribose

for nucleotides. Experiments using 13C–nuclear magnetic reso-

nance spectroscopy measurements showed that cultured glioblas-

toma cells convert as much as 90% of glucose and 60% of glutamine

into lactate or alanine [7]. This probably explains the selective

advantage provided by the Warburg effect.

One explanation for the Warburg effect is the tumor

microenvironment that selects for metabolic alterations. When

the early tumor grows, local blood vessels are not sufficiently

developed, leading to hypoxia and stabilization of the hypoxia-

inducible factor (HIF)-1a. HIF initiates a transcriptional program

that provides solutions to hypoxic stress [8]. Cancer cell metabo-

lism shifts towards glycolysis by an increased expression of

glucose transporters, glycolytic enzymes and inhibitors of mito-

chondrial metabolism, because a decreased dependence on aerobic

respiration becomes advantageous.

Another idea is that metabolic changes could be driven by

oncogenes or tumor suppressors [9–11]. For instance, the

oncogenes Ras and Raf, when mutated, are associated with

increased expression of GLUT1 and promote glycolysis [12,13]

(Fig. 1). A second example is the PI3 K/AKT/mTOR pathway whose

aberrant activation is observed in many cancer types [14]. It

reprises its role in glucose uptake and utilization in the cancer

setting (Fig. 1). MYC transcription factor up-regulates the

expression of various metabolic genes including the M2 isoform

of muscle-type pyruvate kinase (PK-M2), and also stimulates

glucose uptake [15,16] (Fig. 1). Regarding tumor suppressor

proteins, wild-type protein p53 is able to repress the expression

of GLUT1/4 and to stimulate the expression of TP53-induced

glycolysis and apoptosis regulator (TIGAR) that functions as a

fructose 2,6-biphosphatase, reducing the level of fructose 2,6-

biphosphate that is an allosteric activator of PFK, thus directing the

metabolic flux towards the pentose phosphate pathway (Fig. 1)

[17,18]. Hence, loss of p53 that occurs in more than 50% of all

human cancers, results in various metabolic changes that

stimulate glycolysis. It is now well established that the Warburg

effect results from an intricate network of signaling pathways that

control both tumor cell growth and cancer metabolism [9].

2. Targeting cancer cell metabolism with 2-deoxyglucose

The existence of a cancer-specific metabolism and the fact that

many cancer cells display a greater sensitivity to glucose-

deprivation-induced cytotoxicity than normal cells explain why

dietary energy restriction is a potent inhibitor of carcinogenesis.

Nevertheless, in Human, it is difficult to sustain chronic caloric

restriction through reduced energy intake. It is better to use ERMAs

in order to cause a state of glucose starvation in cancer cells

without limiting caloric intake. This approach has raised much

interest in the development of glycolytic inhibitors as potential

anticancer agents [19,20]. An interesting compound is 2-deoxy-

glucose (2-DG), a glucose analogue in which the C-2 hydroxyl

group is replaced by hydrogen. Glucose and 2-DG are phosphory-

lated by hexokinase but 2-DG 6-phosphate cannot be further

metabolized to fructose 6-phosphate by phosphoglucose isomer-

ase, thus causing ATP depletion [21]. A second metabolic effect of

2-DG could be the noncompetitive inhibition of hexokinase by

2-DG 6-phosphate [22]. In addition to inhibition of the glycolytic

pathway, 2-DG competes with glucose for the GLUT [23].

Several studies have shown that 2-DG affected glycolytic rate in

cancer cells as expected. For instance, in LNCaP prostate cancer

cells, a 50% decrease of the glycolytic rate was observed after

2 hours of treatment with 5 mM 2-DG. This event was associated

with a 50–70% reduction of NADH production and lactate

formation after 24 h [24]. 2-DG also systematically decreased

ATP levels in various cell lines. For example, in the murine T cell

lymphoma cell line, ATP levels dropped 60–70% 30 min after 2-DG

treatment [25].

2.1. Anticancer effects of 2-DG

In vivo and in vitro studies in many cell lines showed that 2-DG

had antitumor activity. Indeed, proliferation of the breast cancer

cell lines MDA-MB468, MCF-7 and SKBR3 was affected by 2-DG (at

concentrations between 4–12 mM) [26,27]. Interestingly, adria-

mycin-resistant MCF-7 cells (ADR) did not survive after 5 days of

culture in the presence of a low concentration of 2-DG (1 mM). This

finding correlates well with the three-fold faster glycolytic rate and

the greater glucose requirement of ADR cells [26]. Tagg et al.

confirmed the 2-DG-induced inhibition of proliferation in MCF-7

cells and observed a similar effect in the prostate cancer cell line

LNCaP with an IC50 of 8.1 mM and 6.7 mM respectively [28]. Under

hypoxia, the anticancer effect of 2-DG was enhanced by 20 to 25%

in both cell lines. Under normoxia, even if glucose utilization is

blocked by 2-DG, other sources (fats, proteins) can be used to

produce ATP via oxidative phosphorylation. These results could

explain why tumor cells showed resistance to 2-DG under

normoxia, but became responsive under hypoxia in the absence

of oxidative phosphorylation [29]. Then, alteration of the

mitochondrial function enhanced 2-DG anticancer potential. In

MCF-7 and MDA-MB-231 breast cancer cells, 2-DG (1–20 mM)

alone did not demonstrate a significant inhibitory effect on colony

formation. In combination with mitochondria-targeting drugs

(MTD: Mito-CP and Mito-Q), 2-DG greatly inhibited the clonogenic

growth of MCF-7 and MDA-MB-231 breast cancer cells, but not of

non-tumorigenic MCF-10A cells. Indeed, MCF-10A were able to

increase their glycolytic function in response to Mito-CP and were

more resistant when co-treated with 2-DG [30]. This combinatorial

strategy could be extended to other anticancer agents. Thus,

combination with the microtubule disruptor STX140 (2-methox-

yestradiol-bis-sulfamate, 0.1 mM) improved the efficiency of 2-DG

in LNCaP cells [28]. 2-DG also sensitized gliomas and other cancer

cells to radiations [31–34].

In animal models, 2-DG inhibited the growth of a methylcho-

lanthrene-induced rat fibrosarcoma [35]. Similarly, liver tumor

growth was delayed in rat treated with 2-DG [36]. 2-DG alone also

induced a significant growth delay of human pancreatic MIA PaCa-

2 cancer cells implanted in nude mice [37]. In contrast, other

xenografted tumors (osteosarcoma, non-small-cell lung carcino-

ma, breast cancer cells MDA-MB-231) and Ehrlich ascites tumors

were insensitive to 2-DG treatment. Wang et al. identified a dual-

specific phosphatase, laforin, as a factor conferring resistance to

apoptosis under energy deprivation [38]. Heterogeneous expres-

sion levels of laforin could explain differences in cellular

susceptibility to energy deprivation [38].

Although 2-DG was not always effective as a single agent in vivo,

it was able to enhance chemosensitivity and radiosensitivity of

cancer cells in combination therapies. Several combinations were

successful in several xenograft models: 2-DG/adriamycin (doxo-

rubicin) for human osteosarcoma, 2-DG/paclitaxel (microtubule

disruptor) for non-small cell lung cancer, 2-DG/STX140 (another

microtubule disruptor) for breast (MCF-7) and prostate (LNCaP)

cancer, 2-DG/etoposide (topoisomerase inhibitor) for Ehrlich

ascites tumors (EAT), 2-DG/Mito-CP for breast cancer (MDA-MB-

231-luc) [28,30,39,40]. Taken together, these in vivo results

demonstrate that the combination of 2-DG with various chemo-

therapeutic agents clearly increased the efficiency of each agent.

Several hypothesis could explain these results: (1) chemothera-

peutic agents display antiangiogenic activity; tumor cells became

S. Kuntz et al. / Biochemical Pharmacology 92 (2014) 102–111104



more hypoxic and more sensitive to 2-DG treatment. (2) Depletion

of ATP caused by glycolytic inhibition prevents the reparation of

damaged DNA. (3) Decreased ATP levels limit the activity of efflux

pumps leading to intracellular drug accumulation[39].

2.2. 2-DG induces apoptosis

Apoptosis is morphologically defined by chromatin condensa-

tion and formation of apoptotic bodies. This process can be

activated by two main pathways [41]. Apoptotic stimuli, such as

oxidative stress or DNA damage, activate the intrinsic pathway

that involves signaling through the mitochondria whose outer

membrane permeability is regulated by members of the Bcl-2 (B

Cell Lymphoma-2) family such as Bax (Bcl-2-associated X protein)

and Bak (Bcl-2-homologous antagonist-killer) proapoptotic pro-

teins and Bcl-2 and Bcl-XL (B-cell lymphoma extra-large)

antiapoptotic proteins. As a result, cytochrome c is released from

the mitochondria into the cytosol leading to apoptosome forma-

tion, cleavage and activation of initiator caspase-9 that eventually

cleaves effector caspases-3, -6 and -7. The extrinsic pathway is

initiated through activation of cell surface death receptors (DR)

which belong to the tumor necrosis factor (TNF) receptor

superfamily. Ligand binding induces receptor trimerisation and

cytosolic FADD (Fas-associated death domain) adaptor protein

recruitment, leading to the formation of the Death Inducing

Signaling Complex (DISC). In turn, caspases-8 and -10 are recruited

and activated, leading to cleavage of downstream effectors

procaspases-3 and -7. The cleavage of Bid (Bcl-2 interacting

protein domain) links the two apoptotic pathways. Truncated Bid

(t-Bid), activated by caspase-8, is essential for the insertion of Bax

into the mitochondrial membrane leading to cytochrome c release

and caspase-9 activation [42].

Several reports concluded that 2-DG affected cancer cells via

apoptosis [24,27,29,43–47]. For instance, in murine T cell

lymphoma cell lines (TCL), the cleavage of caspase-3 and PARP

(poly(ADP-ribose) polymerase) observed after 2-DG treatment was

inhibited by Q-VD-OPh pan-caspase inhibitor. However, this pan-

caspase inhibitor had little effect on cell death induced by 2-DG,

suggesting that cell death was not dependent on caspase

activation. However, overexpression of the anti-apoptotic factor

Bcl-2 dramatically enhanced survival of 2-DG-treated TCL cells.

Co-immunoprecipitation experiments demonstrated that Bcl-2

multimerizes with the BH3 (Bcl-2 homology 3)-only proteins Bim

(Bcl-2-interacting mediator of cell death) and Bmf (Bcl-2 modify-

ing factor), up-regulated after 2-DG exposure. Then, the complexes

Bcl-2/Bim or Bcl-2/Bmf could be involved in the activation of Bax at

the mitochondrial level [25].

2-DG is not always effective as a single agent but acts as a

potent enhancer of cancer cell death in combination treatments. In

the prostate cancer cell line LNCaP, combination of 2-DG (8 mM)

and the microtubule disruptor STX140 significantly induced

apoptosis (monitored by annexin V labelling) with no effect on

cell cycle [28]. In the same cell line, a treatment with 2-DG (1 mM)

combined to metformin led to apoptosis after 48 h: the authors

witnessed cleavage of caspase-3 and were able to inhibit the effect

by the pan-caspase inhibitor Z-VAD-FMK [48]. In this case,

apoptosis was dependent on AMPK phosphorylation and p53

expression. In colon and in ovarian cancer cells, 2-DG potentiated

apoptosis induced by cisplatin [46,49]. In myeloid leukaemia cells

U937 and in breast carcinoma cells MCF-7, 2-DG treatment (5 mM)

enhanced apoptosis induced by a CD95 agonist antibody and TNF-

related apoptosis-inducing ligand (TRAIL). 2-DG alone did not have

considerable effect on cell death. In combination, the observed cell

death was dependent on caspase activation, since it was

completely blocked by the caspase inhibitor Z-VAD-FMK. Cas-

pase-8 activation was the first detectable event facilitated by

glucose deprivation after incubation of U937 cells with CD95

antibody, followed by cytochrome c release, Bax translocation and

caspases-3 and -9 cleavage. The origin of the sensitization to death

receptor-triggered apoptosis in U937 and MCF-7 cells deprived of

glucose could not be determined [43]. 2-DG (10 mM) also

sensitized MDA-MB-231 to TRAIL-induced apoptosis with reduc-

tion of mitochondrial membrane potential, caspase-8 and -3

processing. 2-DG up-regulated TRAIL receptor 2 and down-

regulated receptor-interacting protein kinase 1 (RIP1), a critical

event to induce sensitization to TRAIL in breast cancer cells [50].

2.3. 2-DG induces autophagy

In case of reduced external nutrient supply or increased energy

demands, eukaryotic cells start autophagy, a catabolic process that

involves the transport of cellular components (macromolecules

and organelles) to the lysosomal compartment via double-

membrane vesicles, called autophagosomes. In the context of

disease, autophagy is often seen as an adaptive response to

survival, whereas in other cases it appears to promote cell death

[51].

2-DG has been shown to induce autophagy in various cell lines

[24,48,52–55]. Different mechanisms by which 2-DG elicited

autophagy have been described. As a consequence of changes in

the ATP/AMP ratio, autophagy could be promoted by the energy

sensor AMP-dependent AMPK. Phosphorylation of the AMPKa
Thr172 was observed in a large panel of cell lines after 2-DG

treatment [48,49,56–60]. In lung cancer cell lines, AMPK activation

was LKB1-dependent and followed by the inhibition of mTOR

activity and the decreased phosphorylation of its downstream

effector p70S6 Kinase, a translational regulator [56,57]. A similar

pathway was described in the prostate cancer cell line LNCaP and

in glioma cell lines when exposed to 2-DG [48,58]. In glioma cell

lines T98G and LN-229, the level of induced autophagy could be

correlated to the activity of elongation factor-2 (eEF-2) kinase, a

calcium/calmodulin-dependent enzyme that phosphorylates eEF-

2, leading to loss of affinity of this elongation factor for the

ribosome and to termination of protein elongation. The silencing of

eEF-2 kinase reduced 2-DG-activated autophagy by more than 50%

[58]. 2-DG-induced autophagy could also be linked to endoplasmic

reticulum (ER) stress. In human pancreatic epithelial carcinoma

cells (MIA PaCa2), ER calcium efflux activated the CaMKKb (Ca2+/

calmodulin-dependent kinase kinase b) which targeted AMPKa at

Thr172 [52,53]. In most cases, autophagy was associated with

resistance to apoptosis and the cytotoxicity of 2-DG could be

enhanced by autophagy inhibition [45,48,54].

2.4. 2-DG induces sirt1/b-TrCP-dependent proteolytic events

Besides ATP levels, glucose deprivation generated a decrease in

the NADH/NAD+ ratio. The increase in NAD+ levels activated the

NAD-dependent deacetylase sirtuin Sirt1 (silent information

regulator 1). Sirt1 promotes chromatin compaction and repression

of gene expression leading to inhibition of protein translation [61].

In the breast cancer cell line MCF-7, the levels of Sirt1 were

significantly increased after exposure to 2-DG in a dose and time-

dependent manner. In LNCaP cells, 2-DG induced a decrease in the

intracellular NADH levels, with a maximum after 24 h treatment,

as well as an increase in Sirt1 protein expression [24]. Sirt1

increased b-transducin repeat-containing protein (b-TrCP)-facili-
tated proteolysis through b-TrCP stabilization followed by the

degradation of its substrates cyclin D1 and Sp1. Indeed, transfec-

tion with the dominant-negative form of b-TrCP completely

reversed 2-DG-induced proteolysis of cyclin D1 and Sp1. Down-

regulation of Sp1 was followed by decreased expression of histone

deacetylases (HDAC) and H3K4 (histone 3 lysine 4) demethylases.
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Then, energetic stress increased histone H3 acetylation and H3K4

methylation in the promoter region of the Kruppel-like factor 6

(KLF6) gene. This epigenetic activation of KLF6 led to the

expression of its downstream pro-apoptotic targets ATF3 (activat-

ing transcription factor 3), Noxa, DAPK2 (death-associated protein

kinase 2) [62]. Other epigenetic regulations controlled by DNA

methyltransferase 1 (DNMT1) were described in LNCaP cells

treated during 48 hours with 2-DG or in glucose-starved cells [63].

Sp1 down-regulation was also associated with the reduced

expression of the E3 ubiquitin ligase S-phase kinase-associated

protein 2 (Skp2), which consequently stabilized b-TrCP in prostate

and breast cancer cells exposed to 2-DG. Under glucose deprivation

conditions, Wei et al. demonstrated that apoptosis associated with

Sirt1-dependent b-TrCP stabilization was under the control of an

Skp2-b-TrCP-Sp1 feedback loop [64].

2.5. 2-DG induces ER stress

Increasing evidence showed that energy restriction could lead

to ER stress [53]. The ER is an important site for calcium (Ca2+)

storage and it is also the organelle responsible for synthesis,

folding and trafficking of proteins. Alterations of Ca2+ levels or N-

glycosylation machinery induce ER stress leading to misfolded or

unfolded protein accumulation to which the organelle responds by

an evolutionary conserved adaptive mechanism known as the

Unfolded Protein Response (UPR). Misfolded or unfolded proteins

titrate the chaperone glucose-regulated protein 78 (GRP78/BiP)

away from three proximal sensors of the UPR: (1) the activated

PKR-like ER kinase (PERK) which phosphorylates the eukaryotic

initiation factor 2a (eIF2a) on Ser51 to slow down protein

translation, (2) the activated inositol-requiring enzyme 1a (IRE-

1a) which gains endoribonuclease activity to cleave the Xbox-

binding protein 1 (XBP-1) mRNA, resulting in the synthesis of a

highly active transcription factor and (3) the activating transcrip-

tion factor 6 (ATF6) which translocates to the Golgi where it is

cleaved and then binds ER stress response elements within the

nucleus. These transcription factors allow the expression of genes

encoding chaperones to increase the protein folding activity in the

ER [65]. However, when ER function is strongly impaired and

cannot be rescued by the UPR, ER stress-mediated apoptosis is

initiated.

Glucose deprivation could lead to UPR since glucose is required

for protein glycosylation. If proteins could not be correctly

glycosylated, misfolded protein accumulated and the unfolded

protein response could be engaged [29]. Furthermore, due to the

lack of a hydroxyl group on its C-2 carbon, 2-DG equally mimics

glucose as well as mannose, an essential component involved in

N-linked glycosylation in the ER. Mannose is at least 10 times less

concentrated in the cells than glucose. As a result, 2-DG could

interfere with N-glycosylation at therapeutic doses and it could

replace mannose thus increasing ER stress [29]. In pancreas

carcinoma Mia PaCa2 and breast cancer SKBR3 cells, 2-DG induced

UPR (up-regulation of GRP78, GRP94, and CHOP (C/Ebp-Homolo-

gous Protein) expressions) and apoptosis. In both cell lines,

mannose reversed UPR when cells had been treated with low

concentrations of 2-DG. At higher doses of 2-DG, mannose addition

was less efficient. These data suggested that in some cellular types,

at moderate dose, 2-DG cytotoxicity could be the consequence of

the N-linked glycosylation alteration and activation of UPR. At

higher concentration, 2-DG could activate the UPR pathway and

inhibit glycolysis, both contributing to the cytotoxic effect [29,66].

In both cell lines, mannose reversed UPR when cells were treated

with low concentrations of 2-DG. At higher doses of 2-DG,

mannose addition was less efficient. These data suggested that in

some cellular types, at moderate doses, 2-DG cytotoxicity could be

the consequence of alterations of N-linked glycosylation and

activation of UPR. At higher concentrations, 2-DG could activate

the UPR pathway and inhibit glycolysis, both contributing to the

cytotoxic effect [29,66]. In murine T cell lymphoma cell lines (TCL),

ER stress and UPR activation by 2-DG was demonstrated with up-

regulation of several UPR target genes (Gadd153/CHOP, Gadd34,

GRP78, Edem) and cleavage of Xbp1 mRNA. Mannose transiently

blocked the 2-DG-induced UPR, BH3-only protein Bim up-

regulation and cell death, but it had no effect on ATP depletion.

As previously described, Zagorodna et al. proposed that ER stress

was essential for induction of TCL cell death with up-regulation of

CHOP leading to increased expression of Bim and inhibition of anti-

apoptotic functions of Bcl2 [25]. Nevertheless, in some cases, ER

stress was also protective against 2-DG cytotoxicity [66–68].

3. Thiazolidinediones

Thiazolidinediones (TZD), including Troglitazone (TGZ, Sankyo),

Rosiglitazone (RGZ, GlaxoSmithKline) and Pioglitazone (PGZ,

Takeda Pharmaceuticals), constitute a family of synthetic com-

pounds characterized by a thiazolidine-2,4-dione ring(Fig. 2). TZD

are agonists of the Peroxisome Proliferator Activated Receptor

gamma (PPARg), a ligand-activated transcription factor belonging

to the steroid hormone receptor superfamily, that were clinically

used for the treatment of noninsulin-dependent type 2 Diabetes

mellitus [69]. Despite the interest of TZD for the treatment of

diabetes, side effects of these drugs led to their progressive

withdrawal from the market. The clinical use of TGZ was stopped

because of severe hepatotoxic effects. RGZ was withdrawn from

the European markets because of increasing concerns about its

cardiovascular safety. PGZ was also withdrawn from the market in

France due to the observation of an increase in bladder cancer.

3.1. Anticancer effects of TZD

In addition to their anti-diabetic activity, TZD possess antican-

cer properties demonstrated in vitro and in vivo using various

models. Despite promising preclinical results, clinical trials did not

always display clear beneficial effects. Nevertheless, on advanced

prostate cancer, a phase II trial showed that TGZ treatment

Fig. 2. Chemical structure of the main TZD discussed in this review. These molecules

including rosiglitazone (RGZ) possess thiazolidine-2,4-dione rings (highlighted by

the grey circle). D2-TGZ is a PPARg-inactive derivative of Troglitazone (TGZ) that

differs from its parent compound by a double bond (*) adjoining the TZD ring. OSU-

CG5, OSU-CG12, OSU-CG30 and OSU-CG53 are D2 derivatives of ciglitazone (CGZ).
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stabilized the prostate-specific antigen (PSA) serum concentration

[70]. Moreover, a survey trial for diabetic patients showed a

significant decrease of pancreatic cancer cases for those treated

with RGZ compared to controls [71]. A meta-analysis including

about 30,000 patients reported an overall lower incidence of

cancer in diabetic patients treated with RGZ [72]. Another meta-

analysis suggested that use of TZD was associated with a modest

but significantly decreased risk of lung, colorectal and breast

cancers [73]. Recently, a six year population-based cohort study

showed a decrease in cancer risk (breast, brain, colorectal, ear-

nose-throat, kidney, liver, lung, lymphatic, prostate, stomach, and

uterus) in diabetic patients using TZD, and the association was

dose-dependent [74].

The anticancer effects of TZD can be associated with several

processes including cell differentiation, cell cycle arrest and cell

death. However, the involvement of PPARg in these anticancer

effects of TZD is still unclear since many PPARg-independent
events have been reported. In vitro, the PPARg-independence was

demonstrated by several experiments [75]. Often, the authors

could not demonstrate a correlation between the anticancer effect

of TZDs and PPARg levels. Besides, TZD anticancer action was still

observable even in the presence of PPARg antagonists or in cells

where PPARg expression was abrogated by RNA interference. In

vivo results are also in agreement with a PPARg-independent
mechanism of action. Indeed, in a study showing a modest effect of

RGZ in patients with thyroid cancer, there was no relationship

between the level of PPARg and the response to RGZ, suggesting a

potential PPARg-independent mechanism [76]. This was also in

agreement with the fact that a phase I clinical trial did not reveal

any beneficial effects of an association between RGZ and the RXR

selective compound Bexarotene in patients with refractory cancer

[77].

Since most of the anticancer effects of TZD appeared to be

PPARg-independent, several derivatives of the D2 family were

synthesized. Such derivatives have a double bound adjoining the

terminal thiazolidine-2,4-dione ring and lack PPARg agonist

activity, but still display anticancer effects (Fig. 2). For instance,

D2-TGZ affected the viability of breast cancer cells [78]. Several

derivatives of D2-TGZ that were functionalized on the terminal

hydroxyl group of the chromane moiety increased the effect on

breast cancer cell viability [79]. Some D2-TGZ derivatives also

appeared interesting since they displayed good antiproliferative

activities towards breast cancer cells and low toxicity towards

human hepatocytes [80]. Compared to their respective parent

compound, D2-TGZ and D2-CGZ inhibited prostate cancer cell

proliferation more efficiently in both PPARg-expressing PC-3 cells

and PPARg-deficient LNCaP cells [81]. OSU-CG12 is an inactive

PPARg derivative of D2-CGZ, in which a permutational rearrange-

ment of the terminal methylcyclohexylmethyl moiety, led to an

inverted molecule where the TZD ring was at the center of the

molecule, and in which the phenyl ring was functionalized with a

trifluoroacetate group (Fig. 2) [82]. OSU-CG12 affected the viability

of LNCaP prostate cancer cells with an IC50 around 6 mM whereas it

displayed poor toxicity towards nonmalignant prostate epithelial

cells [24]. OSU-CG5, an OSU-CG12 derivative in which the terminal

methylcyclohexyl ring was replaced by a 3-pentyl moiety (Fig. 2),

was more potent in suppressing cell viability in LNCaP cancer cells

[63]. OSU-CG5 was more potent than its parent compound OSU-

CG12 in suppressing LNCaP cancer cells viability (IC50 = 4.5 mM

versus 6 mM) [63]. When administrated orally to male transgenic

adenocarcinoma of the mouse prostate (TRAMP) mice, OSU-CG5

also suppressed prostate epithelial proliferation and preneoplastic

lesions [83]. Optimisation of OSU-CG5 led to compound OSU-CG30

where two terminal methyl functions of the hydrophobic side

chain were replaced by CF3 groups (Fig. 2). The effect of OSU-CG30

on the viability of LNCaP prostate cancer cells was higher than

those of OSU-CG12 (IC50 = 1.5 mM) while no cytotoxicity was

observed on normal prostate and mammary epithelial cells [84].

The introduction of an additive phenylsulfonamide on the OSU-

CG12 compound led to the new derivative OSU-53 (Fig. 2) [85].

This compound inhibited the viability and clonogenic growth of

MDA-MB-231 and MDA-MB-468 breast cancer cells whereas

nonmalignant MCF-10A cells were unaffected [85]. In MDA-MB-

231 tumor-bearing mice, daily oral administration of OSU-53 (50

and 100 mg/kg) suppressed tumor growth by 47–49% [86].

3.2. TZD induce apoptosis

In prostate cancer cells, D2-TGZ and D2-CGZ were more

effective than TGZ and CGZ in inducing cytochrome c release and

DNA fragmentation whereas marginal effect was observed with

potent PPARg agonists RGZ and PGZ and their D2 derivatives [81].

The induction of apoptosis by TZD is caspase-dependent and

depends of intrinsic and extrinsic pathway activation. For example,

TZD18, a dual PPARa/PPARg agonist that inhibits cell proliferation

in a PPARg-independent manner, induced apoptosis of SD1 and

BV173 leukemic cells by cleavage of caspases-9 and -8. This effect

was disrupted by the pan-caspase inhibitor Z-VAD-FMK [87]. In

bladder cancer cells T24 and RT4, TGZ induced the cleavage of

caspase-9, -8 and -3 independently of PPARg, and specific caspase

inhibitors abolished TGZ-induced apoptosis [88]. Similar results

were obtained with CGZ on T24 bladder cancer cells [89]. In MCF-7

and MDA-MB-231 breast cancer cells, D2-TGZ changed mitochon-

drial membrane potential and induced cleavage of PARP and

caspase-7, events that were abolished in the presence of the pan-

caspase inhibitor Z-VAD-FMK [90]. TZD activated the intrinsic

apoptotic pathway by modulating expression of Bcl-2 family

members. In human leukaemia cells, TZD18 up-regulated the

proapoptotic protein Bax whereas the expression of the anti-

apoptotic Bcl-2 remained unchanged [87]. TZD18 also up-

regulated Bax and Bak expression in MCF-7 and MDA-MB-231

breast cancer cells [91]. TGZ increased the Bax/Bcl2 mRNA ratio in

renal cell carcinoma whereas the expression level of Bcl-2

members was not altered in PC-3 prostate cancer cells [81,92].

Nevertheless, TGZ, CGZ and their D2 counterparts inhibited the

anti-apoptotic function of Bcl-2 and Bcl-XL by disrupting their

heterodimerization with Bax, leading to cytochrome c release and

caspase-9 activation [81]. In the PPARg-deficient cell line LNCaP,

Bcl-XL overexpression protected cells against TGZ and D2-TGZ-

induced apoptosis [81]. The recently identified membrane G

protein-coupled receptor 40 (GPR40) can be activated by TZD [93].

This induction leads to osteocyte apoptosis after Bax recruitment

to the outer mitochondrial membrane.

The anticancer action of OSU-CG12 in prostate and breast

cancer cells was associated with apoptosis induction evidenced by

the cleavage of PARP [24]. This was in agreement with an increase

in the proapoptotic proteins ATF3, Noxa and DAPK2 [62]. PARP

cleavage was also observed in LNCaP cells exposed to OSU-CG30

[84]. In the breast cancer cell lines MDA-MB-231 and MDA-MB-

468, the induction of apoptosis by OSU-53 was suggested by the

cleavage of PARP and increases in the sub-G1 apoptotic population

[86]. These authors also observed PARP cleavage in vivo in MDA-

MB-231 tumors of nude mice treated with OSU-53. This compound

did not induce PARP cleavage in the control cells MCF-10A. OSU-53

also induced

As observed with 2-DG, TZD could also be used in combination

treatments. For instance, TZD sensitized tumor cells to TRAIL-

induced apoptosis [88,94–97]. In lung cancer cells, the cleaved

forms of PARP and caspase-8, -9 and -3 were easily detected after a

treatment with TRAIL and TZD compared to treatments with TRAIL

or TZD alone [96]. TZD promotes TRAIL-induced apoptosis by the

increase of DR5 expression and down-regulation of c-FLIP (cellular
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Flice-like inhibitor protein) or survivin [88,95–97]. In lung cancer

cells, overexpression of c-FLIP and silencing of DR5 expression by

RNA interference abrogated the enhancement of TRAIL-induced

apoptosis by PPARg ligand [96]. Moreover, TGZ and CGZ up-

regulated TRAIL expression in TRAIL-resistant T24 bladder cancer

cells and potentiated TRAIL-induced apoptosis through activation

of death receptor signaling pathway [88,89].

3.3. TZD induce autophagy

In HeLa cells, TGZ promoted autophagy, manifested by AMPK

phosphorylation, LC3-II accumulation and degradation of a

selective substrate of autophagy, sequestome 1 (SQSTM1/p62),

which precedes and contributes to caspase-dependent apoptosis

[98]. TGZ also promoted autophagosome formation and accumu-

lation of LC3-II in porcine aortic endothelial cells [99]. This process

was correlated with AMPK phosphorylation and was independent

of PPARg. TGZ and RGZ could also induce autophagy by PPARg-
activation in MDA-MB-231 breast cancer cells [100]. In H295R

adrenocortical cancer cells, RGZ inhibited cell proliferation

through both PPARg-dependent and PPARg-independent mecha-

nisms and triggered an autophagic process associated with

increased levels of p-AMPK and to the expression of beclin-1

[101]. Autophagy-mediated cell death by RGZ was dependent on

the cellular context since this process was not observed in SW13

adrenocortical cancer cells. RGZ-induced autophagic process in

H295R cancer cells seemed to be related to an increase in oxidative

stress mediated by reactive oxygen species (ROS) production with

disruption of the mitochondrial membrane potential [101]. NAF-1

(Nutrient-deprivation autophagy factor-1) and CDGSH iron sulfur

domain 1 protein (mitoNEET), two members of NEET fold (Asn-

Glu-Glu-Thr) protein family, play a key role in the maintenance of

mitochondrial integrity as well as cellular iron and ROS homeo-

stasis. NAF-1 and mitoNEET accumulate in MCF-7, MDA-MB-468

and HCC-70 human epithelial breast cancer cells compared to

control MCF-10A breast cancer cells. The knockdown of these

proteins using small hairpin (sh)RNA in MCF-7 and MDA-MB-231

breast cancer cells results in a significant decrease in cell

proliferation and tumor growth, a decrease in mitochondrial

membrane potential, an accumulation of ROS in mitochondria and

activation of autophagy [102]. NAF-1 and mitoNEET could be

mitochondrial targets of TZD [103–105].

In LNCaP prostate cancer cells, OSU-CG12 induced autophagy as

illustrated by LC3-II accumulation into autophagic vacuoles [24].

OSU-CG12 induced AMPK phosphorylation after 10 min of

exposure followed by down-regulation of mTOR and p70S6 K

phosphorylation. Inhibition of the function of AMPK by expressing

a dominant-negative form or by a pharmacological agent

prevented LC3-I to LC3-II conversion and autophagy [24]. This

inhibition of autophagy reduced the effect of OSU-CG12 on cell

viability of LNCaP cells exposed, whereas it did not affect PARP

cleavage [24].

OSU-53 induced a protective autophagy that attenuated its

antiproliferative potency [86]. Indeed, cell viability was less

affected by this compound when MDA-MB-231 breast cancer

cells expressed a dominant negative form of AMK. In this context,

co-treatment with the autophagy inhibitor chloroquine increased

the in vitro antiproliferative activity and the in vivo tumor-

suppressive effects of OSU-53 [86].

3.4. Some TZD act as ERMAs

A few TZD have been shown to act as ERMAs. For instance, this

hypothesis was validated for OSU-CG12 in prostate cancer cells

LNCaP [24]. High levels of supplemental glucose protected these

cells against OSU-CG12-induced cell death. This compound

triggered cellular responses characteristic of energy restriction

in LNCaP cells and MCF-7 breast cancer cells [24]. These responses

could be achieved at 5 mM compared to 5 mM for 2-DG [24]. OSU-

CG12 decreased glycolytic rate and intracellular levels of lactate

and NADH. As a result of the changes in the ATP/AMP ratio, OSU-

CG12 also induced AMPK activation. In less than 20 min of OSU-

CG12 exposure, there was a modest decrease in [3H]2-DG uptake.

In RT-PCR analyses performed after 24 h of treatment with OSU-

CG12, there was a decrease in mRNA levels of hexokinase 2 and

phosphofructokinase-1, the first two enzymes of the glycolytic

pathway.

OSU-CG5 was also more potent to suppress [3H]-2DG uptake in

these cells (IC50 = 6 mM versus 9 mM for OSU-CG12). Optimization

of OSU-CG5 led to OSU-CG30 that exhibited high potency in

blocking glucose uptake into LNCaP cells with IC50 of 2.5 mM

compared to 6 mM and 9 mM for OSU-CG5 and OSU-CG12

respectively [84]. Modeling analysis revealed that OSU-CG30

inhibits glucose entry via its ability to bind to the GLUT1 channel at

a site distinct from that of glucose [84].

OSU-53 induced increased AMPK phosphorylation levels and a

decrease in the phosphorylation of p70S6 K in C-26 colon

adenocarcinoma cells [85]. Radiometric kinase assays performed

with a recombinant AMPK a1b1g2 showed that OSU-53 directly

stimulated kinase activity with an EC50 of 0.3 mM compared to

8 mM for AMP [86]. In breast cancer cells, OSU-53 inhibited the

viability and clonogenic growth not only of MDA-MB-468 (LKB1

positive) but also of MDA-MB-231 (LKB1 negative) with nearly

equal potency whereas nonmalignant MCF-10A cells were

unaffected. This result was in agreement with a direct activation

of AMPK rather than a LKB1 mediated process. OSU-53 also

targeted multiple AMPK downstream pathways [86].

The key starvation-associated responses to these compounds

include transient Sirt1 induction and proteolytic events, ER stress,

each of which mediates a distinct signaling pathway culminating

in the anti-proliferative effects (Fig. 3).

3.5. TZD induce sirt1/b-TrCP-dependent proteolytic events

As observed in cells exposed to 2-DG, the transient increase of

Sirt1 expression in cells treated with OSU-CG12 played a crucial

role in mediating apoptosis induction. Sirt1 induced the accumu-

lation of b-TrCP through its stabilization [24] by down-regulation

of b-TrCP-specific E3 ligase Skp2 expression resulting in decreased

ubiquitin-dependent degradation of b-TrCP [64]. b-TrCP facilitat-

ed proteasomal degradation of a series of cell cycle and apoptosis

regulatory proteins, including b-catenin, cyclin D1 and Sp1

Fig. 3. Responses induced by 2-DG and TZD. Although they act through different

initial mechanisms, both 2-DG and some TZD induce a reduction of the glycolytic

rate. In cancer cells, they trigger apoptosis and autophagy, the latter being either

protective in case of 2-DG and OSU-53 or involved in the cytoxicity in case of OSU-

CG12. Sirt1/b-TRCP proteolytic events, ER stress and AMPK activation are early

events typical of these two types of ERMAs.
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[24,106,107]. As observed with 2-DG, the down-regulation of Sp1

facilitated the transcriptional repression of histone deacetylases

and H3K4 demethylases resulting in epigenetic activation of the

tumor suppressor KLF6 which plays a role in apoptosis induction

[62].

Like OSU-CG12, its derivative OSU-CG5 up-regulated DNA

methylation-silenced tumor suppressor genes and down-regulated

methylated tumor/invasion-promoting genes. These epigenetic

effects were the result of transcriptional repression of DNMT-1

[63]. OSU-CG30 also activated ERMAs-associated cellular responses

such as b-TrCP-mediated protein degradation [cyclinD1, Sp1] and

epigenetic activation of KLF6, both leading to apoptosis [84].

3.6. TZD induce ER stress

As observed in cells exposed to 2-DG, OSU-CG12 also induced

ER stress. The phosphorylation of eIF2a at Ser51 appeared clearly

after 6 h of treatment (10 mM). After 48 h of exposure to 5 mM of

OSU-CG12, LNCaP cells showed an up-regulation of IRE-1a and the

chaperone GRP78. An up-regulation of CHOP was also observed at

this time, but it seemed to appear only after treatment with higher

doses (10–20 mM). The silencing of CHOP had no effect on the

susceptibility to the antiproliferative action of OSU-CG12 and on

PARP cleavage [24].

OSU-CG12 showed higher anti-proliferative potencies than

resveratrol and 2-DG. Indeed, the energy restriction-associated

responses could be achieved at 5 mM compared to 100 mM and

5 mM for resveratrol and 2-DG respectively [24]. Moreover, OSU-

CG12 displayed low toxicity to nonmalignant prostate epithelial

cells and no effect on the levels of b-TrCP or Sp1 could be observed

in these cells. ER stress did not appear as a mediator of OSU-CG12-

induced apoptosis.

OSU-CG5 increased the levels of ER stress response proteins

GRP78 and GADD153/CHOP in colorectal cancer cells HCT-116 and

Caco-2 [108].

3.7. Future prospects

It might be interesting to determine if other TZD, and especially

those of the D2 family that act in a PPARg-independent manner,

also exert their anticancer effects via an energy restriction

mimetic activity. The fact that TGZ or D2-TGZ induce cellular

responses similar to those of 2-DG in addition to apoptosis and

autophagy, including Sirt1/b-TrCP-dependent proteolytic events

and ER stress, could be in agreement with this idea. Indeed, the

occurrence of apoptosis and autophagy in response to TGZ or D2-

TGZ treatment was also reported in several studies performed in

several cellular models [75,90,98–100]. Besides, several teams

demonstrated that TGZ or D2-TGZ trigger ER stress in various

cancer cell lines [75]. Proteolytic events, especially cyclin D1

degradation, have also been described as a common effect of

TGZ or D2-TGZ [79,109]. It will be important in the future to

determine if nutrient stress sensors, glycolytic rate and lactate

production are affected by these compounds. We recently

identified D2-TGZ derivatives that affect cancer cells more

efficiently and display a lower toxicity towards hepatocytes than

TGZ [80,110]. These derivatives could replace 2-DG which

displayed hepatotoxicity leading the FDA to suspend its clinical

trial for advanced prostate cancer [111]. Such TZD could have an

interest for cancer therapy, especially in some resistant forms

(such as lapatinib-resistant breast cancer, or ovarian cancer

resistant to many conventional anticancer agents) that are

sensitive to glucose deprivation [112,113]. As observed for 2-

DG, these compounds could also improve at low dose the

efficiency of chemotherapy or radiotherapy and further lead to

personalization of cancer treatment [114].
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Télévie Luxembourg. MD is supported by the National Research

Foundation (NRF) by the MEST of Korea for Tumor Microenviron-

ment Global Core Research Center (GCRC) grant, [grant number

2012-0001184].

References

[1] Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contributions to current
concepts of cancer metabolism. Nat Rev Cancer 2011;11:325–37.

[2] Ben-Haim S, Ell P. 18F-FDG PET and PET/CT in the evaluation of cancer
treatment response. J Nucl Med 2009;50:88–99.

[3] Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis. Nat Rev
Cancer 2004;4:891–9.

[4] DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell
Metab 2008;7:11–20.

[5] Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg
effect: the metabolic requirements of cell proliferation. Science 2009;324:
1029–33.

[6] Hardie DG. AMP-activated/SNF1 protein kinases: conserved guardians of
cellular energy. Nat Rev Mol Cell Biol 2007;8:774–85.

[7] DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al.
Beyond aerobic glycolysis: transformed cells can engage in glutamine me-
tabolism that exceeds the requirement for protein and nucleotide synthesis.
Proc Natl Acad Sci USA 2007;104:19345–50.

[8] Kaelin Jr WG, Ratcliffe PJ. Oxygen sensing by metazoans: the central role of
the HIF hydroxylase pathway. Mol Cell 2008;30:393–402.

[9] Wellen KE, Thompson CB. A two-way street: reciprocal regulation of metab-
olism and signalling. Nat Rev Mol Cell Biol 2012;13:270–6.

[10] Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell
2008;134:703–7.

[11] Dang CV. Links between metabolism and cancer. Genes Dev 2012;26:877–90.
[12] Dang CV, Semenza GL. Oncogenic alterations of metabolism. Trends Biochem

Sci 1999;24:68–72.
[13] Ramanathan A, Wang C, Schreiber SL. Perturbational profiling of a cell-line

model of tumorigenesis by using metabolic measurements. Proc Natl Acad Sci
USA 2005;102:5992–7.

[14] Engelman JA. Targeting PI3K signalling in cancer: opportunities, challenges
and limitations. Nat Rev Cancer 2009;9:550–62.

[15] Gordan JD, Thompson CB, Simon MC. HIF and c-Myc: sibling rivals for control
of cancer cell metabolism and proliferation. Cancer Cell 2007;12:108–13.

[16] Dang CV, Le A, Gao P. MYC-induced cancer cell energy metabolism and
therapeutic opportunities. Clin Cancer Res 2009;15:6479–83.

[17] Schwartzenberg-Bar-Yoseph F, Armoni M, Karnieli E. The tumor suppressor
p53 down-regulates glucose transporters GLUT1 and GLUT4 gene expression.
Cancer Res 2004;64:2627–33.

[18] Mor I, Cheung EC, Vousden KH. Control of glycolysis through regulation of
PFK1: old friends and recent additions. Cold Spring Harb Symp Quant Biol
2011;76:211–6.

[19] Porporato PE, Dhup S, Dadhich RK, Copetti T, Sonveaux P. Anticancer targets
in the glycolytic metabolism of tumors: a comprehensive review. Front
Pharmacol 2011;2:49.

[20] Aykin-Burns N, Ahmad IM, Zhu Y, Oberley LW, Spitz DR. Increased levels of
superoxide and H2O2 mediate the differential susceptibility of cancer cells
versus normal cells to glucose deprivation. Biochem J 2009;418:29–37.

[21] Wick AN, Drury DR, Nakada HI, Wolfe JB. Localization of the primary
metabolic block produced by 2-deoxyglucose. J Biol Chem 1957;224:963–9.

[22] Chen W, Gueron M. The inhibition of bovine heart hexokinase by 2-deoxy-D-
glucose-6-phosphate: characterization by 31P NMR and metabolic implica-
tions. Biochimie 1992;74:867–73.

[23] Wachsberger PR, Gressen EL, Bhala A, Bobyock SB, Storck C, Coss RA, et al.
Variability in glucose transporter-1 levels and hexokinase activity in human
melanoma. Melanoma Res 2002;12:35–43.

[24] Wei S, Kulp SK, Chen CS. Energy restriction as an antitumor target of
thiazolidinediones. J Biol Chem 2010;285:9780–91.

[25] Zagorodna O, Martin SM, Rutkowski DT, Kuwana T, Spitz DR, Knudson CM. 2-
deoxyglucose-induced toxicity is regulated by Bcl-2 family members and is

S. Kuntz et al. / Biochemical Pharmacology 92 (2014) 102–111 109

http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0005
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0005
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0010
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0010
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0015
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0015
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0020
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0020
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0020
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0025
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0025
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0025
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0030
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0030
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0035
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0040
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0040
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0045
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0045
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0050
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0050
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0055
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0060
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0060
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0065
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0065
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0065
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0070
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0070
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0075
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0075
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0080
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0080
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0085
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0085
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0085
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0090
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0090
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0090
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0095
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0100
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0100
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0100
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0105
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0105
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0110
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0115
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0120
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0120
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0125


enhanced by antagonizing Bcl-2 in lymphoma cell lines. Oncogene
2012;31:2738–49.

[26] Kaplan O, Navon G, Lyon RC, Faustino PJ, Straka EJ, Cohen JS. Effects of 2-
deoxyglucose on drug-sensitive and drug-resistant human breast cancer
cells: toxicity and magnetic resonance spectroscopy studies of metabolism.
Cancer Res 1990;50:544–51.

[27] Aft RL, Zhang FW, Gius D. Evaluation of 2-deoxy-D-glucose as a chemother-
apeutic agent: mechanism of cell death. Brit J Cancer 2002;87:805–12.

[28] Tagg SL, Foster PA, Leese MP, Potter BV, Reed MJ, Purohit A, et al. 2-
Methoxyoestradiol-3,17-O,O-bis-sulphamate and 2-deoxy-D-glucose in
combination: a potential treatment for breast and prostate cancer. Brit J
Cancer 2008;99:1842–8.

[29] Kurtoglu M, Gao N, Shang J, Maher JC, Lehrman MA, Wangpaichitr M, et al.
Under normoxia, 2-deoxy-D-glucose elicits cell death in select tumor types
not by inhibition of glycolysis but by interfering with N-linked glycosylation.
Mol Cancer Ther 2007;6:3049–58.

[30] Cheng G, Zielonka J, Dranka BP, McAllister D, Mackinnon Jr AC, Joseph J, et al.
Mitochondria-targeted drugs synergize with 2-deoxyglucose to trigger
breast cancer cell death. Cancer Res 2012;72:2634–44.

[31] Mohanti BK, Rath GK, Anantha N, Kannan V, Das BS, Chandramouli BA, et al.
Improving cancer radiotherapy with 2-deoxy-D-glucose: phase I/II clinical
trials on human cerebral gliomas. Int J Radiat Oncol Biol Phys 1996;35:103–11.

[32] Khaitan D, Chandna S, Arya MB, Dwarakanath BS. Differential mechanisms of
radiosensitization by 2-deoxy-D-glucose in the monolayers and multicellular
spheroids of a human glioma cell line. Cancer Biol Ther 2006;5:1142–51.

[33] Varshney R, Dwarakanath B, Jain V. Radiosensitization by 6-aminonicotina-
mide and 2-deoxy-D-glucose in human cancer cells. Int J Radiat Biol
2005;81:397–408.

[34] Sharma PK, Dwarakanath BS, Varshney R. Radiosensitization by 2-deoxy-D-
glucose and 6-aminonicotinamide involves activation of redox sensitive
ASK1-JNK/p38MAPK signaling in head and neck cancer cells. Free Radic Biol
Med 2012;53:1500–13.

[35] Kern KA, Norton JA. Inhibition of established rat fibrosarcoma growth by the
glucose antagonist 2-deoxy-D-glucose. Surgery 1987;102:380–5.

[36] Cay O, Radnell M, Jeppsson B, Ahren B, Bengmark S. Inhibitory effect of 2-
deoxy-D-glucose on liver tumor growth in rats. Cancer Res 1992;52:5794–6.

[37] Coleman MC, Asbury CR, Daniels D, Du J, Aykin-Burns N, Smith BJ, et al. 2-
deoxy-D-glucose causes cytotoxicity, oxidative stress, and radiosensitization
in pancreatic cancer. Free Radic Biol Med 2008;44:322–31.

[38] Wang Y, Liu Y, Wu C, McNally B, Zheng P. Laforin confers cancer resistance to
energy deprivation-induced apoptosis. Cancer Res 2008;68:4039–44.

[39] Maschek G, Savaraj N, Priebe W, Braunschweiger P, Hamilton K, Tidmarsh GF,
et al. 2-deoxy-D-glucose increases the efficacy of adriamycin and paclitaxel in
human osteosarcoma and non-small cell lung cancers in vivo. Cancer Res
2004;64:31–4.

[40] Gupta S, Mathur R, Dwarakanath BS. The glycolytic inhibitor 2-deoxy-D-
glucose enhances the efficacy of etoposide in ehrlich ascites tumor-bearing
mice. Cancer Biol Ther 2005;4:87–94.

[41] Wong RS. Apoptosis in cancer: from pathogenesis to treatment. J Exp Clin
Cancer Res 2011;30:87.

[42] Ghibelli L, Diederich M. Multistep and multitask Bax activation. Mitochon-
drion 2010;10:604–13.

[43] Munoz-Pinedo C, Ruiz-Ruiz C, Ruiz de Almodovar C, Palacios C, Lopez-Rivas A.
Inhibition of glucose metabolism sensitizes tumor cells to death receptor-
triggered apoptosis through enhancement of death-inducing signaling com-
plex formation and apical procaspase-8 processing. J Biol Chem 2003;278:
12759–68.

[44] Zhang XD, Deslandes E, Villedieu M, Poulain L, Duval M, Gauduchon P, et al.
Effect of 2-deoxy-D-glucose on various malignant cell lines in vitro. Antican-
cer Res 2006;26:3561–6.

[45] DiPaola RS, Dvorzhinski D, Thalasila A, Garikapaty V, Doram D, May M, et al.
Therapeutic starvation and autophagy in prostate cancer: a new paradigm for
targeting metabolism in cancer therapy. Prostate 2008;68:1743–52.

[46] Loar P, Wahl H, Kshirsagar M, Gossner G, Griffith K, Liu JR. Inhibition of
glycolysis enhances cisplatin-induced apoptosis in ovarian cancer cells. Am J
Obstet Gynecol 2010;202(37):e1–8.

[47] Wensveen FM, Alves NL, Derks IA, Reedquist KA, Eldering E. Apoptosis
induced by overall metabolic stress converges on the Bcl-2 family proteins
Noxa and Mcl-1. Apoptosis 2011;16:708–21.

[48] Ben Sahra I, Laurent K, Giuliano S, Larbret F, Ponzio G, Gounon P, et al.
Targeting cancer cell metabolism: the combination of metformin and 2-
deoxyglucose induces p53-dependent apoptosis in prostate cancer cells.
Cancer Res 2010;70:2465–75.

[49] Hernlund E, Ihrlund LS, Khan O, Ates YO, Linder S, Panaretakis T, et al.
Potentiation of chemotherapeutic drugs by energy metabolism inhibitors
2-deoxyglucose and etomoxir. Int J Cancer 2008;123:476–83.

[50] Huang YY, Liu H, Li Y, Pu LJ, Jiang CC, Xu JC, et al. Down-regulation of RIP1 by
2-deoxy-D-glucose sensitizes breast cancer cells to TRAIL-induced apoptosis.
Eur J Pharmacol 2013;705:26–34.

[51] Sridhar S, Botbol Y, Macian F, Cuervo AM. Autophagy and disease: always two
sides to a problem. J Pathol 2012;226:255–73.

[52] Xi H, Kurtoglu M, Liu H, Wangpaichitr M, You M, Liu X, et al. 2-Deoxy-D-
glucose activates autophagy via endoplasmic reticulum stress rather than
ATP depletion. Cancer Chemother Pharmacol 2011;67:899–910.

[53] Xi H, Barredo JC, Merchan JR, Lampidis TJ. Endoplasmic reticulum stress
induced by 2-deoxyglucose but not glucose starvation activates AMPK

through CaMKKbeta leading to autophagy. Biochem Pharmacol 2013;85:
1463–77.

[54] Ramirez-Peinado S, Leon-Annicchiarico CL, Galindo-Moreno J, Iurlaro R, Caro-
Maldonado A, Prehn JH, et al. Glucose-starved cells do not engage in pro-
survival autophagy. J Biol Chem 2013;288:30387–98.

[55] Cheong JH, Park ES, Liang J, Dennison JB, Tsavachidou D, Nguyen-Charles C,
et al. Dual inhibition of tumor energy pathway by 2-deoxyglucose and
metformin is effective against a broad spectrum of preclinical cancer models.
Mol Cancer Ther 2011;10:2350–62.

[56] Zhong D, Guo L, de Aguirre I, Liu X, Lamb N, Sun SY, et al. LKB1 mutation in
large cell carcinoma of the lung. Lung Cancer 2006;53:285–94.

[57] Zhong D, Liu X, Schafer-Hales K, Marcus AI, Khuri FR, Sun SY, et al. 2-
Deoxyglucose induces Akt phosphorylation via a mechanism independent
of LKB1/AMP-activated protein kinase signaling activation or glycolysis
inhibition. Mol Cancer Ther 2008;7:809–17.

[58] Wu H, Zhu H, Liu DX, Niu TK, Ren X, Patel R, et al. Silencing of elongation
factor-2 kinase potentiates the effect of 2-deoxy-D-glucose against human
glioma cells through blunting of autophagy. Cancer Res 2009;69:2453–60.

[59] Priebe A, Tan L, Wahl H, Kueck A, He G, Kwok R, et al. Glucose deprivation
activates AMPK and induces cell death through modulation of Akt in ovarian
cancer cells. Gynecol Oncol 2011;122:389–95.

[60] Zhu Z, Jiang W, McGinley JN, Thompson HJ. 2-Deoxyglucose as an energy
restriction mimetic agent: effects on mammary carcinogenesis and on mam-
mary tumor cell growth in vitro. Cancer Res 2005;65:7023–30.

[61] Murayama A, Ohmori K, Fujimura A, Minami H, Yasuzawa-Tanaka K, Kuroda
T, et al. Epigenetic control of rDNA loci in response to intracellular energy
status. Cell 2008;133:627–39.

[62] Chen CH, Huang PH, Chu PC, Chen MC, Chou CC, Wang D, et al. Energy
restriction-mimetic agents induce apoptosis in prostate cancer cells in part
through epigenetic activation of KLF6 tumor suppressor gene expression. J
Biol Chem 2011;286:9968–76.

[63] Lin HY, Kuo YC, Weng YI, Lai IL, Huang TH, Lin SP, et al. Activation of silenced
tumor suppressor genes in prostate cancer cells by a novel energy restriction-
mimetic agent. Prostate 2012;72:1767–78.

[64] Wei S, Chu PC, Chuang HC, Hung WC, Kulp SK, Chen CS. Targeting the
oncogenic E3 ligase Skp2 in prostate and breast cancer cells with a novel
energy restriction-mimetic agent. PLoS One 2012;7:e47298.

[65] Naidoo N. ER and aging-Protein folding and the ER stress response. Ageing Res
Rev 2009;8:150–9.

[66] Liu H, Kurtoglu M, Cao Y, Xi H, Kumar R, Axten JM, et al. Conversion of 2-
deoxyglucose-induced growth inhibition to cell death in normoxic tumor
cells. Cancer Chemother Pharmacol 2013;72:251–62.

[67] DeSalvo J, Kuznetsov JN, Du J, Leclerc GM, Leclerc GJ, Lampidis TJ, et al.
Inhibition of Akt potentiates 2-DG-induced apoptosis via downregulation of
UPR in acute lymphoblastic leukemia. Mol Cancer Res 2012;10:969–78.

[68] Fan LX, Liu CM, Gao AH, Zhou YB, Li J. Berberine combined with 2-deoxy-d-
glucose synergistically enhances cancer cell proliferation inhibition via en-
ergy depletion and unfolded protein response disruption. Biochim Biophys
Acta 2013;1830:5175–83.

[69] Derosa G, Maffioli P. Peroxisome proliferator-activated receptor-gamma
(PPAR-gamma) agonists on glycemic control, lipid profile and cardiovascular
risk. Curr Mol Pharmacol 2012;5:272–81.

[70] Mueller E, Smith M, Sarraf P, Kroll T, Aiyer A, Kaufman DS, et al. Effects of
ligand activation of peroxisome proliferator-activated receptor gamma in
human prostate cancer. Proc Natl Acad Sci USA 2000;97:10990–95.

[71] Home PD, Pocock SJ, Beck-Nielsen H, Curtis PS, Gomis R, Hanefeld M, et al.
Rosiglitazone evaluated for cardiovascular outcomes in oral agent combina-
tion therapy for type 2 diabetes (RECORD): a multicentre, randomised, open-
label trial. Lancet 2009;373:2125–35.

[72] Monami M, Lamanna C, Marchionni N, Mannucci E. Rosiglitazone and risk of
cancer: a meta-analysis of randomized clinical trials. Diabetes Care
2008;31:1455–60.

[73] Colmers IN, Bowker SL, Johnson JA. Thiazolidinedione use and cancer inci-
dence in type 2 diabetes: a systematic review and meta-analysis. Diabetes
Metab 2012;38:475–84.

[74] Lin HC, Hsu YT, Kachingwe BH, Hsu CY, Uang YS, Wang LH. Dose effect of
thiazolidinedione on cancer risk in type 2 diabetes mellitus patients: a six-
year population-based cohort study. J Clin Pharm Ther 2014.

[75] Grillier-Vuissoz I, Mazerbourg S, Boisbrun M, Kuntz S, Chapleur Y, Flament S.
PPARg-independent Activity Of Thiazolidinediones: A Promising Mechanism
Of Action For New Anticancer Drugs? J Carcinog mutag 2014; Accepted In
press.

[76] Kebebew E, Peng M, Reiff E, Treseler P, Woeber KA, Clark OH, et al. A phase II
trial of rosiglitazone in patients with thyroglobulin-positive and radioiodine-
negative differentiated thyroid cancer. Surgery 2006;140:960–6. discussion
6-7.

[77] Read WL, Baggstrom MQ, Fracasso PM, Govindan R. A phase I study of
bexarotene and rosiglitazone in patients with refractory cancers. Chemo-
therapy 2008;54:236–41.

[78] Lecomte J, Flament S, Salamone S, Boisbrun M, Mazerbourg S, Chapleur Y,
et al. Disruption of ERalpha signalling pathway by PPARgamma agonists:
evidences of PPARgamma-independent events in two hormone-dependent
breast cancer cell lines. Breast Cancer Res Treat 2008;112:437–51.

[79] Colin C, Salamone S, Grillier-Vuissoz I, Boisbrun M, Kuntz S, Lecomte J, et al.
New troglitazone derivatives devoid of PPARgamma agonist activity display
an increased antiproliferative effect in both hormone-dependent and

S. Kuntz et al. / Biochemical Pharmacology 92 (2014) 102–111110

http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0125
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0130
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0135
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0135
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0140
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0145
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0150
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0155
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0155
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0155
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0160
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0160
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0160
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0165
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0170
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0170
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0170
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0170
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0175
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0175
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0180
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0180
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0185
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0190
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0190
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0195
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0195
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0195
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0195
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0200
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0200
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0200
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0205
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0205
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0210
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0210
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0215
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0215
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0215
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0215
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0215
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0220
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0220
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0220
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0225
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0225
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0225
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0230
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0230
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0230
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0235
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0235
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0235
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0240
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0240
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0240
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0240
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0245
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0245
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0245
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0250
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0250
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0250
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0255
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0255
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0260
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0260
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0260
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0265
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0265
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0265
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0265
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0270
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0270
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0270
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0275
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0275
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0275
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0275
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0280
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0280
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0285
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0285
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0285
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0285
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0290
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0290
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0290
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0295
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0295
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0295
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0300
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0300
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0300
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0305
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0305
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0305
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0310
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0310
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0310
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0310
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0315
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0315
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0315
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0320
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0320
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0320
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0325
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0325
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0330
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0330
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0330
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0335
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0335
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0335
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0340
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0340
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0340
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0340
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0345
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0345
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0345
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0350
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0350
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0350
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0355
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0355
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0355
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0355
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0360
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0360
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0360
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0365
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0365
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0365
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0370
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0370
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0370
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0380
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0380
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0380
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0380
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0385
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0385
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0385
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0390
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0390
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0390
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0390
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0395
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0395
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0395


hormone-independent breast cancer cell lines. Breast Cancer Res Treat
2010;124:101–10.

[80] Salamone S, Colin C, Grillier-Vuissoz I, Kuntz S, Mazerbourg S, Flament S, et al.
Synthesis of new troglitazone derivatives: anti-proliferative activity in breast
cancer cell lines and preliminary toxicological study. Eur J Med Chem
2012;51:206–15.

[81] Shiau CW, Yang CC, Kulp SK, Chen KF, Chen CS, Huang JW. Thiazolidenediones
mediate apoptosis in prostate cancer cells in part through inhibition of
Bcl-xL/Bcl-2 functions independently of PPARgamma. Cancer Res 2005;65:
1561–9.

[82] Yang J, Wei S, Wang DS, Wang YC, Kulp SK, Chen CS. Pharmacological
exploitation of the peroxisome proliferator-activated receptor gamma ago-
nist ciglitazone to develop a novel class of androgen receptor-ablative agents.
J Med Chem 2008;51:2100–7.

[83] Berman-Booty LD, Chu PC, Thomas-Ahner JM, Bolon B, Wang D, Yang T, et al.
Suppression of prostate epithelial proliferation and intraprostatic progrowth
signaling in transgenic mice by a new energy restriction-mimetic agent.
Cancer Prev Res (Phila) 2013;6:232–41.

[84] Wang D, Chu PC, Yang CN, Yan R, Chuang YC, Kulp SK, et al. Development of
a novel class of glucose transporter inhibitors. J Med Chem 2012;55:
3827–36.

[85] Guh JH, Chang WL, Yang J, Lee SL, Wei S, Wang D, et al. Development of novel
adenosine monophosphate-activated protein kinase activators. J Med Chem
2010;53:2552–61.

[86] Lee KH, Hsu EC, Guh JH, Yang HC, Wang D, Kulp SK, et al. Targeting energy
metabolic and oncogenic signaling pathways in triple-negative breast cancer
by a novel adenosine monophosphate-activated protein kinase (AMPK)
activator. J Biol Chem 2011;286:39247–58.

[87] Liu H, Zang C, Fenner MH, Liu D, Possinger K, Koeffler HP, et al. Growth
inhibition and apoptosis in human Philadelphia chromosome-positive lym-
phoblastic leukemia cell lines by treatment with the dual PPARalpha/gamma
ligand TZD18. Blood 2006;107:3683–92.

[88] Plissonnier ML, Fauconnet S, Bittard H, Lascombe I. Insights on distinct path-
ways of thiazolidinediones (PPARgamma ligand)-promoted apoptosis in TRAIL-
sensitive or -resistant malignant urothelial cells. Int J Cancer 2010;127:
1769–84.

[89] Plissonnier ML, Fauconnet S, Bittard H, Lascombe I. The antidiabetic drug
ciglitazone induces high grade bladder cancer cells apoptosis through the up-
regulation of TRAIL. PLoS One 2011;6:e28354.

[90] Colin-Cassin C, Yao X, Cerella C, Chbicheb S, Kuntz S, Mazerbourg S, et al.
PPARgamma-inactive Delta2-troglitazone independently triggers ER stress
and apoptosis in breast cancer cells. Mol Carcinog 2013.

[91] Zang C, Liu H, Bertz J, Possinger K, Koeffler HP, Elstner E, et al. Induction of
endoplasmic reticulum stress response by TZD18, a novel dual ligand for
peroxisome proliferator-activated receptor alpha/gamma, in human breast
cancer cells. Mol Cancer Ther 2009;8:2296–307.

[92] Fujita M, Yagami T, Fujio M, Tohji C, Takase K, Yamamoto Y, et al.
Cytotoxicity of troglitazone through PPARgamma-independent pathway
and p38 MAPK pathway in renal cell carcinoma. Cancer Lett 2011;312:
219–27.

[93] Mieczkowska A, Basle MF, Chappard D, Mabilleau G. Thiazolidinediones
induce osteocyte apoptosis by a G protein-coupled receptor 40-dependent
mechanism. J Biol Chem 2012;287:23517–26.

[94] Lu M, Kwan T, Yu C, Chen F, Freedman B, Schafer JM, et al. Peroxisome
proliferator-activated receptor gamma agonists promote TRAIL-induced ap-
optosis by reducing survivin levels via cyclin D3 repression and cell cycle
arrest. J Biol Chem 2005;280:6742–51.

[95] Schultze K, Bock B, Eckert A, Oevermann L, Ramacher D, Wiestler O, et al.
Troglitazone sensitizes tumor cells to TRAIL-induced apoptosis via down-
regulation of FLIP and Survivin. Apoptosis 2006;11:1503–12.

[96] Zou W, Liu X, Yue P, Khuri FR, Sun SY. PPARgamma ligands enhance TRAIL-
induced apoptosis through DR5 upregulation and c-FLIP downregulation in
human lung cancer cells. Cancer Biol Ther 2007;6:99–106.

[97] Kim YH, Jung EM, Lee TJ, Kim SH, Choi YH, Park JW, et al. Rosiglitazone promotes
tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis by
reactive oxygen species-mediated up-regulation of death receptor 5 and down-
regulation of c-FLIP. Free Radic Biol Med 2008;44:1055–68.

[98] Jin X, Yuan D, Chen X, Jiang X. [AMP-activated protein kinase-alpha is
involved in the autophagy and apoptosis caused by troglitazone]. Wei Sheng
Wu Xue Bao 2012;52:840–9.

[99] Yan J, Yang H, Wang G, Sun L, Zhou Y, Guo Y, et al. Autophagy augmented by
troglitazone is independent of EGFR transactivation and correlated with
AMP-activated protein kinase signaling. Autophagy 2010;6:67–73.

[100] Zhou J, Zhang W, Liang B, Casimiro MC, Whitaker-Menezes D, Wang M, et al.
PPARgamma activation induces autophagy in breast cancer cells. Int J Bio-
chem Cell Biol 2009;41:2334–42.

[101] Cerquetti L, Sampaoli C, Amendola D, Bucci B, Masuelli L, Marchese R, et al.
Rosiglitazone induces autophagy in H295R and cell cycle deregulation in
SW13 adrenocortical cancer cells. Exp Cell Res 2011;317:1397–410.

[102] Sohn YS, Tamir S, Song L, Michaeli D, Matouk I, Conlan AR, et al. NAF-1 and
mitoNEET are central to human breast cancer proliferation by maintaining
mitochondrial homeostasis and promoting tumor growth. Proc Natl Acad Sci
USA 2013;110:14676–81.

[103] Tamir S, Zuris JA, Agranat L, Lipper CH, Conlan AR, Michaeli D, et al. Nutrient-
deprivation autophagy factor-1 (NAF-1): biochemical properties of a novel
cellular target for anti-diabetic drugs. PLoS One 2013;8:e61202.

[104] Geldenhuys WJ, Funk MO, Awale PS, Lin L, Carroll RT. A novel binding assay
identifies high affinity ligands to the rosiglitazone binding site of mitoNEET.
Bioorg Med Chem Lett 2011;21:5498–501.

[105] Wiley SE, Murphy AN, Ross SA, van der Geer P, Dixon JE. MitoNEET is an iron-
containing outer mitochondrial membrane protein that regulates oxidative
capacity. Proc Natl Acad Sci USA 2007;104:5318–23.

[106] Wei S, Yang HC, Chuang HC, Yang J, Kulp SK, Lu PJ, et al. A novel mechanism by
which thiazolidinediones facilitate the proteasomal degradation of cyclin D1
in cancer cells. J Biol Chem 2008;283:26759–70.

[107] Wei S, Lin LF, Yang CC, Wang YC, Chang GD, Chen H, et al. Thiazolidinediones
modulate the expression of beta-catenin and other cell-cycle regulatory
proteins by targeting the F-box proteins of Skp1-Cul1-F-box protein E3
ubiquitin ligase independently of peroxisome proliferator-activated receptor
gamma. Mol Pharmacol 2007;72:725–33.

[108] Arafa el SA, Abdelazeem AH, Arab HH, Omar HA. OSU-CG5, a novel energy
restriction mimetic agent, targets human colorectal cancer cells in vitro. Acta
Pharmacol Sin 2014;35:394–400.

[109] Huang JW, Shiau CW, Yang YT, Kulp SK, Chen KF, Brueggemeier RW, et al.
Peroxisome proliferator-activated receptor gamma-independent ablation of
cyclin D1 by thiazolidinediones and their derivatives in breast cancer cells.
Mol Pharmacol 2005;67:1342–8.

[110] Bordessa A, Colin-Cassin C, Grillier-Vuissoz I, Kuntz S, Mazerbourg S, Husson
G, et al. Optimization of troglitazone derivatives as potent anti-proliferative
agents: Towards more active and less toxic compounds. Eur J Med Chem
2014;83:129–40.

[111] Omar HA, Berman-Booty L, Kulp SK, Chen CS. Energy restriction as an
antitumor target. Future Oncol 2010;6:1675–9.

[112] Cairns RA, Harris I, McCracken S, Mak TW. Cancer cell metabolism. Cold
Spring Harb Symp Quant Biol 2011;76:299–311.

[113] Locasale JW. Metabolic rewiring drives resistance to targeted cancer therapy.
Mol Syst Biol 2012;8:597.

[114] Dwarakanath BS. Cytotoxicity, radiosensitization, and chemosensitization of
tumor cells by 2-deoxy-D-glucose in vitro. J Cancer Res Ther 2009;5(Suppl 1):
S27–31.

S. Kuntz et al. / Biochemical Pharmacology 92 (2014) 102–111 111

http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0395
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0395
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0400
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0400
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0400
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0400
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0405
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0405
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0405
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0405
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0410
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0410
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0410
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0410
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0415
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0415
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0415
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0415
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0420
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0420
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0420
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0425
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0425
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0425
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0430
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0430
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0430
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0430
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0435
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0435
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0435
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0435
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0440
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0440
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0440
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0440
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0445
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0445
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0445
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0450
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0450
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0450
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0455
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0455
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0455
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0455
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0460
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0460
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0460
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0460
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0465
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0465
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0465
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0470
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0470
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0470
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0470
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0475
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0475
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0475
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0480
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0480
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0480
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0485
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0485
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0485
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0485
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0490
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0490
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0490
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0495
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0495
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0495
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0500
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0500
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0500
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0505
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0505
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0505
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0510
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0510
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0510
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0510
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0515
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0515
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0515
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0520
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0520
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0520
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0525
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0525
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0525
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0530
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0530
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0530
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0535
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0535
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0535
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0535
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0535
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0540
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0540
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0540
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0545
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0545
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0545
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0545
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0550
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0550
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0550
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0550
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0555
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0555
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0560
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0560
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0565
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0565
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0570
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0570
http://refhub.elsevier.com/S0006-2952(14)00427-4/sbref0570

