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Abstract: Glutathione (L-γ-glutamyl-L-cysteinyl-glycine; GSH) in cancer cells is 

particularly relevant in the regulation of carcinogenic mechanisms; sensitivity against 

cytotoxic drugs, ionizing radiations, and some cytokines; DNA synthesis; and cell 

proliferation and death. The intracellular thiol redox state (controlled by GSH) is one of the 

endogenous effectors involved in regulating the mitochondrial permeability transition pore 

complex and, in consequence, thiol oxidation can be a causal factor in the mitochondrion-

based mechanism that leads to cell death. Nevertheless GSH depletion is a common feature 

not only of apoptosis but also of other types of cell death. Indeed rates of GSH synthesis 

and fluxes regulate its levels in cellular compartments, and potentially influence switches 

among different mechanisms of death. How changes in gene expression, post-translational 

modifications of proteins, and signaling cascades are implicated will be discussed. 

Furthermore, this review will finally analyze whether GSH depletion may facilitate cancer 

cell death under in vivo conditions, and how this can be applied to cancer therapy. 
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Abbreviations: GSH: Glutathione; ROS: Reactive oxygen species; TNF: Tumor necrosis 

factor; ARE: Antioxidant response elements; MAPK: Mitogen-activated protein kinase; 
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Bcl-2-AS: Bcl-2 antisense oligodeoxynucleotides; GGT: γ-glutamyl transpeptidase; ACV: 

Acivicin; GED: L-Gln enriched diet 

 

1. Glutathione in Cancer Biology 

Normal cells respond to external stimuli by different tightly regulated pathways. However, in 

cancer cells, physiology is altered leading to, e.g., excessive growth and reduced cell death. 

Classically, the loss of growth regulation has been attributed to the mutation of oncogenes and tumor 

suppressor genes. Besides, reduction in the response to cell death stimuli is related to aberrant  

anti-death and pro-death protein expression [1].  

Glutathione (GSH, γ-glutamyl-cysteinyl-glycine), is the most abundant non-protein thiol in 

eukaryotic cells. The synthesis of this ubiquitous tripeptide is catalyzed by two cytosolic enzymes:  

γ-glutamate-cysteine ligase (first step), and GSH synthetase (second step; which combines  

γ-glutamyl-cysteine with glycine to generate GSH). Cys availability and γ-glutamate-cysteine ligase 

activity are the rate-limiting factors in GSH synthesis [2]. Owing to its reactivity and high intracellular 

concentrations (approx. 10 mM in the liver and different malignant cells), GSH is involved in cell 

protection against free radicals, and in many cellular functions being particularly relevant in regulating 

carcinogenic mechanisms [3,4]; sensitivity against xenobiotics, ionizing radiation and some  

cytokines [5-11]; DNA synthesis; and cell proliferation [2,12-14] .  

GSH biochemistry deregulation in tumors has been observed in many different murine and human 

cancers [15-17]. In addition to the properties mentioned above, particularly in cancer cells, GSH is 

important in the protection against tumor microenvironment-related aggression [18], apoptosis  

evasion [19], colonizing ability [20], and multidrug and radiation resistance [2,7-9,11,20-23]. 

Increased levels of GSH and resistance to chemotherapeutic agents have been observed, e.g., for 

platinum containing compounds, alkylating agents (such as melphalan), anthracyclines, doxorubicin, 

and arsenic [24].  

Modifications of GSH metabolism and the introduction of agents able to modulate GSH 

concentration in tumor cells opened up the possibility of regulating the cellular response to different 

anticancer treatments [9,10,23,25,26]. Nevertheless, approaches in cancer treatment based on 

modulating GSH levels appear highly limited by potential harmful effects to normal cells. 

2. Redox Control of Cell Death 

In mammals, under physiological conditions, the equilibrium between cell death and division helps 

to maintain tissue/organ homeostasis. Mechanisms related to this equilibrium involve cell cycle 

checkpoints, DNA repair and recombination, and cell death. In all these mechanisms the oxidation and 

reduction of proteins, as well as the rate and nature of free radicals generation, play important roles. 

The term cellular redox state is classically used to describe the balance of NAD
+
/NADH, 

NADP
+
/NADPH, and/or GSH/GSSG, and its relationship to different sets of metabolites and the 

control of cell metabolism [27,28]. 
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Free radicals are defined as molecules or fragments of molecules containing one or more unpaired 

electrons [29,30]. Highly reactive species capable of damaging carbohydrates, lipids, proteins and/or 

nucleic acids, and of causing loss of molecular functions [31]. 

Reactive oxygen species (ROS) represent the more abundant free radicals in mammalian cells [32] 

and include, mainly, superoxide anions (O2
·−

) [33], hydroxyl radicals (
.
OH)[34] and peroxide radicals 

(ROO
.
) [35]. One should also take into account the levels of other molecules, without unpaired 

electrons but also harmful and ROS-related, such as hydrogen peroxide (H2O2) [36]. Besides reactive 

nitrogen species, such as nitric oxide (·NO) [37] and the peroxynitrite (ONOO
−
)[38] also play essential 

regulatory roles. The sources of ROS are the electron transport system in the mitochondria, the Krebs 

cycle, different oxidases (including NADPH oxidase, xanthine oxidase, and certain arachidonic acid 

oxygenase activities) and the radicals released from immune cells [39-42].  

An increase in free radicals levels may lead to an increase in different cellular defense systems or, if 

the damage is irreversible, to cell death [43] (Figure 1). Moreover, oxidative stress or redox status 

shifts may cause cell transition from quiescent to proliferative status, growth arrested or cell death 

activation according to the duration and extent of the redox imbalance [44]. 

Figure 1. Cellular redox balance control regulatory pathways determining cell viability. 

 
Different effectors can lead to redox system oxidations triggering a plethora of cellular responses. If 

stimulation does not compromise cell resistance mechanisms negative feed-back systems restore 

the redox homeostasis and allow cell survival. However, if stimuli cannot be counteracted by the 

antioxidant machinery, redox status alterations cause irreversible loss of cell viability. 

Although several mechanisms of cell death have been characterized, their classification is difficult 

because more than one single mechanism can be activated by the same signal [45]. Main cell death 

mechanisms include: (a) apoptosis, a process of programmed cell death, characterized by cell shrinkage, 

chromatin condensation, caspases activation and DNA fragmentation[46]; (b) necrosis, an uncontrolled 
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event caused by loss of cell homeostasis where cell volume increases[46], and (c) autophagy, where 

degradation of cellular components through the lysosomal machinery is observed [47]. 

Apoptosis can be triggered either through an intrinsic pathway, which involves procaspase-9 

activation downstream of mitochondrial proapoptotic events; or through an extrinsic pathway, 

triggered by membrane receptors [such as Fas ligand or tumor necrosis factor-α (TNF-α)] without 

direct involvement of mitochondria-derived signals [48]. In both cases, the apoptotic machinery 

activates cysteine-aspartate proteases [49].  

Cells possess antioxidant systems to control the redox state and, thereby, survival [43]. Antioxidant 

defenses include superoxide dismutases; catalase; Cys; thioredoxins; peroxiredoxins; sulfiredoxins; 

GSH, and enzymes involved in GSH homeostasis, such as GSH peroxidase, GSH reductase, 

glutaredoxins, and GSH transferases; vitamins; metal-complex proteins, etc. [40,43,50]. In 

consequence, down regulation of these antioxidant defenses can lead to increased ROS levels, redox 

status alterations [19], and cell damage; thus increasing the risk of developing pathologies such as 

cancer, neurodegeneration, etc [19].  

Oxidative stress associates with carbohydrate, lipid, protein and DNA damages, which lead to 

cellular dysfunction and, eventually, cell death[42]. Moreover oxidative stress and/or changes in the 

intracellular redox status may affect nuclear chromatin remodeling (histone acetylation/deacetylation) 

and cause changes in gene expression [51]. Indeed, oxidative stress causes: single- and double-strand 

DNA fragmentation [52]; damages in mitochondria that decrease the transmembrane potential, and 

may associate to permeability alterations and facilitate the release of death-related molecular  

signals [53,54].  

Oxidative stress is a known inducer of the transcription of specific genes involved in cell death [55], 

whereas GSH has been also postulated as potential regulate of gene transcription [56]. Moreover, 

different GSH-related enzyme activities are regulated by a redox-sensitive transcription factor, NF-E2 

p45-related factor-2 (Nrf2) [57]. The oxidation of specific proteins containing thiols induces the 

release of Nrf-2, which then translocates to the nucleus, activating transcriptions through binding to 

antioxidant response elements (ARE) in the control regions of multiple detoxification-related  

genes [58]. Potential redox-sensitive transcription factors, such as Nfr-2, and how they affect gene 

expression represent an open field for research. In fact, several transcription factors are modulated 

through oxidation/reduction of critical Cys localized in their DNA binding domain, essentials for 

recognition of the binding site through electrostatic interactions with specific DNA bases [59]. 

Oxidation of these Cys residues results in changes in the inter- or intramolecular disulfide bonds affecting 

the tridimensional structure of the transcription factor and, in consequence, its function [59,60]. This 

modulation can upregulate or downregulate gene expression, for instance of NF-κB or p53 [50], or 

different receptor tyrosine kinases [phosphokinase C and mitogen-activated protein kinase  

(MAPK)] [19]. MAPKs, such as ERK, p38 and JNK, are central players in the mechanisms of stress 

induced apoptosis [19].  

As well as in transcription factors, changes in the thiol–disulfide status affecting critical Cys in 

enzymes, receptors, or transport proteins, can be reversible or irreversible[19]. Reversible modifications 

of Cys, Met, Trp, and/or Tyr residues (via nitrosylation, hydroxylation, glutathionylation, or disulfide 

bond formation) may differentially affect protein function. Besides, glycerophospholipids and other 

lipids in plasma and organelle membranes are also major targets of oxidizing agents. Lipid  
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oxidation-derived products such as malondialdehyde, 4-hydroperoxy-2-nonenal, 4-o-xo-2-nonenal, or 

4-hydroxy-2-nonenal, can impair membrane functions, inactivate, membrane-bound receptors and 

enzymes, and increase permeability [30,51]. 

In response to stress, the thioredoxin/glutaredoxin complex induces the autophosphorylation and 

activation of apoptosis signal regulating kinase 1 (ASK1), which causes phosphorylation and 

activation of JNK and p38, both involved in apoptosis initiation [61]. 

In case of DNA damage, p53 mediates the response through initiation of DNA repair, cell cycle 

arrest, or activation of an apoptotic signaling cascade. p53 activity is regulated by posttranslational 

modifications, including phosphorylation, acetylation, ubiquitination, sumoylation, glutathionylation, 

cytoplasmic sequestration, etc. [42]. p53 modulates activation of proapoptotic genes, or induces 

apoptosis through transcription-independent mechanisms (e.g., by altering binding actitivities of Bcl-2 

or Bax) [19,42]. 

Finally, it is worthy to remark that some differences among mitochondria, cytoplasm, and nuclei 

can be found. For instance, a possible translocation of GSH into the nucleus in response to acute 

oxidative stress has been suggested [62]. In addition, in mitochondria, complex I glutathionylation 

results in increased superoxide production, then leading to activation of redox signaling pathways 

and/or induction of cell death, depending upon the magnitude of modifications [42]. 

3. Glutathione and the Mechanisms of Cancer Cell Death 

Alterations in cell death mechanisms are common in the pathophysiology of different human 

diseases including cancer, neurodegenerative or autoimmune disorders. The signaling pathways 

leading to cell death, and to programmed cell death type I or apoptosis in particular, have been 

extensively characterized. However, recent studies point out the importance of changes in the 

intracellular milieu affecting apoptosis and other types of cell death. GSH depletion, in particular, is a 

common feature preceding cell demise.  

3.1. GSH Role in Apoptosis 

Although the relationship between GSH and apoptosis is not fully understood, GSH is essential for 

cell survival and its depletion increases the cellular susceptibility to apoptosis [63]. High intracellular 

GSH levels have been related to apoptosis resistance [64,65], and GSH depletion has been shown 

either to induce or potentiate apoptosis [64,66,67]. Buthionine sulfoximine (BSO), a selective inhibitor 

of γ-GCS, induces GSH depletion without triggering apoptosis, but facilitates and potentiates the 

response to other cell death stimulus. For example, BSO potentiates death receptor-induced apoptosis 

in T cells [64,66], and increases the susceptibility to TNF-α treatment in Ehrlich-ascites-tumor-bearing 

mice [14]. Besides, GSH supplementation with GSH ester, or replenishment of GSH pools with  

N-acetyl-L-cysteine or S-adenosyl-methionine (both precursors of Cys), have been shown to be 

effective protectors against apoptosis [65,68,69]. 

The intrinsic apoptotic pathway is mainly activated by ROS, which induces opening of the 

mitochondrial permeability transition pore [70,71], which may cause the release of proapoptotic 

molecules, such as cytochrome c (an intermembrane space protein), to the cytosol. Mitochondrial 

release of cytochrome C is required for the formation of apoptosome and caspase activation, and 
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different death-related signals may cause its release to the cytosol. However, it is important to point 

out that the mitochondrial permeability transition, which may occur either in apoptosis or in necrosis, 

is a sudden increase in the permeability of the inner mitochondrial membrane to solutes with molecular 

masses of up to 1,500 Da. This process is due to opening of a voltage- and Ca
2+

-dependent, 

cyclosporin A-sensitive, high conductance channel called the permeability transition pore [72]. The 

long-standing idea that the permeability transition pore may form at inner-outer membrane contact 

sites and that it may be constituted by the adenine nucleotide translocator in the inner mitochondrial 

membrane and the voltage-dependent anion channel in the outer mitochondrial membrane has not been 

confirmed by genetic ablation of these proteins [73-75]. As of today, however, it is not clear whether 

the outer mitochondrial membrane is necessary for the permeability transition to occur and what 

regulatory properties, if any, it may contribute to the permeability transition pore. Among the variety 

of effectors that regulate the permeability transition pore open-closed transitions, oxidizing agents have 

received considerable attention, and changes in the redox state of pyridine nucleotides, GSH, and 

sulfhydryl groups have been shown to play a prominent regulatory role [76-81].  

Apoptosome complexation, results in activation of caspase-9, which in turn activates effector 

caspases to carry out the process of apoptosis [40,82]. Opening of the mitochondrial permeability 

transition pore is facilitated by direct depletion of the mitochondrial GSH (mtGSH), even in the 

absence of high (non-physiological) ROS levels [83]. This fact indicates a direct regulatory role of 

mtGSH in regulating the first step in the mitochondria-dependent apoptotic cascade. 

Furthermore, cellular GSH depletion induced by either abolishment of the γ-glutamate-cysteine 

ligase activity in knock-out mice, Cys starvation, or knockdown of γ-glutamate-cysteine ligase in 

culture cells, induces apoptosis [84,85]. In this sense it appears interesting to consider GSH depletion 

as a cellular event preceding (or required for) apoptosis. GSH depletion is in fact an early hallmark in 

the progression of programmed cell death in response to apoptotic stimuli [86,87]. Indeed GSH 

depletion has been classically associated to, e.g., a primary increment in ROS production, although 

GSH depletion may also be dependent on GSH extrusion [88]. Interestingly it has been shown that 

resveratrol, a plant-fruit-derived polyphenol capable of inducing apoptosis in different experimental 

models, activates GSH efflux [83]. For instance, GSH efflux-induced intracellular GSH depletion leads 

to a BAX overexpression-mediated apoptosis activation in lung cancer cells (a ROS-independent 

mechanism) [83,89,90]. 

On the other hand, GSH synthesis is upregulated during oxidative stress and inflammation. In 

practice, oxidants such as ozone, hyperoxia, H2O2, etc. cause short-term falls in intracellular GSH 

which associate with higher oxidized glutathione (GSSG) levels; this is followed by increases in GSH 

levels and/or upregulation of γ-glutamate-cysteine ligase mRNA in in vivo and in vitro models [91-93]. 

Therefore, oxidants and oxidant-generating systems (if their levels do not compromise cell viability) 

can upregulate GSH synthesis-linked genes, thus providing paradoxically a protective mechanism 

against oxidative stress.  

Different studies have been tried to elucidate the molecular mechanisms implicated in GSH 

synthesis regulation [25,57,58,68]. The γ-glutamate-cysteine ligase promoter contains potential  

cis-acting elements, including consensus recognition sites for binding of different transcription factors 

such as: activator protein-1 and -2 (AP-1 and AP-2), Sp-1, NF-kB, and electrophile responsive element 

(ARE) containing an embedded phorbol myristate acetate-responsive element (TRE/AP-1) [94]. These 
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factors are active in response to diverse stimuli and all of them affect the γ-glutamate-cysteine ligase 

subunit genes. For example, β-naphtoflavone, a planar aromatic xenobiotic, modulates γ-glutamate-

cysteine ligase in the liver cell line HepG2 through TRE/AP1 and ARE [95]; in addition, it has been 

shown that H2O2-dependent activation of GCL-ARE4 reporter occurs via MAPK pathways without 

oxidation of cellular GSH or the redox protein thioredoxin-1, thus suggesting that cell GSH/GSSG 

redox status is not required for regulation of γ-glutamate-cysteine ligase or ARE [96]. Furthermore, 

antioxidants trigger protection against oxidants either by directly scavenging these molecules or by 

regulating intracellular GSH levels through the induction of γ-glutamate-cysteine ligase [94]. In fact 

many antioxidants can exert direct effects upon several signal transduction enzymes independently of 

their antioxidant function [97]. 

Nrf-2 is a transcription factor essential in HepG2 cells for the ARE-mediated induction of phase II 

detoxifying and γ-glutamate-cysteine ligase genes in response to ROS, electrophiles and phenolic 

oxidants [98]. Mice deficient in Nrf-2 (Nrf-2
−/−

) have shown an increased susceptibility to the injurious 

effects of hyperoxia, as noted by a marked increase in pulmonary permeability, macrophage 

inflammation, and epithelial injury as compared to control wild mice [99]. Moreover, reduction in 

ARE expression and in different redox balance-related enzymes in lung was observed in Nrf-2 
−/−

 mice 

versus normal mice. In these effects, Nrf-2 participates by directly regulating γ-glutamate-cysteine 

ligase genes and GSH-dependent enzymes expression [98,100]. Interestingly, Nrf-2 levels have been 

shown directly associated with resistance to apoptosis [101].  

Furthermore, Kelch-like ECH associated protein 1 (Keap-1) plays a critical role in ARE-mediated 

signaling by down regulating Nrf-2. Keap-1 inhibits Nrf-2 action by binding and retention of the 

transcription factor in the cytoplasm [102]. Under ROS or electrophilic insults the complex is 

dissociated and Nrf-2 is translocated to the nuclei where transactivates target genes [94,103]. 

Nrf-2 expression is also regulated by GSH [94]. Murine embryonic fibroblast survived in the 

presence of BSO, even though most intracellular GSH was depleted [104], which associated to 

activated Nrf-2 and up-regulation of antioxidant enzymes. Nrf-2-deficient murine embryonic 

fibroblasts lost this capacity and ROS accumulation, caspase-3 activation and cell death were 

promoted. Furthermore, Nrf-2 deficient cells were more susceptible to doxorubicin and BSO 

treatment-induced cell death than wild cells [94]. Moreover, propyl gallate activated caspases 3, 8,  

and 9, and induced an increase in p53, Bax, Fas, and Fas Ligand; whereas MAPKs inhibited nuclear 

translocation of Nrf-2 and induced intracellular GSH depletion in human leukemia [105]. These results 

showed that an early event of propyl gallate-induced apoptosis is MAPKs/Nrf-2-mediated GSH 

depletion, thus indicating that Nrf-2 is one of the first factors that induce cell survival under GSH 

depletion, which points out to this transcription factor as an attractive target in leukemia but also in 

other cancers sharing similar molecular mechanisms. 

The induction of apoptosis through ASK1, under ROS stimulation, is dependent of cellular redox 

status. Treatment of A549, an established cellular line from human lung adenocarcinoma, with 

denbinobin induced ROS production and JNK activation with downstream Bim expression. Bim 

knockdown by siRNA, and N-acetyl-L-cysteine or GSH treatment, reduced denbinobin-induced A549 

cell apoptosis [106]. In the same way, treatment of hepatoma cells with aloe-emodin, a bioactive 

anthraquinone of Rheum palmatum with anticancer properties, induced oxidative stress and apoptosis 

in a mechanism mediated by ASK1 and JNK activation. Furthermore, inhibition of GSH synthesis by 



Cancers 2011, 3                            

 

 

1292 

BSO, or treatment with glutathione monomethyl ester as a GSH donor, sensitized or protected 

hepatoma cells to JNK activation. Thus indicating a critical role of oxidative stress and sustained JNK 

activation in aloe-emodin-mediated apoptotic cell death in human hepatoma cells [107]. On one hand, 

ASK1 is one of the main activators of apoptosis under oxidative stimuli; whereas on the other hand its 

activity depends on GSH levels. Therefore modulation GSH levels could be critical to increase the 

susceptibility of cancer cells to different antitumoral treatments. 

3.2. GSH Role in Autophagy and Necrosis and the Links between Different Types of Cell Death 

Autophagy or programmed cell death type II consists of the selective degradation of cellular 

components through the lysosomal machinery [47]. This is the major catabolic pathway by which cells 

degrade and recycle macromolecules and organelles. Autophagy can be activated by different stimuli 

such as amino acid deprivation, ROS, cancer, pathogen infections, etc. [108]. Initially cells use 

autophagy as a mechanism to preserve their viability. However, if cells cross a critical threshold, 

macromolecular destruction causes cell death [108]. Autophagy is initiated by the surrounding of 

cytosolic constituents, macromolecules or organelle, in a closed double membrane structure called 

autophagosome. Autophagosome fuses with lysosomes to form autolysosomes. The lysosomal 

hydrolases digest the vesicle content [108]. When stimuli are too high or prolonged, autophagy 

becomes a prodeath mechanism. Specific morphological changes observed in autophagic cells include 

a massive vacuolization of the cytoplasm in the absence of chromatin condensation [109]. The role of 

GSH in autophagy is not fully understood but replenishment of GSH level using N-acetyl-L-cysteine 

prevents autophagy induction and autophagosome formation and protein degradation induced by 

starvation [110,111]. Lipopolysacharide induces autophagy in a GSH-dependent manner since it is 

able to increase ROS production and deplete the tripeptide levels [112]. Nitric oxide produces 

nitrosative and oxidative stress and cellular damage, which induces autophagic cell death in GSH 

depleted osteoblasts [112-114]. 

Classically cellular necrosis refers to a cell that, in response to severe physical or chemical damage 

or a critical decrease in energy availability, swells and explodes, then releases its intracellular content 

into the surrounding space. Thus, necrosis has been considered an uncontrolled type of cell death [112]. 

However, there are recent studies suggesting that necrosis is a regulated process involved in multiple 

development, pathological and physiological scenarios [112]. Inhibition of cellular energy production, 

generation of ROS, imbalance of cellular Ca
2+

 homeostasis or extracellular cell death signals, are 

among those stimuli able to induce either apoptosis or necrosis [115]; thus showing that different types 

of cell death can share, at least in part, common mechanisms. In this sense, time and intensity of 

stimulus may determine the type of cell death. In fact, depending on GSH depletion and oxidative 

stress level apoptosis can switch to necrosis [72]. For instance, the sensitivity of Ehrlich ascites tumor 

cells to TNF-α depends on their GSH content and their rate of proliferation. This is important because 

tumor cell populations under active proliferative states may show higher GSH levels, and drug- and/or 

radiation-resistant tumors have increased cellular levels of GSH. In fact, TNF-α induces a shift towards 

oxidation in the mtGSH status, a fact that is consistent with the hypothesis that mtGSH plays a key 

role in scavenging TNF-α-induced ROS [116]. 
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4. Glutathione Depletion and Cancer Therapy  

4.1. Potential Benefits and Limitations 

The fact that GSH depletion can be deleterious for cancer cells and, potentially, enhance the 

effectiveness of chemotherapy and/or ionizing radiations, is known [7,25,56]. The value of GSH 

depletion in sensitizing tumor cells to ionizing radiation was first demonstrated in several human 

lymphoid cell lines [117]. Indeed, as reviewed later, cancer cells containing low GSH levels (<10% of 

their control values) were found much more sensitive than control cells to the effects of γ-irradiation [2]. 

GSH and drug resistance of cancer cells have been also linked [25,118]. Chemoresistance is a 

multifactorial phenomenon and many studies show that a coordinated expression of efflux transporter 

proteins and phase II conjugating enzymes in tumor cells is linked to the development of the multidrug 

resistance phenotype. In particular, the overexpression of GSH transferase and efflux pumps in tumors 

may reduce the reactivity of various anticancer drugs. 

The relationship between GSH depletion, chemotherapy, and/or the radiation response has been 

examined in many tumor cells after treatment with different drugs, including BSO, diethylmaleate,  

2-oxothiazolidine-4-carboxylate, and different radiosensitizing agents [2,8,25,119,120]. However BSO 

(as well as other thiol-depleting agents) is non-specific and, besides promoting tumor GSH depletion 

in vivo, can cause irreversible damage in most normal tissues. Moreover, GSH depletion only appears 

to be therapeutically effective when very low levels of this tripeptide can be achieved within the cancer 

cells [25]. Thus, achievement of selective tumor GSH depletion under in vivo conditions appears as a 

superb pharmacological challenge.  

In fact, since the molecular background was firmly established, the potential benefits of GSH 

depletion for cancer therapy have remained in the shadow for two decades. Nevertheless, recently, new 

research has offered some light on how to make GSH depletion a useful tool in cancer therapy.  

4.2. Molecular Mechanisms Channeling Cytosolic GSH Efflux 

Drug resistance frequently associates with over-expression of P-glycoprotein and/or multidrug 

resistance proteins (MRPs), which work as pumps extruding cytotoxic drugs out of the tumor  

cells [24,121-123]. Efflux of GSH, GSSG, and GSH S-conjugates (xenobiotics or metabolites) from 

different mammalian cells appears channeled through different MRPs [24,25,124-127]. Potential 

endogenous substrates for MRPs have been recently revised by Ballatory et al. (2009) [126,128].  

A total of nine multifunctional mrp genes have been identified (from mrp1 to mrp9). But MRP-1, 

MRP-2 and MRP-4 are principally responsible for the transport of GSH [127,129,130], whereas the 

others MRPs have different substrates (e.g., bilirubin glucuronosides for MRP2 and MRP3, or cyclic 

AMP and cyclic GMP for MRP4, MRP5, and MRP8) [130]. Activation of Nrf2-Keap1 pathway 

stimulates the induction of MRPs expression, as well as genes responsible for both the synthesis and 

conjugation of GSH [129,131,132]. 

MRP1, the first to be cloned, is overexpressed in many drug-resistant cancer cells and functions as a 

drug efflux pump [127]. Its expression is much lower in most normal tissues where it works to 

decrease accumulation of xenobiotics and their metabolites [127,133]. MRP1 mediates the  

ATP-dependent transport of different organic (including naturally occurring conjugated metabolites 
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and most GSH-, glucuronide-, and sulfate-conjugated products of phase II xenobiotic metabolism) and 

inorganic anions (e.g., antimonial and arsenical oxyanions) [133]. MRP1 may even act in cooperation 

with GSH transferases (e.g., GSTP1) to protect cancer cells from cytotoxic drugs [134].  

GSH depletion by BSO-induced inhibition of γ-glutamate-cysteine ligase [26] resulted in a 

complete reversal of resistance to anticancer drugs of different cell lines overexpressing MRP1 but had 

no effect on P-glycoprotein-mediated multidrug resistance [135]. Cancer cells may release GSH 

through MRP1 even in the absence of cytotoxic drugs [124]. In addition GSH is required for the 

transport by MRP1 of GSH conjugates of, e.g., vincristine or doxorubicin, but is also evident that in 

some cases (e.g., vinca alkaloids) drugs are co-transported with GSH [127]. This requirement for GSH 

may explain why drug extrusion through MRP1 decreases in BSO-treated cells, thus indicating that 

MRP1 also transports non-conjugated GSH [136,137]. MRP1-channelled GSH export from cells can 

be also increased by different xenobiotics, including arsenite, verapamil (VRP), and some  

naturally-occurring flavonoids [138,139], although for these molecules there is no evidence that their 

MRP1-mediated transport could be stimulated by GSH. On the other hand, there is reciprocal 

cooperativity between GSH and, e.g., vincristine in their MRP1-mediated co-transport [140]. 

Moreover GSH increases: (a) the inhitory effect of, e.g., flavonoids and vinca alkaloids on the  

MRP1-mediated transport of organic anions; whereas (b) stimulates the transport of different 

glucuronate, sulfate and GSH conjugates [127]. Nevertheless, it remains undefined what exactly 

determines the GSH requirement for the transport of a particular substrate, although it appears 

plausible that MRP1 may have several drug-binding sites. 

We have presented evidence showing that GSH is released from highly metastatic B16-F10 melanoma 

cells through MRP1 and the cystic fibrosis transmembrane conductance regulator (CFTR) [141]. The 

CFTR, a member of the ABC family of membrane transport proteins with structural similarities with 

MRP1, forms a phosphorylation- and ATP-dependent channel permeable to Cl
−
 and to other larger 

organic anions, including GSH [142]. The CFTR, which is expressed in different cell types, is 

activated by the binding of ATP to its cytoplasmic nucleotide-binding domain and by phosphorylation 

of key Ser residues in the regulatory domain [143]. Phosphorylation is mediated principally by  

cAMP-dependent PKA and by phosphokinase C (although to a lesser degree than the activation by 

PKA) [144]. Basal expression of the CFTR gene is dependent on PKA activity [145]. Treatment of 

human colon carcinoma T84 cells with the PKA-selective inhibitor N-[2-(p-bromocinnamylamine) 

ethyl]-5-isoquinolinesulfonamide (H-89) causes a complete suppression of CFTR gene expression 

without affecting other constitutively active genes [145]. Addition of anti-CFTR antibodies to MRP
−/−

1 

(MRP 1 knockout) B16-F10 cells practically abolished GSH efflux from B16-F10 cells [141]. This 

indicating the existence of different molecular channels controlling the rate of GSH efflux from B16-

F10 cells: MRP1, and the Bcl-2-dependent CFTR transporter [25]. Nevertheless, the possibility cannot 

be ruled out that other mechanism(s) may also be working in other cell types or that different CFTR 

gene mutations could be found when comparing different cancer cells. Although what appears really 

relevant is the fact that the rate of efflux may become an important factor regulating intracellular GSH 

content and, thereby, cancer cell survival and resistance to treatments. 

We showed that Bcl-2 antisense oligodeoxynucleotides (Bcl-2-AS; which prevent the Bcl-2-dependent 

inhibition of GSH efflux through CFTR) and VRP (which increases the MRP1-dependent GSH efflux) 

independently increased rates of GSH efflux from perifused B16M-F10 cells [141]. The perifusion 
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technique through a chamber, where isolated cancer cells are maintained in suspension at 37 °C, 

represents an experimental setup that mimics in vivo conditions by providing a constant supply of 

glucose, amino acids, oxygen, CO2 and GSH at physiological plasma concentrations. This setup 

allowed us to use a VRP concentration (1 μM) that corresponds to clinically accepted and nontoxic 

levels in plasma [141]. Intracellular GSH content was significantly decreased (∼30%), as compared to 

controls, in Bcl-2-AS- and VRP-treated B16M-F10 cells after 6 h of perifusion. However, at 12 h of 

perifusion, GSH levels were ∼70% higher in Bcl-2-AS- and VRP-treated B16M-F10 cells than in 

controls [141] Thus, it appears that loss of GSH accelerates their rate of intracellular synthesis. In fact, 

we found that increased GSH efflux was associated with γ-glutamate-cysteine ligase overexpression [141]. 

In growing tumors, cyst(e)ine, whose concentration in blood is low, may become rate-limiting for 

GSH synthesis and cell growth [17,146]. Cystine is predominant outside the cell since Cys rapidly 

autoxidizes to cystine in the extracellular fluids, whereas once it enters the cell through the Xc
−
 

system, cystine is reduced to Cys and used preferentially for protein and GSH synthesis [147]. 

Tumor γ-glutamyl transpeptidase (GGT) activity (frequently overexpressed in many tumors [148]) 

can cleave extracellular GSH (the liver being the main exporter), releasing γ -glutamyl-aminoacids and 

cysteinylglycine, which is further cleaved by membrane-bound dipeptidases into Cys and Gly [26]. 

Free γ-glutamyl-amino acids, Cys, and Gly entering the cell serve as GSH precursors [26].  

Therefore, GGT may provide tumor cells with a growth advantage at physiological concentrations of 

cyst(e)ine [17,146]. 

Therefore, if the increase in GSH content, which follows the effect of Bcl-2-AS and VRP on GSH 

efflux, depends on cyst(e)ine availability, and if this is provided in part by GGT, then inhibition of the 

activity of this enzyme could limit GSH synthesis. This possibility was tested by adding acivicin 

(ACV), an irreversible GGT inhibitor [149], to the B16 perifusion system. ACV decreased GGT 

activity to non-detectable levels and decreased GSH synthesis but without affecting the rate of GSH 

efflux or the rate of cystine uptake [141]. Hence, Cys availability within malignant B16M cells 

appears, indeed, to be modulated by its GGT-dependent generation from extracellular GSH. In 

consequence, we concluded that Bcl-2-AS- and VRP-induced acceleration of GSH efflux, combined 

with inhibition of GGT, could represent a useful methodology to deplete GSH in B16-F10 cells in vivo. 

Importantly this approach appeared selective since it did not decrease GSH in normal tissues [17]. 

4.3. Mitochondrial GSH and the Glutamine Trap  

Mitochondrial dysfunction is a common event in the mechanisms leading to cell death [150]. 

Mitochondrial permeability transition is critical in the process leading to apoptosis, and it is linked to 

the opening of a permeability transition pore complex [150] (see also above). This molecular gate is 

regulated by many endogenous factors, including divalent cations (e.g., Ca
2+

 and Mg
2+

), protons, the 

concentration of adenine nucleotides, the thiol (controlled by GSH) and the pyrimidine redox state, the 

rate of ROS and reactive nitrogen species generation, the concentration of lipoids (e.g., ceramide), the 

concentration of certain peptides targeting proteins for mitochondrial import, and the function of 

different pro- and anti-apoptotic proteins [151].  

GSH, which is not synthesized by mitochondria but taken up from the cytosol through a 

multicomponent transport system [2,86], is involved in the defense against peroxides generated from 
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the electron transport chain [152] and is an important regulator of the mitochondrial permeability 

transition and permeability transition pore opening [11,25,150,151]. Thus, impairment of GSH uptake 

by mitochondria (or direct mtGSH depletion) appears a useful mechanism to sensitize malignant cells 

to molecular effectors (e.g., oxidative stress inducers and/or cytotoxic drugs) capable of activating the 

mitochondrion-based death mechanism. Naturally, to be really effective under in vivo conditions, such 

an approach should be totally (or at least partially) selective for the cancer cells and therefore not affect 

normal cells. 

Tumor cells need a constant supply of both energy and nitrogen substrates. Having originated from 

Warburg's [153] seminal observation of aerobic glycolysis in tumor cells, most of this attention has 

focused on glucose metabolism. However, since the 1950s cancer biologists have also recognized the 

importance of L-Gln, the most abundant amino acid in blood, as a tumor nutrient [154]. L-Gln, which 

accounts for 50% of the whole body pool of free amino acids, contributes to essentially every core 

metabolic task of proliferating tumor cells: it participates in bioenergetics, supports cell defenses against 

oxidative stress and complements glucose metabolism in the production of macromolecules [155]. 

Indeed, many tumors and rapidly dividing cells exhibit a remarkable preference for L-Gln as 

respiratory fuel [156]. In many cancer cells, L-Gln is the primary mitochondrial substrate and is 

required for maintenance of mitochondrial membrane potential and integrity and for support of the 

NADPH production needed for redox control and macromolecular synthesis [157]. A host to tumor net 

flux of L-Gln in mice bearing Ehrlich tumors has been described [158], and studies in different tumors 

have demonstrated that L-Gln utilization correlates with: (a) increased mitochondrial phosphate-dependent 

glutaminase activity that is dependent on Rho GTPases and NF-kB activity [155,156,159];  

and (b) oncogenic levels of Myc which induce a transcriptional program that promotes glutaminolysis 

and trigger cellular addiction to L-Gln as a bioenergetic substrate [160]. Tumors with high rates of 

glutamine uptake and metabolism can behave as glutamine traps, depleting host glutamine stores, 

producing glutamate rapidly, and resulting in cachexia [156,161]. However, we recently suggested that 

these peculiarities could represent an advantage in terms of developing a novel strategy to treat cancer.  

Providing supplemental L-Gln during cancer treatment, by reducing the incidence of gastrointestinal, 

neurological and possibly cardiac complications, has the potential to minimize chemotherapy- and/or 

radiation-related toxicity [162-166]. L-Gln, preferentially formed and stored in skeletal muscle, is the 

principal metabolic fuel for small intestine enterocytes, lymphocytes, macrophages, and fibroblasts [167]. 

L-Gln-enriched diets (GED) may support muscle L-Gln metabolism without stimulating tumor  

growth [159,162-167]. Moreover, a high rate of L-Gln oxidation may render the mitochondria more 

susceptible to ROS-mediated cytotoxicity by TNF-α [11,168]. In previous studies in Ehrlich ascites 

and highly metastatic B16-F10 melanoma tumor cells, we found that L-Glu derived from L-Gln 

competitively inhibited GSH transport into mitochondria [159,169], thereby depleting selectively 

tumor mtGSH under in vivo conditions [159] and rendering tumor cells more susceptible to oxidative 

stress-induced mediators, such as TNF-α [11].  

We developed an original methodology to produce L-Gln-adapted malignant cells with very high 

metastatic potential (B16M-F10-Gln
+
). These cells grew as a local tumor in the footpad of mice fed a 

GED which, as compared with control tumor-bearing mice fed an standard diet, did not accelerate 

cancer growth [169]. Moreover, the GED significantly decreased the loss of body weight and the 

release of skeletal muscle L-Gln [169], which suggests anticachectic properties. Indeed, in randomized, 
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double-blind controlled clinical trials, cancer patients receiving L-Gln-supplemented parenteral nutrition 

had improved nitrogen balance, a diminished incidence of clinical infections and less extracellular 

fluid accumulation, clinical facts that are consistent with the potential role of L-Gln in stimulating 

protein synthesis in skeletal muscle, supporting endothelial function and integrity, and enhancing 

immune functions (see [169] and references therein for a review). Furthermore, in rats, provision of a 

GED during whole abdominal irradiation (10 Gy, a dose that results in a 50% mortality rate in a few 

days) exerted a protective effect on the small bowel mucosa by supporting crypt cell proliferation and, 

thereby, accelerated healing of the irradiated bowel and reached a 100% survival of the irradiated 

animals [162,164]. Besides, L-Gln supplementation may also decrease the incidence and/or severity of 

chemotherapy-associated mucositis, irinotecan-associated diarrhea, paclitaxel-induced neuropathy, 

hepatic veno-occlusive disease in the setting of high dose chemotherapy and stem cell transplantation, 

and the cardiotoxicity that accompanies anthracycline use [164]. Studies in patients receiving L-Gln-

enriched nutrition for several weeks confirmed the clinical safety of this approach in a catabolic patient 

population [163]. Therefore, supplementation of a GED appears a feasible methodology to deplete 

mtGSH levels [10,25,159,169] in growing malignant cells, and in addition may promote beneficial 

effects for the cancer patient. 

5. GSH Depletion: A Feasible Strategy to Improve Cancer Therapy  

As explained above, GSH efflux activation through MRP1 and a putative GSH transporter of an 

undefined molecular nature that was found to correspond to CFTR in B16 melanoma cells, limitation 

of Cys supply for de novo synthesis of GSH, and glutamate (Gln-derived)-induced competitive 

inhibition of cytosolic GSH transport into mitochondria, can promote both cytosolic and mitochondrial 

GSH depletion in the tumor cells. This strategy, which preferentially affects tumor and not normal 

cells, causes a decrease in tumor cell defenses and resistance to oxidative stress inducers (such as TNF-α 

or ionizing radiations) and cytotoxic drugs [10,11,17,25,141,159,169]. Figure 2 schematically summarizes 

the molecular interrelationships leading to depletion of the cytosolic and mitochondrial pools.  

Nevertheless, it is essential to keep in mind that in vivo growing tumors represent a heterogeneous 

tissue, with different cell types (cancer, blood and lymphatic vessels, fibroblasts, immune cells, etc.) 

and tissue-specific microenvironments. In addition, tumor cells are also heterogeneous and may 

contain several cell subsets with different levels of resistance to death-inducing stimuli. Regarding 

GSH, its content within the cancer cell may vary depending on the rate of cell growth. In addition, we 

cannot rule out the possibility that mechanisms channeling GSH efflux differ when comparing 

different cancer types, or that, e.g., different CFTR gene mutations, could be found when comparing 

different cancer cells. 

What is then the good news? This approach is the first to achieve selective GSH depletion in 

different cancer cell types growing in vivo. Drugs used all function at clinically acceptable doses.  

VRP (activating GSH efflux through MRP1), is a calcium ion influx inhibitor frequently used for 

the management of hypertension and angina pectoris, which has also been used in patients receiving 

chemotherapy for example, myeloma or acute lymphocytic leukemia. Cells isolated from these patients 

showed increased accumulation of daunorubicin or vincristine [170] when patient plasma 

concentrations of VRP were similar to murine VRP plasma levels in our experiments [141]. 
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Figure 2. Experimental therapy to deplete GSH levels in cancer cells. 

 
Increased cytosolic GSH efflux, Cys shortage-induced decrease in GSH synthesis and inhibition of 

GSH transport into mitochondria, lead to cytosolic and mitochondrial GSH depletion, thus 

sensitizing tumor cells to chemo- and radiotherapy. Cytosolic GSH efflux is stimulated by 

verapamil and Bcl-2 antisense oligodeoxynucleotides treatment. Acivicin-induced -GT inhibition 

limits Cys availability for GSH synthesis. L-Glu is a competetive inhibitor of GSH transport into 

mitochondria. High levels of cytosolic L-Glu are achieved by a glutamine-enriched diet which 

promotes a higher mitochondrial glutaminase activity. This strategy may render cancer cells (and 

abnormal cells) more sensitive to oxidative stress inducers and cytotoxic drugs. 

ACV (a GGT inhibitor) has been evaluated for antitumor activity in phases I and II clinical trials 

because expression of GGT was observed in melanoma and cancers of the liver, lung, breast, and 

ovary [148,171]. These trials revealed central nervous system toxicities, so a maximum dose of 50 mg 

ACV/m
2
/day in combination with the amino acid solution aminosyn to reduce ACV uptake in the 

central nervous system was proposed. However, the application of ACV described here is not 

predicted to require aminosyn. The pharmacokinetic parameters of ACV in patients [171], our efficacy 

results, and previous preclinical studies [141] all suggest that ACV plasma levels sufficient to block 

GGT activity in tumors would be below the levels that resulted in central nervous system toxicity. 

Bcl-2-AS therapy has been evaluated in multiple clinical trials [172-174]. Bcl-2-AS therapy using 

G3139, for example, an 18-base phosphorothioate oligonucleotide complementary to the first six 

codons of the Bcl-2 mRNA, selectively and specifically inhibits Bcl-2 expression and promotes 

apoptosis in different human and murine cancer cell lines [175]. G3139 is well tolerated at doses 

comparable to that used in our studies (e.g., [176] and references therein). Systemic administration of 

G3139 to Shionogi tumor-bearing mice led to a rapid decrease of tumor size (higher when chemotherapy 

was simultaneously administered), whereas the oligonucleotide did not affect Bcl-2 expression in 

normal organs [177,178]. G3139-induced tumor regression without dose-limiting toxicity was also 

observed in other tumors, melanoma, lymphoma, or gastric cancers for example [175]. Furthermore, 

synergism of the G3139 and anticancer drugs was also shown in different tumors [172,179-182]. 
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GEDs are used clinically (see above) and, thus, tumor cell adaptation to a GED (as a previous step 

before cytotoxic/target therapies are applied) is feasible. 

Therefore the proposed strategy (or variations of it) can easily be applied and may represent a 

significant improvement in the therapy of different cancers. With this aim, further experimental work 

and clinical trials, combining GSH depletion with current cancer therapy protocols, are necessary 

steps forward. 

6. Conclusions 

GSH participates in cancer cell protection against xenobiotics, ionizing radiations, and oxidative 

stress-inducing biotherapy. In addition mitochondrial GSH oxidation, in particular, favors opening of 

the mitochondrial permeability transition pore complex, thus facilitating the release of death-related 

molecular signals. Moreover, GSH is also involved in regulating other types of cancer cell death, 

including necrosis and autophagy.Identification of the mechanisms controlling GSH homeostasis and 

fluxes in cancer cells allowed to elucidate a potential, GSH-depletion-based, strategy to improve the 

efficacy of cancer therapy. This involves (a) cytosolic GSH depletionthrough an increase of GSH 

efflux out of cells; and (b) mitochondrial GSH depletion through inhibition of its transport into these 

organelles. Nevertheless these mechanisms need to be assayed in different tumor types in order to 

make this strategy as general as possible. 

Acknowledgements 

This work was supported by grants from the MICINN (SAF2009-07729 and IPT-010000-2010-21), 

Spain. 

References  

1. Bignold, L.P.; Coghlan, B.L.; Jersmann, H.P. Cancer morphology, carcinogenesis and genetic 

instability: A background. EXS 2006, 1-24. 

2. Meister, A. Glutathione deficiency produced by inhibition of its synthesis, and its reversal; 

applications in research and therapy. Pharmacol. Ther. 1991, 51, 155-194. 

3. Ames, B.N.; Gold, L.S.; Willett, W.C. The causes and prevention of cancer. Proc. Natl. Acad. Sci. 

USA 1995, 92, 5258-5265. 

4. Conway, J.G.; Neptun, D.A.; Garvey, L.K.; Popp, J.A. Carcinogen treatment increases glutathione 

hydrolysis by gamma-glutamyl transpeptidase. Carcinogenesis 1987, 8, 999-1004. 

5. Crook, T.R.; Souhami, R.L.; Whyman, G.D.; McLean, A.E. Glutathione depletion as a 

determinant of sensitivity of human leukemia cells to cyclophosphamide. Cancer Res. 1986, 46, 

5035-5038. 

6. DeGraff, W.G.; Russo, A.; Mitchell, J.B. Glutathione depletion greatly reduces neocarzinostatin 

cytotoxicity in chinese hamster v79 cells. J. Biol. Chem. 1985, 260, 8312-8315. 

7. Mitchell, J.B.; Russo, A. The role of glutathione in radiation and drug induced cytotoxicity. Br. J. 

Cancer Suppl. 1987, 8, 96-104. 



Cancers 2011, 3                            

 

 

1300 

8. Bump, E.A.; Brown, J.M. Role of glutathione in the radiation response of mammalian cells in 

vitro and in vivo. Pharmacol. Ther. 1990, 47, 117-136. 

9. Estrela, J.M.; Obrador, E.; Navarro, J.; Lasso De la Vega, M.C.; Pellicer, J.A. Elimination of 

ehrlich tumours by atp-induced growth inhibition, glutathione depletion and x-rays. Nat. Med. 

1995, 1, 84-88. 

10. Mena, S.; Benlloch, M.; Ortega, A.; Carretero, J.; Obrador, E.; Asensi, M.; Petschen, I.; Brown, 

B.D.; Estrela, J.M. Bcl-2 and glutathione depletion sensitizes b16 melanoma to combination 

therapy and eliminates metastatic disease. Clin. Cancer Res. 2007, 13, 2658-2666. 

11. Obrador, E.; Carretero, J.; Esteve, J.M.; Pellicer, J.A.; Pascual, A.; Petschen, I.; Estrela, J.M. 

Glutamine potentiates tnf-alpha-induced tumor cytotoxicity. Free Radic. Biol. Med. 2001, 31,  

642-650. 

12. Um, J.H.; Kwon, J.K.; Kang, C.D.; Kim, M.J.; Ju, D.S.; Bae, J.H.; Kim, D.W.; Chung, B.S.; Kim, 

S.H. Relationship between antiapoptotic molecules and metastatic potency and the involvement of 

DNA-dependent protein kinase in the chemosensitization of metastatic human cancer cells by 

epidermal growth factor receptor blockade. J. Pharmacol. Exp. Ther. 2004, 311, 1062-1070. 

13. Suthanthiran, M.; Anderson, M.E.; Sharma, V.K.; Meister, A. Glutathione regulates activation-

dependent DNA synthesis in highly purified normal human t lymphocytes stimulated via the cd2 

and cd3 antigens. Proc. Natl. Acad. Sci. USA 1990, 87, 3343-3347. 

14. Terradez, P.; Asensi, M.; Lasso de la Vega, M.C.; Puertes, I.R.; Vina, J.; Estrela, J.M. Depletion 

of tumour glutathione in vivo by buthionine sulphoximine: Modulation by the rate of cellular 

proliferation and inhibition of cancer growth. Biochem. J. 1993, 292 (Pt. 2), 477-483. 

15. Yao, K.S.; Godwin, A.K.; Johnson, S.W.; Ozols, R.F.; O'Dwyer, P.J.; Hamilton, T.C. Evidence 

for altered regulation of gamma-glutamylcysteine synthetase gene expression among cisplatin-

sensitive and cisplatin-resistant human ovarian cancer cell lines. Cancer Res. 1995, 55,  

4367-4374. 

16. Ortega, A.; Carretero, J.; Obrador, E.; Estrela, J.M. Tumoricidal activity of endothelium-derived 

no and the survival of metastatic cells with high gsh and bcl-2 levels. Nitric. Oxide 2008, 19,  

107-114. 

17. Obrador, E.; Carretero, J.; Ortega, A.; Medina, I.; Rodilla, V.; Pellicer, J.A.; Estrela, J.M. 

Gamma-glutamyl transpeptidase overexpression increases metastatic growth of b16 melanoma 

cells in the mouse liver. Hepatology 2002, 35, 74-81. 

18. Ortega, A.; Mena, S.; Estrela, J.M. Oxidative and nitrosative stress in the metastatic 

microenvironment. Cancers 2010, 2, 274-304. 

19. Franco, R.; Sanchez-Olea, R.; Reyes-Reyes, E.M.; Panayiotidis, M.I. Environmental toxicity, 

oxidative stress and apoptosis: Menage a trois. Mutat. Res. 2009, 674, 3-22. 

20. Carretero, J.; Obrador, E.; Anasagasti, M.J.; Martin, J.J.; Vidal-Vanaclocha, F.; Estrela, J.M. 

Growth-associated changes in glutathione content correlate with liver metastatic activity of b16 

melanoma cells. Clin. Exp. Metastas. 1999, 17, 567-574. 

21. Lai, G.M.; Moscow, J.A.; Alvarez, M.G.; Fojo, A.T.; Bates, S.E. Contribution of glutathione and 

glutathione-dependent enzymes in the reversal of adriamycin resistance in colon carcinoma cell 

lines. Int. J. Cancer 1991, 49, 688-695. 



Cancers 2011, 3                            

 

 

1301 

22. Calvert, P.; Yao, K.S.; Hamilton, T.C.; O'Dwyer, P.J. Clinical studies of reversal of drug 

resistance based on glutathione. Chem. Biol. Interact. 1998, 111-112, 213-224. 

23. Arrick, B.A.; Nathan, C.F. Glutathione metabolism as a determinant of therapeutic efficacy: A 

review. Cancer Res. 1984, 44, 4224-4232. 

24. Gottesman, M.M.; Fojo, T.; Bates, S.E. Multidrug resistance in cancer: Role of atp-dependent 

transporters. Nat. Rev. Cancer 2002, 2, 48-58. 

25. Estrela, J.M.; Ortega, A.; Obrador, E. Glutathione in cancer biology and therapy. Crit. Rev. Clin. 

Lab. Sci. 2006, 43, 143-181. 

26. Meister, A. Selective modification of glutathione metabolism. Science 1983, 220, 472-477. 

27. Krebs, H.A.; Gascoyne, T. The redox state of the nicotinamide-adenine dinucleotides in rat liver 

homogenates. Biochem. J. 1968, 108, 513-520. 

28. Rebrin, I.; Sohal, R.S. Comparison of thiol redox state of mitochondria and homogenates of 

various tissues between two strains of mice with different longevities. Exp. Gerontol. 2004, 39, 

1513-1519. 

29. Halliwell, B. Oxidants and human disease: Some new concepts. Faseb J. 1987, 1, 358-364. 

30. Valko, M.; Morris, H.; Cronin, M.T. Metals, toxicity and oxidative stress. Curr. Med. Chem. 

2005, 12, 1161-1208. 

31. Halliwell, B.; Gutteridge, J.M. The definition and measurement of antioxidants in biological 

systems. Free Radic. Biol. Med. 1995, 18, 125-126. 

32. Priego, S.; Feddi, F.; Ferrer, P.; Mena, S.; Benlloch, M.; Ortega, A.; Carretero, J.; Obrador, E.; 

Asensi, M.; Estrela, J.M. Natural polyphenols facilitate elimination of ht-29 colorectal cancer 

xenografts by chemoradiotherapy: A bcl-2- and superoxide dismutase 2-dependent mechanism. 

Mol. Cancer Ther. 2008, 7, 3330-3342. 

33. Loschen, G.; Flohe, L.; Chance, B. Respiratory chain linked h(2)o(2) production in pigeon heart 

mitochondria. FEBS Lett. 1971, 18, 261-264. 

34. Pastor, N.; Weinstein, H.; Jamison, E.; Brenowitz, M. A detailed interpretation of oh radical 

footprints in a tbp-DNA complex reveals the role of dynamics in the mechanism of sequence-

specific binding. J. Mol. Biol. 2000, 304, 55-68. 

35. Burcham, P.C. Genotoxic lipid peroxidation products: Their DNA damaging properties and role 

in formation of endogenous DNA adducts. Mutagenesis 1998, 13, 287-305. 

36. Shacter, E.; Weitzman, S.A. Chronic inflammation and cancer. Oncology (Williston Park) 2002, 

16, 217-226, 229, discussion 230-212. 

37. Terasaki, Y.; Akuta, T.; Terasaki, M.; Sawa, T.; Mori, T.; Okamoto, T.; Ozaki, M.; Takeya, M.; 

Akaike, T. Guanine nitration in idiopathic pulmonary fibrosis and its implication for 

carcinogenesis. Am. J. Respir. Crit. Care Med. 2006, 174, 665-673. 

38. Szabo, C.; Ohshima, H. DNA damage induced by peroxynitrite: Subsequent biological effects. 

Nitric. Oxide 1997, 1, 373-385. 

39. Boveris, A.; Chance, B. The mitochondrial generation of hydrogen peroxide. General properties 

and effect of hyperbaric oxygen. Biochem. J. 1973, 134, 707-716. 

40. Park, W.H.; Han, Y.W.; Kim, S.H.; Kim, S.Z. An ros generator, antimycin a, inhibits the growth 

of hela cells via apoptosis. J. Cell Biochem. 2007, 102, 98-109. 



Cancers 2011, 3                            

 

 

1302 

41. Ischiropoulos, H.; Beckman, J.S. Oxidative stress and nitration in neurodegeneration: Cause, 

effect, or association? J. Clin. Invest. 2003, 111, 163-169. 

42. Mieyal, J.J.; Gallogly, M.M.; Qanungo, S.; Sabens, E.A.; Shelton, M.D. Molecular mechanisms 

and clinical implications of reversible protein s-glutathionylation. Antioxid. Redox Signal. 2008, 

10, 1941-1988. 

43. Federico, A.; Morgillo, F.; Tuccillo, C.; Ciardiello, F.; Loguercio, C. Chronic inflammation and 

oxidative stress in human carcinogenesis. Int. J. Cancer 2007, 121, 2381-2386. 

44. Ekshyyan, O.; Aw, T.Y. Decreased susceptibility of differentiated pc12 cells to oxidative 

challenge: Relationship to cellular redox and expression of apoptotic protease activator factor-1. 

Cell Death Differ. 2005, 12, 1066-1077. 

45. Hara, M.R.; Snyder, S.H. Cell signaling and neuronal death. Annu. Rev. Pharmacol. Toxicol. 

2007, 47, 117-141. 

46. Higuchi, Y.; Yoshimoto, T. Arachidonic acid converts the glutathione depletion-induced 

apoptosis to necrosis by promoting lipid peroxidation and reducing caspase-3 activity in rat 

glioma cells. Arch. Biochem. Biophys. 2002, 400, 133-140. 

47. Klionsky, D.J. Autophagy. Curr. Biol. 2005, 15, R282-283. 

48. de Bruin, E.C.; Medema, J.P. Apoptosis and non-apoptotic deaths in cancer development and 

treatment response. Cancer Treat. Rev. 2008, 34, 737-749. 

49. Kuranaga, E.; Miura, M. Nonapoptotic functions of caspases: Caspases as regulatory molecules 

for immunity and cell-fate determination. Trends Cell Biol. 2007, 17, 135-144. 

50. Pennington, J.D.; Wang, T.J.; Nguyen, P.; Sun, L.; Bisht, K.; Smart, D.; Gius, D. Redox-sensitive 

signaling factors as a novel molecular targets for cancer therapy. Drug Resist. Updates 2005, 8, 

322-330. 

51. Rahman, I.; Marwick, J.; Kirkham, P. Redox modulation of chromatin remodeling: Impact on 

histone acetylation and deacetylation, nf-kappab and pro-inflammatory gene expression. Biochem. 

Pharmacol. 2004, 68, 1255-1267. 

52. Higuchi, Y. Glutathione depletion-induced chromosomal DNA fragmentation associated with 

apoptosis and necrosis. J. Cell Mol. Med. 2004, 8, 455-464. 

53. Hall, A.G. Review: The role of glutathione in the regulation of apoptosis. Eur. J. Clin. Invest. 

1999, 29, 238-245. 

54. Hall, A.G. Glutathione and the regulation of cell death. Adv. Exp. Med. Biol. 1999, 457, 199-203. 

55. Kretz-Remy, C.; Arrigo, A.P. Gene expression and thiol redox state. Methods Enzymol. 2002, 

348, 200-215. 

56. Balendiran, G.K.; Dabur, R.; Fraser, D. The role of glutathione in cancer. Cell Biochem. Funct. 

2004, 22, 343-352. 

57. Janssen-Heininger, Y.M.; Aesif, S.W.; van der Velden, J.; Guala, A.S.; Reiss, J.N.; Roberson, 

E.C.; Budd, R.C.; Reynaert, N.L.; Anathy, V. Regulation of apoptosis through cysteine oxidation: 

Implications for fibrotic lung disease. Ann. N Y Acad. Sci. 2010, 1203, 23-28. 

58. Kensler, T.W.; Wakabayashi, N.; Biswal, S. Cell survival responses to environmental stresses via 

the keap1-nrf2-are pathway. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 89-116. 

59. Arrigo, A.P. Gene expression and the thiol redox state. Free Radic. Biol. Med. 1999, 27, 936-944. 



Cancers 2011, 3                            

 

 

1303 

60. D'Alessio, M.; Cerella, C.; Amici, C.; Pesce, C.; Coppola, S.; Fanelli, C.; De Nicola, M.; 

Cristofanon, S.; Clavarino, G.; Bergamaschi, A.; Magrini, A.; Gualandi, G.; Ghibelli, L. 

Glutathione depletion up-regulates bcl-2 in bso-resistant cells. FASEB J. 2004, 18, 1609-1611. 

61. Song, J.J.; Lee, Y.J. Differential role of glutaredoxin and thioredoxin in metabolic oxidative 

stress-induced activation of apoptosis signal-regulating kinase 1. Biochem. J. 2003, 373, 845-853. 

62. Jones, D.P. Redox sensing: Orthogonal control in cell cycle and apoptosis signalling. J. Intern. 

Med. 2010,268, 432-448. 

63. Morales, A.; Miranda, M.; Sanchez-Reyes, A.; Biete, A.; Fernandez-Checa, J.C. Oxidative 

damage of mitochondrial and nuclear DNA induced by ionizing radiation in human 

hepatoblastoma cells. Int. J. Radiat. Oncol. Biol. Phys. 1998, 42, 191-203. 

64. Friesen, C.; Kiess, Y.; Debatin, K.M. A critical role of glutathione in determining apoptosis 

sensitivity and resistance in leukemia cells. Cell Death Differ. 2004, 11 (Suppl. 1), S73-85. 

65. Cazanave, S.; Berson, A.; Haouzi, D.; Vadrot, N.; Fau, D.; Grodet, A.; Letteron, P.; Feldmann, 

G.; El-Benna, J.; Fromenty, B.; Robin, M.A.; Pessayre, D. High hepatic glutathione stores 

alleviate fas-induced apoptosis in mice. J. Hepatol. 2007, 46, 858-868. 

66. Armstrong, J.S.; Steinauer, K.K.; Hornung, B.; Irish, J.M.; Lecane, P.; Birrell, G.W.; Peehl, D.M.; 

Knox, S.J. Role of glutathione depletion and reactive oxygen species generation in apoptotic 

signaling in a human b lymphoma cell line. Cell Death Differ. 2002, 9, 252-263. 

67. Tormos, C.; Javier Chaves, F.; Garcia, M.J.; Garrido, F.; Jover, R.; O'Connor, J.E.; Iradi, A.; 

Oltra, A.; Oliva, M.R.; Saez, G.T. Role of glutathione in the induction of apoptosis and c-fos and 

c-jun mrnas by oxidative stress in tumor cells. Cancer Lett. 2004, 208, 103-113. 

68. Franco, R.; Panayiotidis, M.I.; Cidlowski, J.A. Glutathione depletion is necessary for apoptosis in 

lymphoid cells independent of reactive oxygen species formation. J. Biol. Chem. 2007, 282, 

30452-30465. 

69. Wang, X.; Cederbaum, A.I. S-adenosyl-l-methionine attenuates hepatotoxicity induced by 

agonistic jo2 fas antibody following cyp2e1 induction in mice. J. Pharmacol. Exp. Ther. 2006, 

317, 44-52. 

70. Brdiczka, D.G.; Zorov, D.B.; Sheu, S.S. Mitochondrial contact sites: Their role in energy 

metabolism and apoptosis. Biochim. Biophys. Acta 2006, 1762, 148-163. 

71. Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Multiple pathways of cytochrome c release from 

mitochondria in apoptosis. Biochim. Biophys. Acta 2006, 1757, 639-647. 

72. Troyano, A.; Sancho, P.; Fernandez, C.; de Blas, E.; Bernardi, P.; Aller, P. The selection between 

apoptosis and necrosis is differentially regulated in hydrogen peroxide-treated and glutathione-

depleted human promonocytic cells. Cell Death Differ. 2003, 10, 889-898. 

73. Kokoszka, J.E.; Waymire, K.G.; Levy, S.E.; Sligh, J.E.; Cai, J.; Jones, D.P.; MacGregor, G.R.; 

Wallace, D.C. The adp/atp translocator is not essential for the mitochondrial permeability 

transition pore. Nature 2004, 427, 461-465. 

74. Krauskopf, A.; Eriksson, O.; Craigen, W.J.; Forte, M.A.; Bernardi, P. Properties of the 

permeability transition in vdac1(-/-) mitochondria. Biochim. Biophys. Acta 2006, 1757, 590-595. 

75. Baines, C.P.; Kaiser, R.A.; Sheiko, T.; Craigen, W.J.; Molkentin, J.D. Voltage-dependent anion 

channels are dispensable for mitochondrial-dependent cell death. Nat. Cell Biol. 2007, 9, 550-555. 



Cancers 2011, 3                            

 

 

1304 

76. Beatrice, M.C.; Stiers, D.L.; Pfeiffer, D.R. The role of glutathione in the retention of ca2+ by liver 

mitochondria. J. Biol. Chem. 1984, 259, 1279-1287. 

77. Petronilli, V.; Costantini, P.; Scorrano, L.; Colonna, R.; Passamonti, S.; Bernardi, P. The voltage 

sensor of the mitochondrial permeability transition pore is tuned by the oxidation-reduction state 

of vicinal thiols. Increase of the gating potential by oxidants and its reversal by reducing agents.  

J. Biol. Chem. 1994, 269, 16638-16642. 

78. Costantini, P.; Chernyak, B.V.; Petronilli, V.; Bernardi, P. Modulation of the mitochondrial 

permeability transition pore by pyridine nucleotides and dithiol oxidation at two separate sites.  

J. Biol. Chem. 1996, 271, 6746-6751. 

79. Halestrap, A.P.; Woodfield, K.Y.; Connern, C.P. Oxidative stress, thiol reagents, and membrane 

potential modulate the mitochondrial permeability transition by affecting nucleotide binding to the 

adenine nucleotide translocase. J. Biol. Chem. 1997, 272, 3346-3354. 

80. Costantini, P.; Colonna, R.; Bernardi, P. Induction of the mitochondrial permeability transition by 

n-ethylmaleimide depends on secondary oxidation of critical thiol groups. Potentiation by copper-

ortho-phenanthroline without dimerization of the adenine nucleotide translocase. Biochim. 

Biophys. Acta 1998, 1365, 385-392. 

81. Kowaltowski, A.J.; Castilho, R.F.; Vercesi, A.E. Mitochondrial permeability transition and 

oxidative stress. FEBS Lett. 2001, 495, 12-15. 

82. Mena, S.; Ortega, A.; Estrela, J.M. Oxidative stress in environmental-induced carcinogenesis. 

Mutat. Res. 2009, 674, 36-44. 

83. Guha, P.; Dey, A.; Sen, R.; Chatterjee, M.; Chattopadhyay, S.; Bandyopadhyay, S.K. Intracellular 

gsh depletion triggered mitochondrial bax translocation to accomplish resveratrol-induced 

apoptosis in the u937 cell line. J. Pharmacol. Exp. Ther. 336, 206-214. 

84. Dalton, T.P.; Chen, Y.; Schneider, S.N.; Nebert, D.W.; Shertzer, H.G. Genetically altered mice to 

evaluate glutathione homeostasis in health and disease. Free Radic. Biol. Med. 2004, 37,  

1511-1526. 

85. Armstrong, J.S.; Whiteman, M.; Yang, H.; Jones, D.P.; Sternberg, P., Jr. Cysteine starvation 

activates the redox-dependent mitochondrial permeability transition in retinal pigment epithelial 

cells. Invest. Ophthalmol. Vis. Sci. 2004, 45, 4183-4189. 

86. Circu, M.L.; Aw, T.Y. Glutathione and apoptosis. Free Radic. Res. 2008, 42, 689-706. 

87. Franco, R.; Schoneveld, O.J.; Pappa, A.; Panayiotidis, M.I. The central role of glutathione in the 

pathophysiology of human diseases. Arch. Physiol. Biochem. 2007, 113, 234-258. 

88. Franco, R.; Cidlowski, J.A. Apoptosis and glutathione: Beyond an antioxidant. Cell Death Differ. 

2009, 16, 1303-1314. 

89. Honda, T.; Coppola, S.; Ghibelli, L.; Cho, S.H.; Kagawa, S.; Spurgers, K.B.; Brisbay, S.M.; Roth, 

J.A.; Meyn, R.E.; Fang, B.; McDonnell, T.J. Gsh depletion enhances adenoviral bax-induced 

apoptosis in lung cancer cells. Cancer Gene Ther. 2004, 11, 249-255. 

90. Guha, P.; Dey, A.; Dhyani, M.V.; Sen, R.; Chatterjee, M.; Chattopadhyay, S.; Bandyopadhyay, 

S.K. Calpain and caspase orchestrated death signal to accomplish apoptosis induced by resveratrol 

and its novel analog hydroxystilbene-1 [correction of hydroxstilbene-1] in cancer cells.  

J. Pharmacol. Exp. Ther. 2010, 334, 381-394. 



Cancers 2011, 3                            

 

 

1305 

91. Paget, M.S.; Kang, J.G.; Roe, J.H.; Buttner, M.J. Sigmar, an rna polymerase sigma factor that 

modulates expression of the thioredoxin system in response to oxidative stress in streptomyces 

coelicolor a3(2). Embo. J. 1998, 17, 5776-5782. 

92. Parmentier, M.; Hirani, N.; Rahman, I.; Donaldson, K.; MacNee, W.; Antonicelli, F. Regulation 

of lipopolysaccharide-mediated interleukin-1beta release by n-acetylcysteine in thp-1 cells. Eur. 

Respir. J. 2000, 16, 933-939. 

93. Usatyuk, P.V.; Parinandi, N.L.; Natarajan, V. Redox regulation of 4-hydroxy-2-nonenal-mediated 

endothelial barrier dysfunction by focal adhesion, adherens, and tight junction proteins. J. Biol. 

Chem. 2006, 281, 35554-35566. 

94. Biswas, S.K.; Rahman, I. Environmental toxicity, redox signaling and lung inflammation: The 

role of glutathione. Mol. Aspects Med. 2009, 30, 60-76. 

95. Erickson, A.M.; Nevarea, Z.; Gipp, J.J.; Mulcahy, R.T. Identification of a variant antioxidant 

response element in the promoter of the human glutamate-cysteine ligase modifier subunit gene. 

Revision of the are consensus sequence. J. Biol. Chem. 2002, 277, 30730-30737. 

96. Harper, R.; Wu, K.; Chang, M.M.; Yoneda, K.; Pan, R.; Reddy, S.P.; Wu, R. Activation of 

nuclear factor-kappa b transcriptional activity in airway epithelial cells by thioredoxin but not by 

n-acetyl-cysteine and glutathione. Am. J. Respir. Cell Mol. Biol. 2001, 25, 178-185. 

97. Dickinson, D.A.; Iles, K.E.; Zhang, H.; Blank, V.; Forman, H.J. Curcumin alters epre and ap-1 

binding complexes and elevates glutamate-cysteine ligase gene expression. FASEB J. 2003, 17, 

473-475. 

98. Wild, A.C.; Moinova, H.R.; Mulcahy, R.T. Regulation of gamma-glutamylcysteine synthetase 

subunit gene expression by the transcription factor nrf2. J. Biol. Chem. 1999, 274, 33627-33636. 

99. Hayes, J.D.; McLellan, L.I. Glutathione and glutathione-dependent enzymes represent a co-

ordinately regulated defence against oxidative stress. Free Radic. Res. 1999, 31, 273-300. 

100. Chanas, S.A.; Jiang, Q.; McMahon, M.; McWalter, G.K.; McLellan, L.I.; Elcombe, C.R.; 

Henderson, C.J.; Wolf, C.R.; Moffat, G.J.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Loss of the nrf2 

transcription factor causes a marked reduction in constitutive and inducible expression of the 

glutathione s-transferase gsta1, gsta2, gstm1, gstm2, gstm3 and gstm4 genes in the livers of male 

and female mice. Biochem. J. 2002, 365, 405-416. 

101. Morito, N.; Yoh, K.; Itoh, K.; Hirayama, A.; Koyama, A.; Yamamoto, M.; Takahashi, S. Nrf2 

regulates the sensitivity of death receptor signals by affecting intracellular glutathione levels. 

Oncogene 2003, 22, 9275-9281. 

102. Nguyen, T.; Sherratt, P.J.; Pickett, C.B. Regulatory mechanisms controlling gene expression 

mediated by the antioxidant response element. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 233-260. 

103. Hansen, J.M.; Watson, W.H.; Jones, D.P. Compartmentation of nrf-2 redox control: Regulation of 

cytoplasmic activation by glutathione and DNA binding by thioredoxin-1. Toxicol. Sci. 2004, 82, 

308-317. 

104. Lee, K.S.; Kim, S.R.; Park, H.S.; Park, S.J.; Min, K.H.; Lee, K.Y.; Choe, Y.H.; Hong, S.H.; Han, 

H.J.; Lee, Y.R.; Kim, J.S.; Atlas, D.; Lee, Y.C. A novel thiol compound, n-acetylcysteine amide, 

attenuates allergic airway disease by regulating activation of nf-kappab and hypoxia-inducible 

factor-1alpha. Exp. Mol. Med. 2007, 39, 756-768. 



Cancers 2011, 3                            

 

 

1306 

105. Chen, C.H.; Lin, W.C.; Kuo, C.N.; Lu, F.J. Role of redox signaling regulation in propyl gallate-

induced apoptosis of human leukemia cells. Food Chem. Toxicol. 2011, 49, 494-501. 

106. Kuo, C.T.; Chen, B.C.; Yu, C.C.; Weng, C.M.; Hsu, M.J.; Chen, C.C.; Chen, M.C.; Teng, C.M.; 

Pan, S.L.; Bien, M.Y.; Shih, C.H.; Lin, C.H. Apoptosis signal-regulating kinase 1 mediates 

denbinobin-induced apoptosis in human lung adenocarcinoma cells. J. Biomed. Sci. 2009, 16, 43. 

107. Lu, G.D.; Shen, H.M.; Chung, M.C.; Ong, C.N. Critical role of oxidative stress and sustained jnk 

activation in aloe-emodin-mediated apoptotic cell death in human hepatoma cells. Carcinogenesis 

2007, 28, 1937-1945. 

108. Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27-42. 

109. Kroemer, G.; Galluzzi, L.; Vandenabeele, P.; Abrams, J.; Alnemri, E.S.; Baehrecke, E.H.; 

Blagosklonny, M.V.; El-Deiry, W.S.; Golstein, P.; Green, D.R.; Hengartner, M.; Knight, R.A.; 

Kumar, S.; Lipton, S.A.; Malorni, W.; Nunez, G.; Peter, M.E.; Tschopp, J.; Yuan, J.; Piacentini, 

M.; Zhivotovsky, B.; Melino, G. Classification of cell death: Recommendations of the 

nomenclature committee on cell death 2009. Cell Death Differ. 2009, 16, 3-11. 

110. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species 

are essential for autophagy and specifically regulate the activity of atg4. Embo. J. 2007, 26,  

1749-1760. 

111. Yuan, H.; Perry, C.N.; Huang, C.; Iwai-Kanai, E.; Carreira, R.S.; Glembotski, C.C.; Gottlieb, 

R.A. Lps-induced autophagy is mediated by oxidative signaling in cardiomyocytes and is 

associated with cytoprotection. Am. J. Physiol. Heart Circ. Physiol. 2009, 296, H470-H479. 

112. Azad, M.B.; Chen, Y.; Gibson, S.B. Regulation of autophagy by reactive oxygen species (ros): 

Implications for cancer progression and treatment. Antioxid. Redox Signal. 2009, 11, 777-790. 

113. Son, M.J.; Lee, S.B.; Byun, Y.J.; Lee, H.O.; Kim, H.S.; Kwon, O.J.; Jeong, S.W. Sodium 

nitroprusside induces autophagic cell death in glutathione-depleted osteoblasts. J. Biochem. Mol. 

Toxicol. 2010, 24, 313-322. 

114. Chen, Y.; Gibson, S.B. Is mitochondrial generation of reactive oxygen species a trigger for 

autophagy? Autophagy 2008, 4, 246-248. 

115. Zong, W.X.; Thompson, C.B. Necrotic death as a cell fate. Genes Dev. 2006, 20, 1-15. 

116. Obrador, E.; Carretero, J.; Pellicer, J.A.; Estrela, J.M. Possible mechanisms for tumour cell 

sensitivity to tnf-alpha and potential therapeutic applications. Curr. Pharm. Biotechnol. 2001, 2, 

119-130. 

117. Dethmers, J.K.; Meister, A. Glutathione export by human lymphoid cells: Depletion of 

glutathione by inhibition of its synthesis decreases export and increases sensitivity to irradiation. 

Proc. Natl. Acad. Sci. USA 1981, 78, 7492-7496. 

118. Moscow, J.A.; Dixon, K.H. Glutathione-related enzymes, glutathione and multidrug resistance. 

Cytotechnology 1993, 12, 155-170. 

119. Mistry, P.; Harrap, K.R. Historical aspects of glutathione and cancer chemotherapy. Pharmacol. 

Ther. 1991, 49, 125-132. 

120. Gatti, L.; Zunino, F. Overview of tumor cell chemoresistance mechanisms. Methods Mol. Med. 

2005, 111, 127-148. 

121. Wijnholds, J. Drug resistance caused by multidrug resistance-associated proteins. Novartis Found. 

Symp. 2002, 243, 69-79; discussion 80-62, 180-185. 



Cancers 2011, 3                            

 

 

1307 

122. Zhou, S.F. Structure, function and regulation of p-glycoprotein and its clinical relevance in drug 

disposition. Xenobiotica 2008, 38, 802-832. 

123. Baguley, B.C. Multidrug resistance in cancer. Methods Mol. Biol. 2010,596, 1-14. 

124. Zaman, G.J.; Lankelma, J.; van Tellingen, O.; Beijnen, J.; Dekker, H.; Paulusma, C.; Oude 

Elferink, R.P.; Baas, F.; Borst, P. Role of glutathione in the export of compounds from cells by 

the multidrug-resistance-associated protein. Proc. Natl. Acad. Sci. USA 1995, 92, 7690-7694. 

125. Rappa, G.; Lorico, A.; Flavell, R.A.; Sartorelli, A.C. Evidence that the multidrug resistance 

protein (mrp) functions as a co-transporter of glutathione and natural product toxins. Cancer Res. 

1997, 57, 5232-5237. 

126. Borst, P.; Evers, R.; Kool, M.; Wijnholds, J. A family of drug transporters: The multidrug 

resistance-associated proteins. J. Nat. Cancer Inst. 2000, 92, 1295-1302. 

127. Cole, S.P.; Deeley, R.G. Transport of glutathione and glutathione conjugates by mrp1. Trends 

Pharmacol. Sci. 2006, 27, 438-446. 

128. Ballatori, N.; Krance, S.M.; Marchan, R.; Hammond, C.L. Plasma membrane glutathione 

transporters and their roles in cell physiology and pathophysiology. Mol. Aspects Med. 2009, 30, 

13-28. 

129. Reisman, S.A.; Csanaky, I.L.; Yeager, R.L.; Klaassen, C.D. Nrf2 activation enhances biliary 

excretion of sulfobromophthalein by inducing glutathione-s-transferase activity. Toxicol. Sci. 

2009, 109, 24-30. 

130. Keppler, D. Multidrug resistance proteins (mrps, abccs): Importance for pathophysiology and 

drug therapy. Handb. Exp. Pharmacol. 2011, 201, 299-323. 

131. Maher, J.M.; Dieter, M.Z.; Aleksunes, L.M.; Slitt, A.L.; Guo, G.; Tanaka, Y.; Scheffer, G.L.; 

Chan, J.Y.; Manautou, J.E.; Chen, Y.; Dalton, T.P.; Yamamoto, M.; Klaassen, C.D. Oxidative and 

electrophilic stress induces multidrug resistance-associated protein transporters via the nuclear 

factor-e2-related factor-2 transcriptional pathway. Hepatology 2007, 46, 1597-1610. 

132. Klaassen, C.D.; Reisman, S.A. Nrf2 the rescue: Effects of the antioxidative/electrophilic response 

on the liver. Toxicol. Appl. Pharmacol. 2010, 244, 57-65. 

133. Leslie, E.M.; Deeley, R.G.; Cole, S.P. Multidrug resistance proteins: Role of p-glycoprotein, 

mrp1, mrp2, and bcrp (abcg2) in tissue defense. Toxicol. Appl. Pharmacol. 2005, 204, 216-237. 

134. Depeille, P.; Cuq, P.; Passagne, I.; Evrard, A.; Vian, L. Combined effects of gstp1 and mrp1 in 

melanoma drug resistance. Br. J. Cancer 2005, 93, 216-223. 

135. Versantvoort, C.H.; Broxterman, H.J.; Bagrij, T.; Scheper, R.J.; Twentyman, P.R. Regulation by 

glutathione of drug transport in multidrug-resistant human lung tumour cell lines overexpressing 

multidrug resistance-associated protein. Br. J. Cancer 1995, 72, 82-89. 

136. Schneider, E.; Yamazaki, H.; Sinha, B.K.; Cowan, K.H. Buthionine sulphoximine-mediated 

sensitisation of etoposide-resistant human breast cancer mcf7 cells overexpressing the multidrug 

resistance-associated protein involves increased drug accumulation. Br. J. Cancer 1995, 71,  

738-743. 

137. Lorico, A.; Rappa, G.; Finch, R.A.; Yang, D.; Flavell, R.A.; Sartorelli, A.C. Disruption of the 

murine mrp (multidrug resistance protein) gene leads to increased sensitivity to etoposide (vp-16) 

and increased levels of glutathione. Cancer Res. 1997, 57, 5238-5242. 



Cancers 2011, 3                            

 

 

1308 

138. Loe, D.W.; Deeley, R.G.; Cole, S.P. Verapamil stimulates glutathione transport by the 190-kda 

multidrug resistance protein 1 (mrp1). J. Pharmacol. Exp. Ther. 2000, 293, 530-538. 

139. Leslie, E.M.; Deeley, R.G.; Cole, S.P. Bioflavonoid stimulation of glutathione transport by the 

190-kda multidrug resistance protein 1 (mrp1). Drug Metab. Dispos. 2003, 31, 11-15. 

140. Loe, D.W.; Deeley, R.G.; Cole, S.P. Characterization of vincristine transport by the m(r) 190,000 

multidrug resistance protein (mrp): Evidence for cotransport with reduced glutathione. Cancer 

Res. 1998, 58, 5130-5136. 

141. Benlloch, M.; Ortega, A.; Ferrer, P.; Segarra, R.; Obrador, E.; Asensi, M.; Carretero, J.; Estrela, 

J.M. Acceleration of glutathione efflux and inhibition of gamma-glutamyltranspeptidase sensitize 

metastatic b16 melanoma cells to endothelium-induced cytotoxicity. J. Biol. Chem. 2005, 280, 

6950-6959. 

142. Linsdell, P.; Hanrahan, J.W. Glutathione permeability of cftr. Am. J. Physiol. 1998, 275,  

C323-C326. 

143. Cheung, J.C.; Kim Chiaw, P.; Pasyk, S.; Bear, C.E. Molecular basis for the atpase activity of cftr. 

Arch. Biochem. Biophys. 2008, 476, 95-100. 

144. Gadsby, D.C.; Nairn, A.C. Control of cftr channel gating by phosphorylation and nucleotide 

hydrolysis. Physiol. Rev. 1999, 79, S77-S107. 

145. McDonald, R.A.; Matthews, R.P.; Idzerda, R.L.; McKnight, G.S. Basal expression of the cystic 

fibrosis transmembrane conductance regulator gene is dependent on protein kinase a activity. 

Proc. Natl. Acad. Sci. USA 1995, 92, 7560-7564. 

146. Hanigan, M.H. Expression of gamma-glutamyl transpeptidase provides tumor cells with a 

selective growth advantage at physiologic concentrations of cyst(e)ine. Carcinogenesis 1995, 16, 

181-185. 

147. Lu, S.C. Regulation of hepatic glutathione synthesis: Current concepts and controversies. FASEB 

J. 1999, 13, 1169-1183. 

148. Hochwald, S.N.; Harrison, L.E.; Rose, D.M.; Anderson, M.; Burt, M.E. Gamma-glutamyl 

transpeptidase mediation of tumor glutathione utilization in vivo. J. Natl. Cancer Inst. 1996, 88, 

193-197. 

149. Stole, E.; Smith, T.K.; Manning, J.M.; Meister, A. Interaction of gamma-glutamyl transpeptidase 

with acivicin. J. Biol. Chem. 1994, 269, 21435-21439. 

150. Kroemer, G.; Reed, J.C. Mitochondrial control of cell death. Nat. Med. 2000, 6, 513-519. 

151. Fulda, S.; Galluzzi, L.; Kroemer, G. Targeting mitochondria for cancer therapy. Nat. Rev. Drug 

Discov. 2010, 9, 447-464. 

152. Arai, M.; Imai, H.; Koumura, T.; Yoshida, M.; Emoto, K.; Umeda, M.; Chiba, N.; Nakagawa, Y. 

Mitochondrial phospholipid hydroperoxide glutathione peroxidase plays a major role in 

preventing oxidative injury to cells. J. Biol. Chem. 1999, 274, 4924-4933. 

153. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309-314. 

154. Dang, C.V. Glutaminolysis: Supplying carbon or nitrogen or both for cancer cells? Cell Cycle 

2010, 9, 3884-3886. 

155. DeBerardinis, R.J.; Cheng, T. Q's next: The diverse functions of glutamine in metabolism, cell 

biology and cancer. Oncogene 2009, 29, 313-324. 

156. Medina, M.A. Glutamine and cancer. J. Nutr. 2001, 131, 2539S-2542S; discussion 2550S-2531S. 



Cancers 2011, 3                            

 

 

1309 

157. Wise, D.R.; Thompson, C.B. Glutamine addiction: A new therapeutic target in cancer. Trends 

Biochem. Sci. 2010, 35, 427-433. 

158. Carrascosa, J.M.; Martinez, P.; Nunez de Castro, I. Nitrogen movement between host and tumor 

in mice inoculated with ehrlich ascitic tumor cells. Cancer Res. 1984, 44, 3831-3835. 

159. Carretero, J.; Obrador, E.; Pellicer, J.A.; Pascual, A.; Estrela, J.M. Mitochondrial glutathione 

depletion by glutamine in growing tumor cells. Free Radic. Biol. Med. 2000, 29, 913-923. 

160. Wise, D.R.; DeBerardinis, R.J.; Mancuso, A.; Sayed, N.; Zhang, X.Y.; Pfeiffer, H.K.; Nissim, I.; 

Daikhin, E.; Yudkoff, M.; McMahon, S.B.; Thompson, C.B. Myc regulates a transcriptional 

program that stimulates mitochondrial glutaminolysis and leads to glutamine addiction. Proc. 

Natl. Acad. Sci. USA 2008, 105, 18782-18787. 

161. Klimberg, V.S.; McClellan, J.L. Organ, C.H., Jr. Honorary lectureship. Glutamine, cancer, and its 

therapy. Am. J. Surg. 1996, 172, 418-424. 

162. Klimberg, V.S.; Souba, W.W.; Dolson, D.J.; Salloum, R.M.; Hautamaki, R.D.; Plumley, D.A.; 

Mendenhall, W.M.; Bova, F.J.; Khan, S.R.; Hackett, R.L.; et al. Prophylactic glutamine protects 

the intestinal mucosa from radiation injury. Cancer 1990, 66, 62-68. 

163. Ziegler, T.R.; Benfell, K.; Smith, R.J.; Young, L.S.; Brown, E.; Ferrari-Baliviera, E.; Lowe, D.K.; 

Wilmore, D.W. Safety and metabolic effects of l-glutamine administration in humans. JPEN J. 

Parenter Enteral Nutr. 1990, 14, 137S-146S. 

164. Savarese, D.M.; Savy, G.; Vahdat, L.; Wischmeyer, P.E.; Corey, B. Prevention of chemotherapy 

and radiation toxicity with glutamine. Cancer Treat. Rev. 2003, 29, 501-513. 

165. Melis, G.C.; ter Wengel, N.; Boelens, P.G.; van Leeuwen, P.A. Glutamine: Recent developments 

in research on the clinical significance of glutamine. Curr. Opin. Clin. Nutr. Metab. Care 2004, 7, 

59-70. 

166. Kuhn, K.S.; Muscaritoli, M.; Wischmeyer, P.; Stehle, P. Glutamine as indispensable nutrient in 

oncology: Experimental and clinical evidence. Eur. J. Nutr. 2010, 49, 197-210. 

167. Brosnan, J.T. Interorgan amino acid transport and its regulation. J. Nutr. 2003, 133, 2068S-2072S. 

168. Goossens, V.; Grooten, J.; Fiers, W. The oxidative metabolism of glutamine. A modulator of 

reactive oxygen intermediate-mediated cytotoxicity of tumor necrosis factor in l929 fibrosarcoma 

cells. J. Biol. Chem. 1996, 271, 192-196. 

169. Benlloch, M.; Mena, S.; Ferrer, P.; Obrador, E.; Asensi, M.; Pellicer, J.A.; Carretero, J.; Ortega, 

A.; Estrela, J.M. Bcl-2 and mn-sod antisense oligodeoxynucleotides and a glutamine-enriched diet 

facilitate elimination of highly resistant b16 melanoma cells by tumor necrosis factor-alpha and 

chemotherapy. J. Biol. Chem. 2006, 281, 69-79. 

170. Dalton, W. Cancer: Principles and Practice of Oncology; De Vita, V.T., Jr., Hellman, S., 

Rosenberg, S.A., Eds.; J. B. Lippincott: Philadelphia, PA, USA, 1993. 

171. Hidalgo, M.; Rodriguez, G.; Kuhn, J.G.; Brown, T.; Weiss, G.; MacGovren, J.P.; Von Hoff, D.D.; 

Rowinsky, E.K. A phase i and pharmacological study of the glutamine antagonist acivicin with 

the amino acid solution aminosyn in patients with advanced solid malignancies. Clin. Cancer Res. 

1998, 4, 2763-2770. 

172. Moreira, J.N.; Santos, A.; Simoes, S. Bcl-2-targeted antisense therapy (oblimersen sodium): 

Towards clinical reality. Rev. Recent Clin. Trials 2006, 1, 217-235. 



Cancers 2011, 3                            

 

 

1310 

173. Zhang, C.; Pei, J.; Kumar, D.; Sakabe, I.; Boudreau, H.E.; Gokhale, P.C.; Kasid, U.N. Antisense 

oligonucleotides: Target validation and development of systemically delivered therapeutic 

nanoparticles. Methods Mol. Biol. 2007, 361, 163-185. 

174. Kang, M.H.; Reynolds, C.P. Bcl-2 inhibitors: Targeting mitochondrial apoptotic pathways in 

cancer therapy. Clin. Cancer Res. 2009, 15, 1126-1132. 

175. Dias, N.; Stein, C.A. Potential roles of antisense oligonucleotides in cancer therapy. The example 

of bcl-2 antisense oligonucleotides. Eur. J. Pharm. Biopharm. 2002, 54, 263-269. 

176. Bedikian, A.Y.; Millward, M.; Pehamberger, H.; Conry, R.; Gore, M.; Trefzer, U.; Pavlick, A.C.; 

DeConti, R.; Hersh, E.M.; Hersey, P.; Kirkwood, J.M.; Haluska, F.G. Bcl-2 antisense (oblimersen 

sodium) plus dacarbazine in patients with advanced melanoma: The oblimersen melanoma study 

group. J. Clin. Oncol. 2006, 24, 4738-4745. 

177. Miyake, H.; Tolcher, A.; Gleave, M.E. Antisense bcl-2 oligodeoxynucleotides inhibit progression 

to androgen-independence after castration in the shionogi tumor model. Cancer Res. 1999, 59, 

4030-4034. 

178. Gleave, M.E.; Miayake, H.; Goldie, J.; Nelson, C.; Tolcher, A. Targeting bcl-2 gene to delay 

androgen-independent progression and enhance chemosensitivity in prostate cancer using 

antisense bcl-2 oligodeoxynucleotides. Urology 1999, 54, 36-46. 

179. Zangemeister-Wittke, U.; Schenker, T.; Luedke, G.H.; Stahel, R.A. Synergistic cytotoxicity of 

bcl-2 antisense oligodeoxynucleotides and etoposide, doxorubicin and cisplatin on small-cell lung 

cancer cell lines. Br. J. Cancer 1998, 78, 1035-1042. 

180. Lopes de Menezes, D.E.; Hudon, N.; McIntosh, N.; Mayer, L.D. Molecular and pharmacokinetic 

properties associated with the therapeutics of bcl-2 antisense oligonucleotide g3139 combined 

with free and liposomal doxorubicin. Clin. Cancer Res. 2000, 6, 2891-2902. 

181. Klasa, R.J.; Bally, M.B.; Ng, R.; Goldie, J.H.; Gascoyne, R.D.; Wong, F.M. Eradication of human 

non-hodgkin's lymphoma in scid mice by bcl-2 antisense oligonucleotides combined with low-

dose cyclophosphamide. Clin. Cancer Res. 2000, 6, 2492-2500. 

182. Gjertsen, B.T.; Bredholt, T.; Anensen, N.; Vintermyr, O.K. Bcl-2 antisense in the treatment of 

human malignancies: A delusion in targeted therapy. Curr. Pharm. Biotechnol. 2007, 8, 373-381. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


