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ABSTRACT 

Cumulative evidence suggests that redox dysregulation in cancer cells 

represents a chemical vulnerability that can be targeted by pharmacological 

modulation of cellular oxidative stress.  According to this emerging mechanism, 

pharmacological prooxidants may induce deviations from redox homeostasis 

causing cytotoxicity confined to malignant cells already at a high set point of 

constitutive oxidative stress leading to functional impairment, cell cycle arrest, 

and cell death. In contrast, the same prooxidant deviation from redox 

homeostasis caused by drug treatment is tolerated by nonmalignant cells that 

operate at a lower redox set point.   

My graduate research focused on experimental redox drug discovery 

targeting metastatic melanoma cells by pursuing the following specific aims: 

I. To identify drug-like lead compounds containing redox-

directed pharmacophores for prooxidant intervention targeting melanoma 

in relevant models of the human disease.   

II. To investigate the molecular mechanism of action underlying antimelanoma 

activity of our lead compounds comprising Michael acceptors 

[cinnamaldehyde (CA) and 2,6-dichlorophenolindophenol (DCPIP)] and 

endoperoxides [dihydroartemesinin (DHA)].   

III. To further explore the therapeutic potential of drug-like electrophiles for non-

melanoma indications including skin photoprotection and genotype-directed 

cancer chemotherapy. 
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First, we have explored the possibility that prooxidant dietary constituents 

that contain an electrophilic Michael acceptor pharmacophore may display 

chemotherapeutic activity.  Focusing on the cinnamon-derived Michael acceptor 

CA we have demonstrated significant anti-melanoma activity of this dietary 

prooxidant observed in vitro and in vivo.   

Second, we have demonstrated that the synthetic quinoneimine and redox 

dye DCPIP targets human melanoma cells in vitro and in vivo. DCPIP-

apoptogenicity observed in the human melanoma cell lines A375 and G361 was 

inversely correlated with NAD(P)H:quinone oxidoreductase (NQO1) expression 

levels. Efficacy against tumors with low NQO1 enzymatic activity including those 

displaying the human homozygous NQO1*2 missense genotype suggests 

feasibility of DCPIP-based genotype-directed redox intervention.    

Third, we demonstrated that the endoperoxide-based antimalarial DHA 

may serve as an experimental redox chemotherapeutic that selectively induces 

iron-dependent melanoma cell apoptosis without compromising viability of 

primary human melanocytes.   

Given the causative role of redox dysregulation in melanoma and 

the shortage of efficacious agents that are currently available, it seems that the 

emerging therapeutic potential of redox-directed chemotherapeutics for 

melanoma intervention deserves further evaluation. 
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CHAPTER 1:  TARGETING THE REDOX ACHILLES HEEL OF MALIGNANCY 

 

1.1 The role of reactive oxygen species in cancer initiation and progression 

It is now firmly established that reactive oxygen species (ROS) play an 

important role in cancer initiation and progression by participating as key 

mediators of cellular mitogenic signaling where alterations in cellular redox 

homeostasis contribute to cancer cell proliferative control, survival, invasion, and 

metastasis [1-8]. Apart from its role as an early causative factor in carcinogenesis 

through ROS-induced mutagenesis, redox dysregulation contributes to malignant 

transformation and progression through ROS-mediated signaling and redox 

modulation of apoptotic and survival pathways [1-3, 9, 10]. Many ROS-

dependent signaling cascades function through the oxidative modification of 

critical protein cysteine residues or by covalent adduction with electrophilic 

species. For example, cell proliferation is controlled by redox-dependent 

regulators of cell cycle progression (e.g. cyclin dependent kinases, 

retinoblastoma, p16, p27, and p53) whereby normal growth is highly dependent 

on tight control of the redox status of active site cysteine residues [11].  

Early experimental evidence has shown an increased production of ROS, 

including superoxide radical anions and hydrogen peroxide, and a correlation 

between the expression of oncogenes and cellular ROS by human tumor cells 

[12-14]. Apart from being involved in proliferative, anti-apoptotic, metastatic, and 

angiogenic signaling, ROS may also exert cytotoxic and proapoptotic functions 
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that would limit tumorigenicity and malignant progression [4, 15]. For example, 

ROS levels reach a certain threshold incompatible with cellular survival opening 

of the mitochondrial permeability transition leads to cytochrome C release, 

apoptosome assembly, and activation of executioner caspases, as reviewed in 

[4]. Consequently, redox homeostasis in cancer cells that produce ROS at 

elevated levels due to glycolytic metabolic adaptations, mitochondrial 

insufficiencies and ROS-dependant survival signaling depends on a concerted 

upregulation of antioxidant defense mechanisms, most notably the glutathione- 

and thioredoxin-dependant redox systems. Redox homeostasis is also involved 

in the upregulation of components of fundamental stress response mechanisms 

that respond to increased oxidative insult including heat shock proteins [16-18]. 

By the same mechanism, cancer cells limit the adverse consequences of 

exposure to electrophilic chemotherapeutic agents resulting in chemoresistance 

through overexpression of the antioxidant defense systems. For example, in a 

wide panel of human cancer cell lines, total cellular antioxidant capacity is a 

critical determinant of cellular sensitivity to paclitaxel [19]. Moreover, agents such 

as arsenic trioxide (As2O3), buthionine sulfoximine (BSO), and the 

phosphatidylinositol 3-kinase inhibitor LY294002, all of which decrease 

clonogenic survival, also decrease the total antioxidant capacity of paclitaxel-

treated cells [19]. 

Enhanced ROS production by uncontrolled mitogenic signaling is a common 

event in transformed cells, and alterations of cellular redox homeostasis 
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therefore represent an important therapeutic target [4, 11]. Recent data in our 

group have demonstrated that constitutively elevated levels of oxidative stress in 

cancer cells, and the cellular dependence of cancer cells on ROS-signaling, 

represent a specific vulnerability of malignant cells that can be selectively 

targeted in anti-cancer chemotherapeutics [5, 20-24]. Therefore, small molecule 

redox chemotherapeutics that specifically target this emerging Achilles heel of 

cancer cells may represent a novel class of experimental anticancer drugs. 

 

1.1.1 Cellular sources of ROS 

Numerous cellular sources of ROS production have been identified in cancer 

cells resulting from constitutive activation and overexpression of ROS-generating 

enzymes: NADPH oxidase family members (NOX4), cyclooxygenases (COX-2), 

lipoxygenases (5-LO), and cytochrome P450 monooxygenases (CYP1A1, 

CYP2E1, CYP3A4) [25-27]. Moreover, metabolic dysregulation and enhanced 

electron leakage from the mitochondrial respiratory chain have been shown to be 

involved in increased production of ROS including superoxide radical anions and 

hydrogen peroxide (H2O2) by human tumor cells underlying tumorigenic redox 

dysregulation [12, 13, 28-33]. The cellular sources of ROS and the systems 

available for their metabolism are discussed in further detail below. 
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1.1.2 ROS metabolism and antioxidant defense 

Cellular redox status can be modulated through ROS metabolism that 

includes antioxidant defense systems in response to electrophilic oxidative 

stress. The enzyme superoxide dismutase (SOD), both the mitochondrial 

MnSOD and the cytosolic Cu/Zn-SOD form, functions as an enzymatic 

antioxidant and tumor suppressor that catalyzes the dismutation of superoxide 

radical anions to hydrogen peroxide [34, 35]. The SOD enzymes have previously 

been associated with redox dysregulation and increased oxidative stress in 

atherosclerosis, angiogenesis, hypertension, inflammation and cancer [36, 37]. 

Consistent with these data, overexpression of SOD1 leads to protection against 

oxidative injury, but this effect is coupled with an increased level of membrane 

permeable H2O2 by-product that subsequently interacts with redox-active 

transition metals to produce hydroxyl radicals, an effect that is attenuated by 

coupling SOD1 overexpression with an increase in catalase [36]. Due to the 

established involvement of superoxide in various disease states associated with 

increased oxidative stress, discovery of small molecules SOD mimetics are an 

attractive class of compounds. The structure-activity relationship (SAR) of SOD 

mimetics has been elucidated in much detail and lead optimization based on 

tuning the redox potential by substituent effects and pharmacokinetic 

considerations has been performed [38]. Moreover, derivatives with dual SOD- 

and catalase-mimetic activity such as the salen EUK-134 have been designed 

[39]. Recent experiments using various cellular transfection systems have 
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demonstrated that SODs, both the mitochondrially located MnSOD and the 

cytosolic Cu/Zn-SOD, inhibit cancer cell growth in mouse xenograft tumor models 

[34]. Based on this stringent genetic target validation, small molecule SOD 

mimetics that combine catalytic efficacy with favorable drug-like properties are 

promising anticancer agents [5]. 

The cellular glutathione-based antioxidant response system (GRS), based on 

metabolism of electrophilic species by glutathione peroxidases, glutaredoxin, and 

glutathione transferase is a major determinant of the cellular redox status. The 

tripeptide glutathione (GSH) protects cellular components from irreversible 

oxidative damage to sulfenic (RSOH), sulfinic (RSO2H) of sulfonic (RSO3H) acids 

through S-glutathionylation of protein disulfides and small molecule electrophiles 

by Michael addition-type mechanisms [40-42]. Deglutathionylation occurs by 

thiol/disulfide exchange with GSH or by glutaredoxin enzymatic activity to restore 

normal redox conditions within the cell [41]. Therefore, the constitutive activity of 

glutathione reductase is necessary to maintain a pool of reduced GSH to combat 

oxidative threat. While S-glutathionylated proteins are important intermediates in 

cell signaling and progression through PKA, PKC, ASK1 and NFκB, their 

overproduction within the cell is an indicator of increased oxidative stress that 

may cause a switch from cell survival mechanisms to cell death [43]. 

Pharmacological or genetic disruption of crucial molecular components of GRS 

induces oxidative stress through impairment of intracellular metabolism of H2O2 

and lipid peroxides, weakening the cellular defense against electrophilic species 
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including chemotherapeutic agents [44]. Therefore, the vulnerability of the GRS 

system to intracellular redox status makes it a prime target for redox 

chemotherapeutic intervention. 

Another system available for maintaining redox homeostasis involves the 

thioredoxin system. The thioredoxin system is a major factor in cellular redox 

regulation and has emerged as a target for anticancer intervention due to its 

crucial role in the control of mitogenic signaling and apoptosis, as demonstrated 

by elevation in many human tumors [45]. This system is composed of (I) the 

thioredoxin (Trx) family of small redox proteins, (II) thioredoxin reductases, (III) 

the endogenous thioredoxin inhibitor thioredoxin-interacting protein, and (IV) 

peroxiredoxins (thioredoxin peroxidases). Thioredoxin (Trx), a 12-kD protein 

containing a CXXC motif, participates in the antioxidant defense through disulfide 

exchange between oxidized protein thiols and have been indentified previously 

as molecular targets for redox intervention [45, 46]. The thioredoxins are kept in 

a reduced state by thioredoxin reductase (TrxR), using NADPH as a substrate. 

Moreover, thioredoxin redox status is an important regulator of cell viability by 

inactivation of apoptosis signal-regulating kinase 1 (ASK1), a mitogen-activated 

protein kinase kinase kinase (MAP3K). Removal of Trx from ASK1 occurs by the 

ROS-mediated oxidation of Trx, or through interaction with the Trx inhibitor Trx 

interacting protein (TXNIP) to induce apoptosis signaling [47]. Oxidation of Trx 

occurs by direct interaction with ROS or via interaction with peroxiredoxins. 

Peroxiredoxins (Prdx1, Prdx2) share a similar CXXC motif but are responsible for 
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scavenging hydrogen peroxide and becoming oxidized to disulfides and sulfenic 

acids. Recently, peroxiredoxins have been speculated to act as tumor 

suppressors in addition to their role in peroxide detoxification since knock-down 

of Prdx1 in mice leads to a significant increase in cancer incidence [48].  

 

1.1.3 Modulation of ROS through oncogenic signaling and tumor suppressor 

gene function  

Numerous oncogenes (e.g. Ras, BCR/ABL) and tumor suppressor genes 

(e.g. p16, p53) exert their functions in part through redox mechanisms that may 

be amenable to pharmacological intervention by redox chemotherapeutics. It is 

now firmly established that constitutive upregulation of Ras protein guanine 

nucleotide triphosphatase activity is one of the most common events associated 

with carcinogenesis, and is characterized by increased oxidative stress, ROS 

production, and mutagenesis [6, 49, 50]. The BRC/ABL tyrosine kinase is 

another example of an ROS-sensitive oncogene controlling redox dysregulation. 

This kinase is associated with chronic myelogenous leukemia (CML) and has 

been shown to increase oxidative stress and genomic instability as a result of 

constitutive activation by lack of phosphatase activity [6, 7, 51]. The BCR/ABL 

kinase inhibitor, imatinib, is an approved drug for the treatment of CML but is 

subject to resistance in patients that have developed oxidative stress-derived 

missense mutations in the BCR/ABL kinase domain [52].  
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Tumor suppressor genes also play a role in modulating redox homeostasis. 

For example, recent experimental mouse model studies demonstrate that loss of 

p53 activity by mutational inactivation impairs the antioxidant ability of p53 

through transcriptional downregulation of key mediators including TP53INP1 

(tumor protein 53-induced nuclear protein 1) resulting in increased oxidative 

stress, accelerated mutational rate, and increased tumor growth, all of which can 

be suppressed by antioxidant supplementation [53].  

 

1.1.4 Redox modulation as a strategy for chemotherapeutic intervention 

Recent research demonstrates that constitutively elevated levels of 

cellular oxidative stress and dependence on mitogenic and anti-apoptotic ROS-

signaling represent a specific vulnerability of malignant cells that can be 

selectively targeted by novel pro- and antioxidant redox chemotherapeutics and 

suggest a therapeutic window of sufficient width that can be targeted by these 

agents [1, 4, 11, 54]. ROS-mediated mitogenic signaling through redox-

dependent pathways involving an active site cysteine residue are dependent on 

spatial and temporal control of the redox factors responsible for maintaining 

proper balance. The controlled subcellular location of each of these redox factors 

permits a complex network by which ROS can mediate all phases of cell cycle 

progression through changes in the local redox environment. Therefore, the 

ability to effect thiol reactive cell cycle checkpoint proteins through ROS 
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production and metabolism represents a key therapeutic strategy for controlling 

the growth of cancer cells [11].  

The feasibility of therapeutic interference by constitutive redox signaling is 

thus an innovative anticancer chemotherapeutic strategy and is supported by 

multiple lines of experimental evidence. For example, genetic upregulation of 

Prdx1 and Prdx2 in MCF-7 breast cancer cell lines results in resistance to H2O2-

induced cell death providing a protective role for peroxiredoxins from peroxide-

mediated oxidative stress [55]. In addition, experiments involving the 

overexpression of manganese or copper/zinc superoxide dismutase conferred 

inhibition of tumor growth in a breast cancer xenograft model confirming the 

tumor suppressor activity of this class of proteins [34, 56]. These studies 

substantiate the emerging role of the cellular redox environment in the general 

regulation of proliferation, differentiation, and survival and demonstrate the 

therapeutic window available for differential redox control in nontransformed and 

malignant cells [1, 2, 57-59].  

Differential redox regulation between normal and cancer cells was recently 

demonstrated in nontransformed NIH 3T3 cells with constitutive ROS production 

at low levels and CT26 colon and Hepa 1-6 liver tumor cells with high 

concentrations of ROS, close to the threshold of cytotoxicity from mitochondrial 

production [1]. Differential targeting by pharmacological redox intervention was 

demonstrated through increased in vitro proliferation of NIH 3T3 cells upon 
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exposure to elevated H2O2 levels by small molecule SOD mimetics, whereas 

extensive tumor cell death was observed in control conditions [1].  

Recently we have proposed a model of differential redox homeostasis of 

processes that constitute the phenotypic hallmarks of cancer in malignant cells 

versus normal cells as shown in Figure 1.1 [5]. The model suggests that the 

differential redox set points in cancer cells versus non-transformed cells opens a 

therapeutic window of sufficient width permitting redox intervention that 

selectively targets cancer cells with elevated redox set points due to 

constitutively upregulated levels of ROS. In particular, the model predicts that 

pro-oxidant pharmacological agents that substantially increase cellular ROS 

would induce positive deviations from redox homeostasis that do not reduce 

viability of untransformed cells, but cannot be tolerated by malignant cells already 

under high constitutive oxidative stress [1, 60, 61]. Equally, anti-oxidant 

pharmacological agents that substantially decrease cellular ROS would induce 

negative deviations from redox homeostasis that are incompatible with the 

requirements for prooxidant proliferative and survival signaling encountered in 

rapidly dividing cancer cells [1, 60].  

Small molecule redox chemotherapeutics that specifically target the redox 

Achilles heel of cancer are grouped based on their respective mechanism of 

action: (I) Direct acting redox chemotherapeutics exerting therapeutic effect by 

chemical reactions leading to elimination or production of ROS (e.g. chemical  
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Figure 1.1. Targeting cancer cell redox homeostasis. The phenotypic 
hallmarks of cancer are partially dependent on altered redox homeostasis. 
Evidence suggests that the hallmarks of cancer are modulated by cellular ROS 
levels in a bell-shaped quantitative relationship. Differential redox set points in 
normal (▲) and malignant () cells required for cell growth and differentiation 
may represent a redox vulnerability of cancer cells that can be targeted by 
antioxidant (AOX) and pro-oxidant (POX) therapeutic intervention. In a specific 
tumor, therapeutic efficacy of redox intervention will largely depend on the 
particular redox nature of the targeted phenotypic process and therefore be 
determined by degree and direction of a drug-induced redox shift. The width of 
the therapeutic window will be determined by the redox differential between 
normal and tumor cells and may limit efficacy of redox intervention. Reproduced 
from reference [5, 24].  
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antioxidants, prooxidant redox cyclers); and (II) Indirect acting redox 

chemotherapeutics that modulate molecular targets involved in ROS metabolism. 

These agents exert their therapeutic activity based on chemical reactivity (e.g. 

thiol-reactive electrophiles and depletion of reduced glutathione levels), or by 

acting as structure-based ligands (e.g. small molecule SOD antagonists, 

antagonists of γ-glutamylcysteine synthetase to inhibit glutathione biosynthesis).  

 

1.1.5 Redox targets for chemotherapeutic intervention 

 Several investigational prooxidant redox chemotherapeutics that alter 

ROS-dependent signaling mechanisms have demonstrated clinical efficacy in 

human patients and are now undergoing testing in advanced clinical trials [21]. 

Examples of these agents are summarized in Table 1.1 and Figure 1.2, including 

the glutathione depleting cyanoaziridine-derivative imexon [62], the nitrofuran-

based free radical generator nifurtimox [63, 64], the iron-activated endoperoxide 

artemisinin [65-67], the texaphyrin-based redox cycler motexafin gadolinium [68], 

the molybdenum-based SOD-antagonist ATN-224 [69, 70], the organic arsenical 

darinaparsin [71], and the thiol-directed mixed disulfide thioredoxin inhibitor PX-

12 [72]. These redox active agents modulate a wide array of cellular effectors 

including kinases, phosphatases, and transcription factors representing the 

breadth of therapeutic targets amenable to pharmacological redox intervention. 

Recently, a cell-based small molecule screen using proteomics has identified the 

compound piperlongumine as a prooxidant agent that increases apoptosis in 
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Table 1.1. Molecular redox targets amenable to chemotherapeutic intervention. 
 

Target Prototype Agent Reference 

Glutathione (GSH)  Imexon [62] 

Thioredoxin (Trx-1) PX-12 [73] 

Thioredoxin reductase (TrxR) PX-916 [28, 74] 

Superoxide dismutase (SOD) ATN-224 [75] 

Heme oxygenase-1 (HO-1) Zinc protoporphyrin IX [76-78] 

Nuclear factor (erythroid-derived 

2)-like 2 (Nrf2/Keap1) 
Brusatol [79] 

Nuclear factor kappa B (NFκB)  DHMEQ [80, 81] 

Activator protein-1 (AP-1) Isoalvaxanthone [82] 

Apurinic/apyrimidinic 

endonuclease 1/Redox effector 

factor-1 (APE/Ref1) 

E3330 [83, 84] 

Cell division cycle 25 homolog A 

(Cdc25A) 
DA3003-1 [85] 
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Figure 1.2. Drugs in pre-clinical and clinical development. In addition to the 
compounds shown above, there are several examples of compounds at various 
stages of clinical development that modulate redox-sensitive cellular targets as a 
strategy for chemotherapeutic intervention. 
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cancer cells but not in primary cells [86]. In a piperlongumine-treated mouse 

xenograft model, significant antitumor effects were observed with no apparent 

toxicity in normal mice. Indeed, piperlongumine was found to inhibit the growth of 

spontaneously formed malignant breast tumors. Taken together, these data 

demonstrate the feasibility of using cancer therapeutic agents that preferentially 

kill cancer cells by alteration of the redox status in cells [86, 87]. 

 

1.1.6 Targeting redox sensitive phosphatases 

 Protein phosphatases are important redox sensitive regulators of the cell 

cycle targeting various pathways including receptor tyrosine kinase-dependent 

(e.g. PTPB1) and phosphotidylinositol-3-phosphate dependent (e.g. PTEN) 

signaling involved in tumor suppression and often inactivated through 

endogenous oxidative stress in cancer cells [5, 21, 88]. In contrast to the tumor 

suppressive properties of many phosphatases, the group of Cdc25 dual 

specificity phosphatases serves as a key activator of cyclin-dependent kinases 

involved in cell cycle progression and has recently been implicated in 

oncogenesis [89]. A redox-sensitive active site nucleophilic cysteine thiolate 

anion is involved in the enzymatic activity of the Cdc25 phosphatases. Oxidative 

modification of the active site thiolate will block removal of inhibitory protein 

phosphotyrosine groups from cyclin dependent kinases/cyclin complexes thereby 

interfering with cell cycle transitions [90, 91]. Indeed, oncogenic Cdc25A and 

Cdc25B isoforms are strongly upregulated, leading to hyperproliferative 
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dysregulation and mitotic progression that occurs in various human malignancies 

including colon cancer and NSCLC. The naphthoquinone menadione (Vitamin 

K3) irreversibly inhibits Cdc25B by binding to its active site and elicits anti-

proliferative activity in cell culture experiments using parental and multi-drug 

resistant cell lines [92]. Prooxidant redox chemotherapeutics inactivating the 

active site cysteine thiolate of Cdc25 have been designed comprising quinone-

based redox cycler drugs, covalently adducting electrophiles, and redox-inactive 

inhibitory ligands. The Cdc25 phosphatase inhibitor DA3003-1 activates Cdc25 

phosphatase through irreversible cysteine oxidation and binding to the active site 

[85, 90]. Another Cdc25 phosphatase inhibitor JUN1111, a quinolinedione 

derivative, selectively inactivates Cdc25B by irreversible oxidation of the catalytic 

cysteine residue to a sulfonic acid [93]. This reaction was shown to be pH 

sensitive and could be abrogated by catalase, dithiothreitol, and GSH 

 

1.1.7 Targeting transcription factors and transcriptional activators 

 

1.1.7.1 Targeting Ape1/Ref1:  

Apurinic endonuclease 1/redox factor-1 (Ape1/Ref1) is a multi-functional 

protein with a role in DNA base excision repair following oxidative damage. In 

addition, Ape1/Ref1 functions as a redox signaling protein that maintains 

transcription factors in a reduced and active state via reduction of active site 

cysteine residues by thiol exchange with buried cysteine residues (Cys 65 and 
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Cys 93) of Ape1/Ref1 [94]. Altered redox signaling of this key cellular protein 

leads to an increased sensitivity of cancer cells to anticancer chemotherapeutics 

and is therefore a target in drug discovery efforts to established Ape1/Ref1 

inhibitors since activation of Ape1/Ref1 promotes DNA binding and 

transcriptional activity of transcription factors that may lead to cancer growth and 

survival, including AP-1, NFκB, HIF-1α, CREB, and p53 [95, 96]. The quinone 

derivative, E3330 {(E)-3-(5,6-dimethoxy-3-methyl-1,4-dioxocyclohexa-2,5-dienyl)-

2-nonylpropenoic acid}, has been previously established as an inhibitor of Ape1 

redox function by formation of disulfide linkages to cysteines 65 and 93 of Ape1, 

thus inhibiting its ability to reduce its target transcription factors [94]. In in vitro 

studies, E3330 inhibits pancreatic cancer cell growth and migration and is 

therefore the subject of studies aimed at the creation of inhibitors based on the 

E3330 scaffold [83, 97]. Recently, it has been demonstrated that soy isoflavones 

are inhibitors of Ape1/Ref1 redox activity in models of prostate and non-small cell 

lung cancer in cell culture experiments leading to enhanced sensitivity to 

radiotherapy [98, 99].  

 

1.1.7.2 Targeting AP-1:  

Activator protein-1 (AP-1) is a redox-sensitive transcription factor 

composed of dimeric basic leucine zipper (bZip) proteins belonging to the Jun, 

Fos, Maf, and ATF subfamilies that bind to DNA at the AP-1 site to control 

proliferation and survival [100]. AP-1 is inhibited by S-glutathionylation of 
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cysteine residues in the DNA binding domain. The AP-1 inhibitor, PNRI-299, was 

discovered using a chemogenomic approach identifying inhibitors of AP-1 

transcriptional activity in an experimental mouse model of asthma [101]. This 

compound was found to inhibit AP-1 activity by targeting Ape1/Ref1 and did not 

affect activity of NFκB. 

 

1.1.7.3 Targeting NFκB:  

The pro-inflammatory nuclear factor-kappa B (NFκB) is an oncogenic 

transcription factor that functions as the key mediator of the human immune 

response [102]. The predominant form of NFκB exists as a heterodimer of 

p50/p65(RelA) subunits that is sequestered in an inactive form in the cytoplasm 

by formation of a ternary complex with the inhibitory protein IκB. Upon induction 

by cytokines, the IκB subunit of the ternary complex is phosphorylated by IκB 

kinase (IKK) and targeted for proteasomal degradation allowing the active NFκB 

dimer to translocate to the nucleus where it binds to DNA regulatory sequences 

(κB sites) to control the transcription of target genes including growth factors, 

interleukins, TNF-α, cyclooxygenase-II, nitric oxide synthase, and adhesion 

molecules [103]. In addition to the pro-inflammatory response, NFκB also 

controls cellular growth and tumorigenesis through induction of anti-apoptotic 

proteins. Malignant tumors have been shown to have constitutively high levels of 

nuclear NFκB activity due to genetic alterations of the NFκB and IκB subunits 

[104-107]. In fact, it is this constitutive activation of NFκB that leads to the 
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evasion of apoptosis in cancerous tissue by the overexpression of survival 

proteins (i.e. survivin). For this reason, the inhibition of NFκB activation is an 

important target for chemotherapeutics since it both attenuates inflammation and 

facilitates programmed cell death. 

Therefore, several classes of inhibitors have been studied including 

inhibitors of IKK, IκB degradation, NFκB translocation, and DNA binding [108]. 

Data have shown that the p50 subunit can be targeted by covalent modification 

of Cys-61 by Michael addition with electrophilic species (i.e. acrolein and 

cinnamaldehyde) and lead to dissociation of the NFκB dimer, loss of DNA 

binding, and a 10-fold decrease in NFκB activity [109, 110]. Importantly, it has 

also been shown that inhibitors of IKKβ (i.e. cyclopentenone prostaglandins 

including 15d-PGJ2 and prostaglandin A1) containing the Michael acceptor 

pharmacophore target Cys-179 in the catalytic loop of IKKβ by Michael addition 

and prevents removal of inhibitory IκB, but can also modify p50 at Cys-61 and 

p65 at Cys-38 [111]. Site-directed mutagenesis of the IKKβ subunit (C179A) lead 

to the complete loss of inhibition of IKK activity by both 15d-PGJ2 and PGA1 

suggesting that the cysteine residue is a key target for covalent adduction 

presumably by the Michael reaction [112].  

One widely studied class of NFκB inhibitors belongs to the sesquiterpene 

lactone (SL) based structures containing an α-methylene-γ-lactone Michael 

acceptor pharmacophore that is analogous to the α,β-unsaturated carbonyl. An 

example of a SL with NFκB inhibitory activity is parthenolide, the major SL 
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derived from extracts of the medicinal plant feverfew (Tanacetum parthenium) 

that has been used in the treatment of migraine, fever and arthritis [113]. In 

recent reports it has been shown that the predominant mechanism of action for 

parthenolide is through a covalent adduction to cysteine residues within the DNA 

binding domain of p65. Site-directed mutagenesis (C38S) completely abolished 

the inhibitory capacity of parthenolide up to 40 mM. Taken together, these data 

support that inactivation of NFκB by these agents depends on thioalkylation of 

the p65 subunit via Michael addition. 

The inhibitory activity of parthenolide toward NFκB activation is an 

important factor that facilitates its potential as a therapeutic agent for cancer. In 

addition to melanoma, constitutive activation of NFκB has emerged as a hallmark 

in solid tumors in breast, ovarian, colon, thyroid, prostate, and pancreatic 

carcinomas [105, 106]. Previous studies have linked parthenolide with anti-

cancer activities including the inhibition of DNA synthesis and induction of 

apoptosis in cancer cell lines [114, 115]. In fact, the reversal of apoptotic 

resistance in breast cancer cells has been reported in animal xenograft models 

under parthenolide treatment [116]. 

 

1.1.7.4 Targeting Nrf2/Keap1:  

The redox sensitive transcription factor Nrf2 (NF-E2-related factor 2) 

controls the cellular antioxidant response by binding to cis-acting elements in the 

promoter region of target genes, called antioxidant response elements (AREs), in 
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response to electrophilic stress [117-127]. Nrf2 is part of the Nrf2-Keap1 

oxidative stress sensor system and is sequestered in the cytoplasm and marked 

for proteasomal degradation by interaction with its negative repressor protein 

Keap1 [128]. Nrf2 is activated upon oxidative/electrophilic stress, freeing it from 

Keap1 repression, and translocates to the nucleus to induce ARE-dependent 

gene expression [120, 122, 125, 129, 130]. Importantly, Nrf2-null mice are highly 

susceptible to electrophilic and oxidative stress [130]. Electrophilic compounds 

from cruciferous vegetables, including the isothiocyanate containing 

sulforaphane, have previously been shown to activate Nrf2 by thiol-adduction of 

key cysteine residues of Keap1 and electrophilic agents that increase Nrf2 

transcriptional activity may be important in chemoprevention [22, 119]. It is 

interesting to note that recent reports have confirmed that sulforaphane also 

targets the AP-1 dimer via thiol-adduction of Cys-154 of cFos and Cys-272 of 

cJun [131]. Therefore, sulforaphane plays a role as an AP-1 inhibitor in addition 

to its previously established roles as an inducer of Nrf2 transcriptional activity, 

both mediated by a thiol-adduction mechanism. 

However, recent data have shown that high constitutive activation of Nrf2 

can contribute to chemoresistance and enhance tumor survival [44, 79, 132]. In 

this study, overexpression of Nrf2 caused resistance to chemotherapeutic agents 

including cisplatin, doxorubicin, and etoposide but sensitivity could be recovered 

by overexpressing Keap1 or by siRNA targeting Nrf2. This data demonstrates 

that cancer cells may highjack Nrf2 to protect the tumor. A search for an inhibitor 
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of Nrf2 activation lead to the discovery of the plant-derived quassinoid, brusatol 

[79]. Evaluation of this agent as a novel Nrf2 inhibitory compound in combination 

with cisplatin significantly increased apoptosis, decreased proliferation, and 

inhibited tumor growth versus cisplatin alone. This demonstrates the feasibility of 

combination therapy as a therapeutic strategy circumventing chemoresistance 

[79]. 

 

1.1.8 Targeting antioxidant factors and enzymes 

 

1.1.8.1 Targeting Glutathione:  

The glutathione-based cellular redox buffering system, interacting with 

ROS and covalent adduction of intracellular electrophiles, is a major contributor 

to cellular redox homeostasis, and is responsible for the regulation of a multitude 

of redox-sensitive signaling cascades in cancer cell proliferation and survival 

[133]. Disruption of the glutathione redox system by pharmacologic or genetic 

modulation may lead to an increase in oxidative stress and thus weaken the 

cell’s defense against electrophilic species and chemotherapeutic agents. 

Intracellular glutathione pools can be depleted by the electrophilic cyanoaziridine-

derivative Imexon (4-imino-1,3-diazabicyclo-[3.1.0]hexan-2-one), a potent 

prooxidant molecule extensively used in pre-clinical and clinical studies as an 

anti-cancer agent alone or in combination with chemotherapeutic agents such as 

dacarbazine [62, 134]. This compound works by formation of thiol-adducts with 
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glutathione to deplete this cellular antioxidant and enhance sensitivity to 

electrophilic and oxidative stress. 

Pharmacological inhibition of glutathione biosynthesis can be achieved by 

L-buthionine-S,R-sulfoximine (BSO). The mechanism of action for BSO involves 

the specific inhibition of γ-glutamylcysteine synthetase, an enzyme that catalyzes 

the reaction of L-glutamate to γ-glutamylphosphate as an enzyme-bound 

intermediate followed by reaction of γ-glutamylphosphate with the a-amino group 

of L-cysteine to form glutathione [135]. BSO is a structural mimic of the γ-

glutamylphosphate cysteine adduct and serves as a suicide substrate that forms 

an irreversible buthionine sulfoximine-phosphate adduct with the enzyme. Based 

on promising results achieved with the prototype agent BSO and the availability 

of a γ-glutamylcysteine synthetase crystal structures, rational design of more 

potent human γ-glutamylcysteine synthetase inhibitors structurally unrelated to 

BSO has been achieved [136]. 

 

1.1.8.2 Targeting the thioredoxin system:  

The development of specific inhibitors of Trx-1 or thioredoxin reductase 

lead to the identification of PX-12 (1-methylpropyl-2-imidazolyldisulfide), an agent 

that inhibits Trx-1 through alkylation of key cysteine residues within the protein. 

Despite early success in phase I trials, a randomized phase II study evaluating 

the effect of PX-12 and gemcitabine was cancelled due to a lack of efficacy [73]. 

The prodrug PX-916, a water soluble derivative of the napthoquinone-spiroketal 
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palmarumycin, is an inhibitor of thioredoxin reductase and has shown promising 

antitumor activity in several animal models but has not yet been evaluated in 

clinical trials [74].  
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1.2 Malignant melanoma: Targets and drugs 

 

Metastatic melanoma is a malignant melanocyte-derived tumor causing 

the majority of skin cancer-related deaths [137-139]. Melanoma tumors are 

thought to originate from atypical nevi, dysplastic precursor lesions that may 

undergo further transformation into radial growth phase (RGP) melanoma, a 

superficially spreading tumor that does not cross the basement membrane 

barrier [140]. Subsequently, radial growth phase (RGP) melanoma displays 

invasive, angiogenic, and metastatic capabilities, important factors underlying the 

transition to the systemic stage of the disease [31]. When diagnosed and treated 

early, melanoma is considered a curable disease. However, prognosis becomes 

poor after metastasis has occurred despite recent progress in the design of 

targeted pharmacological treatment options including the V600E-mutation 

directed BRAF-inhibitor vemurafenib, and the cytotoxic T lymphocyte antigen-4 

(CTLA-4) monoclonal antibody ipilimumab [137]. The effects of these treatments 

on median survival are moderate and are prone to adverse effects and the 

development of resistance [141-143]. Therefore, with only moderate effects on 

median survival, and an increase in incidence that surpasses that of most other 

cancers, an urgent need exists for more efficacious targeted therapies against 

melanoma. 
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1.2.1 The cancer biology of melanoma 

A large body of experimental and epidemiological research has 

substantiated the causative involvement of genetic alterations in melanoma 

development (as summarized in Figure 1.3). These occur together with 

environmental factors underlying a complex pattern of disease causation. 

Epidemiological studies indicate that cutaneous exposure to solar ultraviolet (UV) 

photons is a key risk factor in melanomagenesis, and incidence of childhood 

sunburn events strongly correlates with melanoma risk [144]. During UV-induced 

tanning, MC1R (melanocortin 1-receptor) operates downstream of α-MSH (α-

melanocyte stimulating hormone) and upstream of MITF (microphthalmia-

associated transcription factor), the master regulator of melanocyte differentiation 

(Figure 1.3). Indeed, gene polymorphisms affecting MC1R that underlie 

pheomelanogenesis and impair efficient tanning in response to UV exposure 

have been identified as predictive markers indicative of melanoma susceptibility 

in patients of Celtic origin [145].  

Molecular studies have demonstrated critical UV-induced disruption of the 

p16INK4A/Rb and p14ARF/p53 pathways in the early stages of melanoma 

development [146]. The CDKN2A gene encoding the tumor suppressors p16INK4A 

and p14ARF has been identified as a crucial melanoma susceptibility factor, and 

CDKN2A loss of function is necessary yet not sufficient in human 

melanomagenesis. Specifically, inactivation of the p16INK4A gene through germ-

line mutations is associated with hereditary melanoma predisposition, and p16  
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Figure 1.3. Genetic alterations in the causation and progression of 
melanoma. Genetic alterations contributing to melanomagenesis have been 
discovered in several key genes associated with normal cellular proliferation and 
survival. The α-MSH/MC1R and Ras/Raf MAP kinase signaling cascades are 
both implicated in the progression of metastatic melanoma. Genetic mutations in 
the gene encoding MC1R or B-raf can lead to constitutive activation, p16 
overexpression, and uncontrolled proliferation. The Ras/Raf signaling cascade 
also contributes to uncontrolled proliferation through overexpression of Akt. 
Attempts to block signaling in systems with the most common B-raf mutation 
(V600E) have shown partial success due to formation of drug resistance by 
increased drug transport, or by utilizing alternate signaling cascades that avoid 
B-raf [147, 148]. 
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somatic mutations or deletions at the p16-containing CDKN2A locus 

(chromosome 9p21) also occur frequently in sporadic melanoma [149].  

 

Importantly, mutations affecting CDKN2A and the Ras oncogenic pathway 

are common events acting cooperatively in melanoma development. In primary 

melanomas and nevi, gain-of-function mutations of the BRAF gene, encoding the 

constitutively active B-Raf (V600E) kinase that operates upstream of MEK and 

ERK, are found in approximately 80% of tissue and represent a key event in 

early melanomagenesis [150]. Due to its crucial involvement in oncogenic 

signaling, B-Raf (V600E) has become a promising molecular target for the 

development of a novel class of clinically available specific pharmacological 

inhibitors for melanoma chemotherapeutics. In clinical trials, vemurafenib 

treatment of late stage melanoma with the V600E mutation lead to an 80% 

response rate with complete regression lasting an average of 7 months [142]. 

However, emergence of drug resistance has been observed within 2 to 18 

months of continuous treatment in Phase II and III clinical trials [151]. The 

molecular mechanisms of resistance to B-raf inhibitors include upregulation of 

the PI-3 kinase-Akt pathway promoted by the loss of loss of PTEN tumor 

suppressor function, alternative oncogenic signaling through COT (MAP3K8), 

and upregulation of the PDGFRβ and will be discussed in detail in section 1.2.3 

[88, 143, 152, 153].  
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In addition to oncogenic BRAF alterations other molecular defects 

affecting oncogenic signaling are involved in melanomagenesis. Importantly, 

hyperactivation of the oncogenic kinase Akt3 (protein kinase B gamma) occurs in 

up to 60% of sporadic melanomas, resulting from both AKT3 gene amplification 

and decreased activity of the Akt-inhibitor and tumor suppressor PTEN 

(phosphatase and tensin homolog deleted on chromosome 10) [154]. Akt3 

synergizes with B-Raf (V600E) in melanomagenesis as recently demonstrated in 

murine xenograft models, and genetic antagonism cotargeting both kinases by 

siRNA intervention inhibited melanoma development more effectively than 

inhibiting each of these kinases alone [155, 156].  

Experimental and clinical evidence suggests that expression and activity 

of the phosphatase PTEN is compromised in up to 43% of melanoma patients 

[157]. In melanoma, PTEN expression has been shown to be a critical regulator 

of cell proliferation and survival acting through modulation of Akt3 

phosphorylation status, and spontaneous tumor formation was observed in 

PTEN-/- mice that express conditionally induced B-raf (V600E) [158-160]. 

Consistent with the involvement of Akt3 and PTEN alterations in melanoma 

oncogenic signaling, phosphoinositide 3-kinase [PI(3)Kinase] is another 

established oncogene involved in melanomagenesis, and activational mutations 

affecting both PI3K and B-Raf are sufficient to cause invasive melanocytic 

neoplasia as shown recently in murine and human melanoma [161]. As observed 

in the human disease, concomitant disruption of the p16INK4A-CDK4-Rb and ARF-
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HDM2-p53 tumor suppressor pathways is an essential event driving 

melanomagenesis in these model systems.  

Recent research demonstrates that melanoma cancer stem cells play a 

crucial role in melanomagenesis. Specifically, it has been demonstrated that Mitf 

is the key molecular switch between human melanoma initiating cells and their 

differentiated progeny. Inhibition of Mitf increases the tumorigenicity of melanoma 

cells that express stem cell markers (Oct4, Nanog) forming a slow-growing 

population with high tumorigenic potential [162, 163]. It has been suggested that 

multipotent dermis-derived stem cells represent a source of epidermal 

melanocytes and melanoma. These stem cells of neural crest origin, 

characterized by expression of the stem cell markers NGFRp75 and nestin, are 

capable of differentiating into mesenychymal, neuronal, and melanocyte lineages 

representing a self-renewing source of extrafollicular epidermal melanocytes. 

Therefore, these cells may represent a heretofore unrecognized key population 

of melanocyte precursors undergoing UVA-induced transformation contributing to 

melanomagenesis [164].  

 

1.2.2 Redox dysregulation in melanomagenesis  

Recent research suggests a causative involvement of altered redox 

homeostasis and reactive oxygen species (ROS)-dependent signaling in the 

control of melanoma cell survival, proliferation, and invasiveness (Figure 1.4) [31, 

32, 137, 165-167]. In a recent study using an animal model of UV-induced 
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melanoma, the role of UV-induced oxidative stress was firmly established 

whereby oxidative damage was abrogated by pretreatment with the thiol 

antioxidant N-acetylcysteine, leading to a reduction of oxidative stress and a 

delay in tumor formation [168]. 

Formation of redox-active pathological melanins, melanosomal leakage of 

prooxidant melanin precursors, and transition metal ion dysregulation all have 

been implicated as causative factors underlying redox alterations in human 

melanoma cells [166, 169, 170]. The formation of eumelanin and pheomelanin in 

the process of melanogenesis is coupled with an increase in oxidative stress in 

melanocytes upon oxidation of tyrosine. This increase in oxidative stress occurs 

in an environment experiencing reduced levels of glutathione as a result of 

biosynthetic requirements and is coupled with the depletion of cellular cysteine 

pools during biosynthesis [171]. This process produces a cellular environment 

with constitutive oxidative stress and insufficient mechanisms to deal with the 

threat.  

UV-induced melanin production is necessary for protection from the 

harmful effects of UV, but it has the potential to develop a prooxidant 

environment [167]. Upon UV exposure, melanin production is catalyzed by the 

enzymatic oxidation of L-tyrosine to dopaquinone as a precursor to eumelanin or 

it can react with cysteine thiol groups to form 5-S-cysteinyldopa as a precursor of 

pheomelanin. Thus, the synthesis of pheomelanin decreases the available pool 

of cysteine for GSH production leading to oxidative stress. As an additional  
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Figure 1.4. ROS levels as key determinants in melanocyte progression. 
Levels of reactive oxygen species are key determinants in the initiation and 
progression of melanocytes to transformed tissue. (A) Low level constitutive ROS 
are necessary for normal cell growth and division. However, at higher levels, 
ROS are associated with an increased susceptibility to promotion from radial 
growth to the more invasive vertical growth phase with increased proliferation 
and metastatic potential. (B) Several causative factors are involved in redox 
dysregulation in melanoma leading to survival and metastasis. The contributing 
factors include oxidative stress in melanomagenesis, UVA-induced oxidative 
damage, and hypoxia-induced and NOX4 dependent signaling. 
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mechanism of action, pheomelanin precursors have been identified as potent 

sensitizers of UVA-induced photooxidative stress through impairment of catalase 

and superoxide dismutase enzymatic activities [172, 173]. For example, the 

melanin precursor 5-S-cysteinyldopa causes melanocyte genotoxic stress if 

administered together with non-cytotoxic dose of UVA [174]. In addition to GSH 

depletion, it has also been shown that impaired redox function of the cellular 

antioxidant thioredoxin by interaction with thioredoxin-interacting protein (Txnip), 

the negative regulator of thioredoxin that is upregulated in response to UVA, 

promotes intravasation of melanoma cells during the process of 

melanomagenesis [175].  

In addition to the electrophilic stress constitutively generated during 

melanogenesis, transition metal ion dysregulation that occurs during 

melanosomes function has been identified as a key factor in melanomagenesis. 

In melanosomes, photoinduced release of iron and copper ions promotes redox 

cycling of melanin precursors leading to the formation of ROS [170]. Moreover, 

dysfunctional melanosomes form in normal human melanocytes after UVB 

exposure that are characterized by disrupted membranes and fragmented 

melanin contributing further to oxidative stress by leakage of ROS into the 

cytosol [169, 171]. 

Recent research suggests a causative involvement of reactive oxygen 

species (ROS)-dependent signaling in the control of melanoma cell survival, 

proliferation, and invasiveness through Akt, NFκB, and AP-1 [31, 32, 137, 165-
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167]. Specifically, elevated ROS levels have been associated with progressional 

stages of the disease. For example, elevated ROS levels have been observed in 

melanocytes originating from dysplastic nevi as compared to normal skin [176]. 

Conversion from radial growth phase (RGP) to the invasive vertical growth phase 

(VGP) by Akt overexpression in melanomagenesis is due to an increase in 

superoxide generated by NAD(P)H oxidase. Akt is overexpressed in advanced 

melanoma and confers resistance to apoptotic signaling, inactivates tumor 

suppressor genes, and stabilize cells with mitochondrial DNA mutations that 

generate ROS through the NOX4 oncoprotein [26, 31]. Specifically, ROS 

production originating from NOX4 upregulation has been identified as a crucial 

factor in redox modulation of melanoma cell invasion and metastasis. This 

activity can be inhibited by the tumor suppressor PTEN, but is itself a target of 

redox signaling and can be inactivated under oxidative stress.  

In the context of ROS-dependent genomic instability it is striking that 

mutation or loss of the enzyme hOGG-1, which repairs mutagenic oxidative DNA 

lesions (namely 8-oxoguanine (8-OG)), has been associated with melanoma 

progression [177, 178]. 

In addition to increased signaling through Akt, several additional 

transcription factors involved in melanoma progression are constitutively 

upregulated. For example, high constitutive activation of HIF-1α occurs in 

melanocytes due to constitutive hypoxic conditions resulting from poor epidermal 

vascularization and represent a factor enhancing Akt oncogenic signaling in 
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melanoma [179]. Indeed, in a human melanoma xenograft model upregulation of 

HIF-1α was causatively involved in melanoma invasion and metastasis through 

up-regulation of hypoxia-induced gene products including urokinase-type 

plasminogen activator receptor (uPAR) [180]. Additionally, overexpression of pro-

survival protein bcl-2 under hypoxic conditions can stabilize HIF-1α from 

ubiquitination by forming a trimer between HIF-1α, bcl-2 and Hsp90, and lead to 

angiogenesis through VEGF during human melanoma progression [181]. 

Constitutive oxidative activation of NFκB transcriptional activity has been 

demonstrated to underlie survival signaling in melanoma cells. In recent studies, 

the role of NFκB was studied in metastatic melanoma cells versus normal 

melanocytes. At basal level DNA-binding of NFκB was 4-fold higher in metastatic 

melanoma and is coupled with increased expression of the subunits p50 and 

p65. Under oxidative stress by hydrogen peroxide or addition of BSO, NFκB/DNA 

binding increased 2-fold over melanocytes suggesting differential redox 

regulation in metastatic melanoma relative to melanocytes which may be 

targeted by redox chemotherapeutics [182]. 

Recent research indicates that oxidative stress derived lipid peroxidation 

products that modify target proteins in melanoma tissue can induce angiogenesis 

through activation of TLR2 providing a mechanistic link between oxidative tissue 

damage and melanoma progression. Specifically, 2-(ω-carboxyethyl)pyrrole 

(CEP) and other related pyrroles generated abundantly during ROS-dependent 
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chronic inflammation and stromal remodeling have been identified as novel 

angiogenic factors in human melanoma [183].  

 Recently, redox regulation of important tumor suppressors has been 

demonstrated in melanocytes. It has been demonstrated that translocation of p53 

to mitochondria or nucleus in human melanocytes during UVA- and UVB-induced 

apoptosis is a redox regulated process [184]. More recently, a novel and 

unexpected role of p16 in redox regulation of melanomagenesis has emerged. In 

human melanocytes, p16 has been identified as a redox responsive factor, 

undergoing rapid upregulation following ultraviolet-irradiation or hydrogen 

peroxide-dependent p38 MAPK signaling. Strikingly, genetic antagonism of p16 

increases ROS and oxidative DNA damage in melanocytes suggesting that p16 

plays a heretofore-unrecognized role as a cytoprotective redox modulator in 

melanocytes. An increased susceptibility of melanocytes to oxidative stress 

occurs as a result of p16 depletion, these data suggest an alternate, Rb-

independent tumor-suppressor function of p16 as an endogenous regulator of 

carcinogenic intracellular oxidative stress [176].  

 

1.2.3. Current and emerging chemotherapeutic interventions targeting melanoma 

The resistance of metastatic melanoma to conventional chemotherapy 

and the current lack of effective treatment options that significantly increase 

overall survival beyond several months have created an urgent need for the 

development of novel antimelanoma chemotherapeutic agents with enhanced 
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efficacy. Despite the recent emergence of genomic analyses that have lead to 

rapid progress toward understanding the biology, molecular genetics, and 

signaling pathways associated with the progression of melanoma, currently 

available treatment options are providing insufficient increases in patient survival 

[185]. This is in part due to upregulation of resistance mechanisms associated 

with signal transduction pathways involved in melanoma progression.  

Specifically, chemoresistance in melanoma has been associated with 

upregulation of survival pathways including Bcl-2 family members, heat shock 

response, survivin, and downregulation of pro-apoptotic mediators including 

TRAIL-R, TRAF-2, and BH3 only proteins (Bad, Noxa, Puma) [186]. The difficulty 

experienced in the use of many standard and novel agents toward the treatment 

of malignant melanoma is due to rapid increase in drug resistance mechanisms 

promoting survival and metastasis [187, 188]. Drug resistance has also been 

attributed to overexpression of multidrug resistance ATP-binding cassette (ABC) 

transporters and channels causing efflux of lipophilic compounds from the cell. 

The multidrug resistant transporter ABCB1 [MCR1, para-glycoprotein (Pgp)] and 

multidrug resistant-associate protein 1 (MRP-1) are two putative efflux 

mechanisms involved in resistance to melanoma chemotherapeutics. Indeed, 

overexpression of Pgp is associated with a more invasive melanoma phenotype 

[189].  

More recently, cancer stem cells have been implicated in the development 

of chemoresistance. Adult stem cells are normally found in most somatic tissue in 
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a quiescent state and are available for repair and renewal of normal tissue to 

differentiate into several tissue types. Interestingly, stem cells have a 

characteristically high degree of resistance to chemotherapeutic agents than their 

daughter cells due to high expression of ABC transporters. Ongoing research 

with stem cells has lead to the concept of the existence of pluripotent cancer 

stem cells as a major factor in chemoresistance and may represent a novel 

therapeutic target [190]. Previously, ABCB5-mediated transport of doxorubicin in 

human melanoma demonstrated a causative role of the transporter as a 

predictive molecular marker of chemoresistance [191]. Therefore, experimental 

murine therapy has demonstrated that melanoma stem cells can be specifically 

targeted through inhibition of ABCB5 for increased sensitivity to 

chemotherapeutic agents.  

In human patients, metastatic melanoma has shown a marked resistance 

to standard chemotherapeutic intervention including alkylating agents 

(nitrosoureas, nitrogen mustards), platinum-based drugs (cisplatin, carboplatin), 

tumor antibiotics (anthracyclines including doxorubicin), microtubuiln-directed 

natural products (vinca alkaloids and paclitaxel), and topoisomerase inhibitors 

(etoposide) that have mostly failed in clinical trials and do not significantly 

improve overall progression free survival [192].  

Dacarbazine (DTIC), an alkylating imidazole-carboxamide derivative, was 

the only single-agent approved by the FDA for treating metastatic melanoma. In 

clinical studies, examining therapeutic efficacy of DTIC as single agent, an 
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approximately 20% objective response rate was observed (median response 

duration of up to 6 months) and complete response rates were less than 5% 

[193]. As 30% of metastatic melanoma patients experience metastasis in the 

brain, a more permeable DTIC derivative temozolomide (TMZ), developed as a 

pro-drug to efficiently cross the blood-brain barrier, has also been used clinically. 

TMZ demonstrated improved response to brain metastases but did not improve 

the overall survival rate of patients with malignant melanoma. Poor survival 

among patients can be attributed to the development of resistance mechanisms 

in response to DTIC and TMZ. As such, current research using DTIC and TMZ 

has focused on combination therapy with other agents to improve clinical 

outcome [194].  

In recent studies exploring enhancement of experimental chemotherapy 

using DTIC, a causative link between expression of IAP (family members of 

inhibitor of apoptosis proteins), and resistance to DTIC has been established. 

siRNA-mediated depletion of IAP expression in combination with DTIC or TNF-

related apoptosis inducing ligand (TRAIL) increases sensitivity of a panel of 

melanoma cells in culture and inhibits tumor growth in mice [195]. Furthermore, 

TMZ derivatives with increased permeability have been used in combination with 

the glutathione transferase inhibitor NBDHEX yielding a synergistic 

antiproliferative effect in murine B16 and human A375 cells. Using TMZ and 

NBDHEX combination therapy, an increased inhibition of tumor growth was 

achieved in an orthotopic B16 murine xenograft model without increasing the 
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incidence of myelotoxicity normally associated with TMZ administration [196]. 

 Another FDA approved therapeutic modality targeting metastatic 

melanoma is represented by immunotherapy using high-dose recombinant 

interleukin-2 (IL-2). In Phase II trials, a 16% response rate was observed but no 

significant increase in overall survival was achieved [138]. In addition, high-dose 

administration of IL-2 is complicated by severe systemic toxicity including 

myocardial infarction and renal and gastrointestinal adverse reactions [197].  

Only recently, a significant advance in immunotherapy of melanoma 

occurred with the FDA approval of ipilimumab in March 2011, a monoclonal 

antibody for the treatment of unresectable or metastatic melanoma as a second-

line therapy (www.fda.gov). Ipilimumab enhances immune function by targeting 

the cytotoxic T lymphocyte antigen-4 (CTLA-4), a T-cell regulatory molecule that 

inhibits T-cell activation and induction of immune tolerance [198, 199]. In a 

randomized Phase III clinical trial of 676 patients, ipilimumab given 3 mg/kg by 

I.V. once every three weeks (4 doses total) increased the overall survival rate 

from 6 months for the vaccine only arm to 10 months for the ipilimumab treated 

arm. In addition, the combination of ipilimumab and vaccine also displayed an 

overall median survival of 10 months versus only 6 months for vaccine alone. 

The most common immune related adverse reactions included diarrhea, rash, 

and colitis. Treatment was discontinued in 10% of patients due to adverse 

reactions. Despite the promising results in humans, ipilimumab affords only a 
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moderate increase in overall survival by an increased median survival of only 4 

months [200]. 

The serine/threonine kinase, B-Raf, encoded by the BRAF gene in 

humans is a member of the Raf kinase family that regulates activational signaling 

in the MAP kinase pathway and affects cell growth. More than 90% of patients 

with melanoma contain a mutation in the BRAF gene. The most prevalent 

mutation is the V600E mutation in the activational domain of B-raf and occurs in 

up to 60% of BRAF mutations in melanoma. This valine to glutamic acid 

substitution encodes for a constitutively active B-raf leading to uncontrolled cell 

growth. Attempts at targeting the V600E mutation have led to the development of 

the B-raf inhibitor vemurafenib for the treatment of late stage melanoma. In 

clinical trials, vemurafenib treatment of late stage melanoma with the V600E 

mutation lead to an 80% response rate with complete regression lasting an 

average of 7 months but has been observed to increase squamous cell 

carcinoma in 23% of patients [151]. However, in Phase II and III clinical trials, 

emergence of drug resistance that occurs within 2 to 18 months of continuous 

medication limits therapeutic success of this molecularly targeted melanoma 

chemotherapeutic.  

The molecular mechanisms of resistance to B-raf inhibitors (Vemurafenib, 

PLX4720, and SB-590885) that have been identified include loss of PTEN tumor 

suppressor function, alternative oncogenic signaling through COT (MAP3K8), 

PDGFRβ or N-RAS upregulation, and flexible switching among the three RAF 
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isoforms [88, 152, 153]. However, drug resistance may be circumvented by co-

targeting MEK and IGF-1R/PI3K with vemurafenib [143]. In addition, 

development of other personalized therapeutics that target dysfunctional 

signaling pathways in melanoma are currently in progress including the dual 

PI3K/mTOR inhibitor NVP-BEZ235 and cyclin dependent kinase targeted 

inhibitors that have not yet shown promise in clinical trials [190, 201].  

The causative link between melanoma and altered redox homeostasis is 

responsible for the interest in the development of antimelanoma agents as redox 

chemotherapeutics. Modulation of the cellular antioxidant capacity through 

pharmacological inhibition of glutathione synthesis by L-Buthionine-(R,S)-

sulfoximine (L-BSO), a potent inhibitor of human γ-glutamylcysteine synthetase 

(γ-GCS) known to produce oxidative stress by depletion of cellular glutathione 

pools, is one strategy that has been employed in the search for an antimelanoma 

intervention in experimental combination chemotherapy in order to overcome 

cancer cell resistance to cytotoxic anti-cancer agents including arsenic trioxide, 

cisplatin, doxorubicin, and melphalan as reviewed in [4]. L-BSO has been used in 

combination therapy in clinical trials to evaluate its efficacy in combination with 

melphalan, an alkylating agent belonging to the nitrogen mustards used for 

regional infusion chemotherapy in melanoma. Results from Phase I and II trials 

for L-BSO and melphalan have demonstrated a reduction of tumor GSH levels 

and a clinical response in a small number of enrolled patients with ovarian and 

melanoma cancers that were previously refractory [202-204]. L-BSO is 
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particularly promising in light of the fact that melanoma cells display higher levels 

of ROS than untransformed melanocytes and therapeutic interventions that 

inhibit GSH-dependent antioxidant defense can lead to selective cytotoxicity in 

melanoma cells relative to their melanocytic counterparts.  

The sulfur-based copper chelator disulfiram (DSF), a dithiocarbamate-

derivative, is an approved drug used as alcohol-abuse deterrent due to its 

inhibition of aldehyde dehydrogenase. DSF has recently been shown to target 

cultured human melanoma cells by oxidative stress-induced apoptosis in primary 

melanocytes without exerting cytotoxicity [205]. Dithiocarbamate cytotoxicity 

involves copper-catalyzed conversion to thiuram disulfides, which oxidize cellular 

glutathione in a redox cycle without the release of ROS. Therefore, DSF does not 

cause depletion of total glutathione from melanoma cells, but shifts the pool of 

available cellular glutathione to favor the oxidized state. Prior work has 

demonstrated that Cu enhances DSF-mediated apoptosis in a panel of 

melanoma cell lines that is preceded by an increase in ROS and decreased 

proliferation. ROS production and apoptosis can be prevented in response to 

DSF and Cu be pretreatment with N-acetylcysteine [206]. Accumulative 

experimental evidence indicates the differential redox regulation between 

melanoma cells and untransformed primary melanocytes may lead to preferential 

apoptogenicity against melanoma cells upon administration of DSF in human 

metastatic melanoma. 
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Elesclomol [N-malonyl-bis(N′-methyl-N′-thiobenzoylhydrazide)] is another 

oxidative stress inducing investigational chemotherapeutic agent shown to 

increase progression-free survival in patients with stage IV metastatic melanoma 

in phase I/II clinical trials in combination with paclitaxel [207, 208]. Elesclomol 

was shown to induce apoptosis through JNK signaling, downregulation of pro-

survival proteins, and inhibition of NFκB in breast cancer and its effects can be 

enhanced by pharmacological inhibition of Akt signaling [209]. In 2009, a phase 

III clinical trial evaluating the effects of combination therapy using elesclomol and 

paclitaxel was suspended as no significant increase in overall survival for 

patients receiving combination therapy versus paclitaxel alone was evident [210]. 

Remarkably, a differential response to treatment with elesclomol was observed 

as a function of baseline lactate dehydrogenase (LDH), a widely recognized 

prognostic melanoma biomarker serving as a pre-specified stratification variable 

in the trial. In the elevated LDH population (32% of patients), no difference was 

observed between the two arms of the trial for the primary endpoint (progression 

free survival), and a negative impact was observed for overall survival. However, 

the primary endpoint was achieved in the normal LDH population (68% of 

enrolled patients) where progression free survival increased from 2.1 to 3.6 

months (HR 0.60-0.97) providing only marginal clinical benefit [211].  
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1.2.4 Synopsis and specific aims 

Given the causative role of redox dysregulation in melanoma and the 

shortage of efficacious agents that are currently available, it may be concluded 

that the therapeutic potential of redox-directed chemotherapeutics has not been 

leveraged adequately for experimental melanoma intervention.  

Based on our lead hypothesis that redox dysregulation in melanoma 

represents a chemical Achilles heel that can be targeted by redox drugs, my 

graduate research focused on experimental melanoma drug discovery by 

pursuing the following specific aims: 

I. To identify drug-like lead compounds containing redox-directed 

pharmacophores for prooxidant intervention targeting melanoma in 

relevant models of the human disease. 

II. To investigate the molecular mechanism of action underlying 

antimelanoma activity of our lead compounds comprising Michael 

acceptors (cinnamaldehyde and DCPIP) and endoperoxides 

(dihydroartemesinin). 

III. To further explore the therapeutic potential of drug-like electrophiles for 

non-melanoma indications including skin photoprotection and 

genotype-directed cancer chemotherapy. 
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CHAPTER 2:  MATERIALS AND METHODS 

 

Chemicals. Most chemicals were from Sigma Chemical Co. (St. Louis, MO, 

USA), including R715360 (methyl-1-cinnamoyl-5-oxo-2-pyrrolidine-carboxylate) 

taken from the Sigma-Aldrich Rare Chemical Library (SA-RCL). The cell-

permeable pancaspase inhibitor Z-VAD-fmk was from Calbiochem-Novabiochem 

(San Diego, CA, USA). The PARP inhibitor PJ-34 was from Enzo Life Sciences 

Inc. (Farmingdale, NY, USA). Co, St. Louis, MO.  

 

Chemical Synthesis. N-(1’-Oxo-3’-phenylprop-2’-enyl)pyrrolidine-2-carboxylic 

Acid (N-cinnamoyl-L-proline, ProCA): Synthesis of ProCA was completed 

following a published procedure [212]. Briefly, to a stirred solution of L-proline 

(5.7 g) in 1N NaOH (50 mL) prepared and maintained at 0 oC was added drop 

wise phenylpropanoyl chloride (16.7 g, 2 M in 1N NaOH) with stirring. Sufficient 

2N NaOH was added to maintain the solution at alkaline pH using 

phenolphthalein as indicator. Stirring was continued for an additional hour before 

acidifying the solution using 2N HCl and Congo red as indicator. After stirring for 

an additional 30 min, the precipitate was collected and washed with ice-cold 

water to yield the crude product (3.88 g, 15.8 mmol, 32%). 500 mg of crude 

product was recrystallized from ethanol (270 mg, 1.10 mmol, 54%) and 

characterized by mass spectrometry {(ESI+): m/z calculated for C14H15O3N: 

245.2; observed 246.0 [M+H]+} and 1H-NMR {(400 MHz, D6-DMSO): d 1.90 (2H, 
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m), 2.20 (2H, m), 3.60 (2H, m, H2O overlap), 3.80 (1H, t), 4.85 (1H, d), 7.05 (1H, 

d), 7.40 (3H, m), 7.75 (2H, d), 12.55 (1H, br s). 

 

General cell culture. G-361 Human metastatic melanoma cells from ATCC 

(Manassas, VA, USA) were cultured in McCoy’s 5a medium containing 10% 

bovine calf serum (BCS). A375 human metastatic melanoma cells (ATCC) were 

cultured in RPMI medium containing 10% BCS and 2 mM L-glutamine. Human 

A375 and LOX metastatic melanoma cells (ATCC) were cultured in RPMI 

medium containing 10% BCS and 2 mM L-glutamine. Human HT29 and HCT116 

colon carcinoma cells (ATCC) were cultured in RPMI containing 10% BCS. 

Dermal neonatal foreskin Hs27 fibroblasts from ATCC and human immortalized 

HaCaT keratinocytes were cultured in DMEM containing 10% fetal bovine serum 

were cultured in DMEM containing 10% fetal bovine serum. Primary human 

epidermal keratinocytes (neonatal HEKn-APF, from Cascade Biologics, Portland, 

OR) were cultured using Epilife medium supplemented with EDGS growth 

supplement and passaged using recombinant trypsin/EDTA and defined trypsin 

inhibitor. Human MDA-MB231 breast adenocarcinoma cells, displaying the 

homozygous NQO1*2 genotype [213], were purchased from ATCC (Manassas, 

VA, USA) cultured in MEM supplemented with 10% fetal bovine serum, 2 mM 

HEPES, 2 mM L-glutamine, gentamicin (50 µg/ml) and bovine insulin (6 ng/ml). 

MCF-7 breast carcinoma cells displaying the heterozygous NQO1 genotype, and 

cells with increased NQO1 activity have been generated previously by stable 
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transfection of an expression vector containing the rat NQO1 cDNA under the 

control of the β-actin promoter and encoding for neomycin resistance (neor) 

[214]. Control transfectants (MCF-7-neo2) and the NQO1 overexpressing clone 

(MCF-7 DT15) with up to 30-fold greater NQO1 specific activity were obtained as 

a kind gift from Dr. M. Briehl, University of Arizona, maintained in DMEM 

containing 10% fetal bovine serum (FBS) and G418 (0.3 mg/mL) [215]. All cells 

were maintained at 37 °C in 5% CO2, 95% air in a humidified incubator (referred 

to as ‘normoxia’). Cytotoxicity of test compounds was also assessed under 

hypoxic conditions (24 h preconditioning of cells at 1% O2, 5% CO2, followed by 

addition of compound and incubation for another 24 h under the same 

conditions) using an In vivo Hypoxia Workstation 400 with a Ruskin hypoxic gas 

mixer (Biotrace, Cincinnati, OH). 

 

Cell proliferation assay. Cells were seeded at 10,000 cells/dish on 35 mm 

dishes. After 24 h, cells were treated with a dose range of test compound. Cell 

number at the time of compound addition and 72 h later were determined using a 

Z2 Analyzer (Beckman Coulter, Inc., Fullerton, CA, USA). Proliferation was 

compared with cells that received mock treatment. The same methodology was 

used to establish IC50 values (drug concentration that induces 50% inhibition of 

proliferation of treated cells within 72 h exposure + SD, n = 3). 
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Apoptosis analysis and assessment of cytotoxicity. Viability and induction of 

cell death (early and late apoptosis/necrosis) were examined by annexin-V-FITC 

(AV)/propidium iodide (PI) dual staining of cells followed by flow cytometric 

analysis as published previously [215]. Cells (100,000) were seeded on 35 mm 

dishes and received drug treatment 24 hours later. Cells were harvested at 

various time points after treatment and cell staining was performed using an 

apoptosis detection kit according to the manufacturer’s specifications (APO-AF, 

Sigma, St. Louis, MO, USA).  

 

Caspase-3 activation assay. Treatment-induced caspase-3 activation was 

examined in A375 melanoma cells using a cleaved/activated caspase-3 (asp 

175) antibody (Alexa Fluor 488 conjugate, Cell Signaling, Inc.) followed by flow 

cytometric analysis as published recently [215]. Briefly, cells were harvested at 

various time points after treatment, resuspended in PBS and fixed in 1% 

formaldehyde. Cells were then permeabilized using 90% methanol and 

resuspended in incubation buffer (PBS, 0.5% BSA). After rinsing by 

centrifugation, cells were resuspended in incubation buffer (90 µl) and cleaved 

caspase-3 antibody (10 µl) was added. After incubation (40 min) followed by 

rinsing and centrifugation in incubation buffer, cells were resuspended in PBS 

and analyzed by flow cytometry.  
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IL-8 Protein Expression. Human A375 melanoma cells were preincubated with 

or without CA (10 and 20 µM) for 3 h and stimulated with TNF-α (20ng/mL, 

Sigma) or left untreated. Cellular IL-8 secretion was inhibited by addition of 

GolgiStopTM containing monensin (4 µl/6 ml cell culture medium, BD Biosciences, 

San Jose, CA) 15 min after TNF-α addition. Intracytoplasmic IL-8 expression was 

examined 6 h later by flow cytometry using an Alexa-488 conjugated mouse 

monoclonal anti-human IL8 antibody (E8N1, Biolegend, San Diego, CA) 

according to the manufacturer’s procedure. 

 

Cell cycle analysis using bivariate flow cytometric detection of BrdU 

incorporation and DNA content. Human A375 melanoma cells were exposed 

to CA (20 µM, 24 and 48 h), and bivariate cell cycle analysis was performed by 

flow cytometric determination of cellular DNA synthesis (BrdU incorporation) and 

DNA content (7-AAD staining) using the FITC-BrdU Flow Kit (BD Pharmingen, 

San Jose, CA) according to the manufacture’s protocol. Briefly, cells were 

seeded at 1 x 106 cells per T-75 cell culture flask. After 24 h cells received 

treatment (CA, 20 µM or mock). After 48 h exposure, BrdU (20 µM, 45 min) pulse 

labeling of cells undergoing DNA synthesis was performed. Cells were harvested 

immediately after by trypsinization. After fixation and permeabilization, cells were 

treated with DNase (300 µg/ml in DPBS, 1 h, 37°C). Cells were then stained for 

BrdU-epitopes using a FITC-conjugated anti-BrdU antibody and for DNA content 

using 7-AAD, followed by bivariate flow cytometric analysis. Cell fractions in G1, 
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S, and G2/M phase, respectively, were expressed in percent of total gated cells 

(mean ± SD, n=3).  

 

Detection of intracellular oxidative stress by flow cytometric analysis. 

Induction of intracellular oxidative stress and its suppression by Nrf2-activators 

was analyzed by flow cytometry using 2’,7’-dichlorodihydrofluorescein diacetate 

(DCFH-DA) as a sensitive non-fluorescent precursor dye according to a 

published standard procedure [215, 216]. Human Hs27 skin fibroblasts were 

pretreated with test compounds for 24 h and then exposed to singlet oxygen 

generated by dye-sensitization as described above (visible light dose 0.3 J/cm2), 

followed by DCFH-DA loading. In experiments using human A375 melanoma 

cells, cells were treated with CA (10, 20, and 40 µM, 24 h) followed by DCFH-DA 

loading. Cells were incubated for 60 min in the dark (37oC, 5% CO2) with culture 

medium containing DCFH-DA (5 µg/mL final concentration). Cells were then 

washed with PBS, harvested by trypsinization, resuspended in 300 µl PBS and 

immediately analyzed by flow cytometry.  

 

Assay for human skin cell protection against photo-oxidative induction of 

apoptosis. Cells (100,000 per 35 mm dish) were pretreated (24 h) with various 

concentrations of Nrf2 activator test compound and then exposed to photo-

oxidative stress using a validated singlet oxygen (1O2)-generating dye 

sensitization system as published earlier [217]. In brief, toluidine blue O (TB) 
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photosensitization was achieved using a ‘Sylvania 15 W Cool White’ light tube 

delivering visible light at an irradiance of 4.29 mW/cm2. The irradiance in the 

visible region (400-700 nm) was determined using a spectroradiometer, Model 

754 from Optronic Laboratories (Orlando, FL). Cells received visible radiation at 

a distance of 50 mm from the source through the polystyrene lids of cell culture 

dishes. For 1O2 exposure, cells pretreated with test compounds were washed 

with PBS and immediately exposed to the combined action of visible light (1.8 

J/cm2) and toluidine blue O [TB, 3.3 µM in PBS] as sensitizer dye. Following 5 

min incubation in the dark after irradiation, the cells were washed with PBS, fresh 

culture medium was added, and cells were returned to the incubator. Induction of 

cell death (early and late apoptosis/necrosis) was then examined 24 h after 

exposure by annexin-V-FITC/propidium iodide (PI) dual staining followed by flow 

cytometric analysis using an apoptosis detection kit (APO-AF, Sigma, St. Louis, 

MO) as published previously [16, 218].  

 

Cell invasion assay. Melanoma cell invasion was determined using the 

CytoSelect™ Cell Invasion Assay (Cell Biolabs, Inc., San Diego, CA) according 

to manufacturer’s instructions. Briefly, A375 cells were pre-treated with CA (10 or 

20µM, 24 h). Basement membranes of Boyden chambers were rehydrated with 

300 µL serum free RPMI, and 2.5 x 106 cells were then seeded into the upper 

area of the chamber in serum free RPMI. Bottom wells were filled with RPMI 

supplemented with 10% FBS containing CA or no CA. After 48 h incubation 
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(37°C, 5% CO2), non-invasive cells were removed from the upper chamber and 

cell invasion was assessed by light microscopy after staining of invaded cells 

with crystal violet Cell Stain Solution (Cell Biolabs). For colorimetric quantification 

of invasion, inserts were then placed in extraction buffer (200 µl, 10 min), and 

absorbance at 560 nm was determined after transfer to a 96 well plate (100 µl 

per well) using a VersaMax microtiter plate reader (Molecular Devices, 

Sunnyvale, CA). 

 

Human stress & toxicity- and Oxidative Stress- pathfinderTM RT2 profiler™ 

PCR expression arrays. After pharmacological exposure, total cellular RNA 

(3x106 cells) was prepared according to a standard procedure using the RNeasy 

kit (Qiagen, Valencia, CA, USA). Reverse transcription was performed using the 

RT2 First Strand kit (Superarray, Frederick, MD, USA) and 5 µg total RNA. The 

RT2 Human Stress and Toxicity PathfinderTM PCR Expression Array 

(SuperArray) profiling the expression of 84 stress-related genes was run using 

the following PCR conditions: 95 oC for 10 min, followed by 40 cycles of 95 oC for 

15 sec alternating with 60 oC for 1 min (Applied Biosystems 7000 SDS). Gene-

specific product was normalized to GAPDH or β-ACTIN and quantified using the 

comparative (ΔΔCt) Ct method as described in the ABI Prism 7000 sequence 

detection system user guide as published earlier [20, 219]. Expression values 

were averaged across three independent array experiments, and standard 

deviation was calculated for graphing. 



72 

 

 

NQO1, HO-1, CAT, and MT2A expression analysis by real time RT-PCR. 

Total cellular RNA (3x106 cells) was prepared according to a standard procedure 

using the RNEasy kit from Qiagen. Reverse transcription was performed using 

TaqMan Reverse Transcription Reagents (Roche Molecular Systems, 

Branchburg, NJ) and 200 ng of total RNA in a 50-µl reaction. Reverse 

transcription was primed with random hexamers and incubated at 25 oC for 10 

minutes followed by 48 oC for 30 minutes, 95oC for 5 minutes, and a chill at 4 oC. 

Each PCR reaction consisted of 3.75 µl of cDNA added to 12.5 µl of TaqMan 

Universal PCR Master Mix (Roche Molecular Systems), 1.25 µl of gene-specific 

primer/probe mix (Assays-by-Design; Applied Biosystems, Foster City, CA) and 

7.5 µl of PCR water. PCR conditions were: 95 oC for 10 minutes, followed by 40 

cycles of 95 oC for 15 seconds, alternating with 60 oC for 1 minute using an 

Applied Biosystems 7000 SDS and Applied Biosystems’ Assays On Demand 

primers specific to CDKN1A (p21, assay ID Hs00355782_m1), HMOX1 (heme 

oxygenase-1, assay ID Hs00157965_m1), SRXN1 (sulfiredoxin 1 homolog, 

assay ID Hs00607800_m1), TXNRD1 (thioredoxin reductase 1, assay ID 

Hs00182418_m1), and GCLC (glutamate-cysteine ligase, catalytic subunit, assay 

ID Hs00155249_m1), NQO1 (assay ID Hs00168547_m1), CAT (catalase, assay 

ID Hs00156308_m1), MT2A (metallothionein 2A, assay ID Hs02379661_g1), 

GAPDH (assay ID Hs99999905_m1), and ACTB (assay ID Hs99999903_m1). 

Gene-specific product was normalized to GAPDH or ACTB and quantified using 
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the comparative (ΔΔCt) Ct method as described in the ABI Prism 7000 sequence 

detection system user guide. Expression values were averaged across two 

independent experiments and standard error of the mean was calculated for 

graphing. 

 

siRNA transfection and NQO1 expression analysis by real time RT-PCR. 

G361 cells were transiently transfected with a 100 nMol pool of four siRNA 

oligonucleotides targeting NQO1 or a 100 nMol pool of four non-targeting siRNA 

oligonucleotides using the DharmaFECT 1 transfection reagent (Dharmacon 

RNA Technologies, Lafayette, CO, USA). The sequences of siGENOME NQO1 

SMARTpool (NQO1 siRNA) [GenBank: NM 001025434] were 

GAAAGGACAUCACAGGUAA; GAAGGACCCUGCGAACUUU; 

GCAAGUCCAUCCCAACUGA; and CCGACUCUGUUCUGGCUUA. The oligos 

were resuspended in the Dharmacon 1X siRNA buffer and incubated in serum 

free media for 5 minutes. DharmaFECT 1 was also incubated in serum free 

media for 5 minutes prior to the addition of the siRNA oligos. The oligos were 

incubated with the transfection reagent for 20 minutes prior to cellular treatment. 

Complete media was added to the siRNA oligo mixture and the cells were 

incubated with the siRNAs in appropriate cell culture conditions for 72 hours. 

Cells were than re-transfected with another 100 nMol pool of four siRNA 

oligonucleotides targeting NQO1 or a 100 nMol pool of four non-targeting siRNA 

oligonucleotides. Twenty-four hours after the second transfection, cells were 
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either harvested for expression analysis or plated for subsequent DCPIP 

treatment. For NQO1 expression analysis by real time RT-PCR, total cellular 

RNA (3x106 cells) was prepared and tested as described above. Expression 

values were averaged across three independent experiments, and standard 

deviation was calculated for graphing. 

 

siRNA transfection targeting PARP-1 expression. MDA-MB231 cells were 

transiently transfected with a 100 nmol pool of four small interfering RNA (siRNA) 

oligonucleotides (oligos) targeting PARP1 or a 100 nmol pool of four nontargeting 

siRNA oligos using the DharmaFECT 1 transfection reagent (Dharmacon RNA 

Technologies, Lafayette, Colorado, USA) following a standard procedure 

described above. The sequences of siGENOME PARP1 SMARTpool (PARP1 

siRNA) (GenBank: NM 001618) were GAAAGUGUGUUCAACUAAU; 

GCAACAAACUGGAACAGAU; GAAGUCAUCGAUAUCUUUA; and 

GAUAGAGCGUGAAGGCGAA. After two rounds of siRNA transfection, cells 

were either harvested for confirmation of PARP-1 knockdown by immunoblot blot 

analysis or exposed to DCPIP followed by viability assessment using flow 

cytometric analysis of AV-FITC/PI stained cells.  

 

Nrf2 reporter gene assay. Regulation of Nrf2-dependent transcriptional activity 

by test compounds was examined as published recently [119, 125, 220]. Briefly, 

human MDA-MB-231 breast carcinoma cells were transfected using 
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Lipofectamine Plus (Gibco BRL) according to the manufacturer’s instructions. 

DNA amounts in each transfection were kept constant by addition of empty 

pcDNA3 plasmid. Cells were cotransfected with the NQO1-ARE TATA-Inr firefly 

luciferase reporter plasmid pARE-Luc (Fig. 1A) together with expression 

plasmids for Nrf2, Keap1, and an additional plasmid encoding renilla luciferase 

driven by the herpes simplex virus thymidine kinase promoter to normalize for 

transfection efficiency. Cells were treated with the test compounds for 16 hours 

prior to cell lysis for analysis of reporter gene activity. Reporter assays were 

performed using the Promega Dual-luciferase reporter gene assay system. All 

samples were run in duplicate for each experiment and the data represent the 

means of three independent experiments. 

 

NFκB Luciferase Reporter Assay. NFκB responsive TransLucentTM reporter 

vector, pNFκB-Luc, and empty TransLucentTM control reporter vector were 

purchased from Panomics (Fremont, CA). This vector contains multiple copies of 

the NFκB cis-acting enhancer element (5’GGGAATTTCCGGGAATT-

TCCGGGAATTTCCGGGAATTTCCGGGAATTTCCGGAATTTCC3’) upstream of 

the Herpes simplex virus thymidine kinase TATA box promoter driving luciferase 

gene expression. A375 human melanoma cells were grown to 60% confluence in 

a 24 well plate. For transfection, 0.4 µg NFκB responsive TransLucentTM reporter 

vector, 0.8 ng promoterless Renilla reporter vector (phRG-B, Promega), 1.32µL 

Fugene6 (Roche), 20.68 µL OptiMEM I (Invitrogen) were added per well. Twenty-
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four hours after transfection, cells were treated with CA three hours prior to being 

stimulated with tumor necrosis factor alpha (TNF-α) (20ng/mL; Sigma) for 16 

hours. Cells were then lysed in 100 µL passive lysis buffer using the Dual-

Luciferase Reporter Assay System (Promega, Vienna, Austria) according to the 

manufacturer’s instructions. Luciferase activity was measured with a Turner 

Designs TD20/20 luminometer. Data were reported as normalized averages of 

the Luciferase/Renilla ratio.  

 

Determination of comparative Michael acceptor reactivity of test 

compounds. Thiol adduction of CA, proCA, and oxoProCA was followed by UV-

spectroscopy following a recently published standard procedure with minor 

modifications [221]. In brief, in a 1.5 ml UV-cuvette containing 500 µl acetonitrile, 

500 µl of a 100 mM stock Tris-HCl buffer (pH 8.8), and 1 µl of a 10 mM stock of 

test compound in DMSO, the model thiol β-mercaptoethanol (40 µl, 100 mM 

stock in PBS) was added. The time course of loss of UV-absorbance at the 

wavelength of maximal enone-pharmacophore absorbance [λmax (CA): 290 nm; 

λmax (ProCA): 280 nm; λmax (oxoProCA): 300 nm] was determined over 120 min 

after initiation of reaction and expressed for every time point (tx) as percent of 

initial absorbance Aλmax(t0) using the formula:  
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In order to compare relative potencies as Michael acceptors, the relative initial 

reaction rates of CA-, ProCA-, and oxoProCA-adduction by β-mercaptoethanol 

were calculated by determining the ratio between the slopes of the linear graphs 

obtained during the first 120 min of thiol-adduction of test compounds.  

 

HO-1 immunoblot analysis. One day before treatment, 2x106 cells were seeded 

in T-75 flasks. Cell growth medium was replaced 24 h after seeding, followed by 

addition of test compounds 60 min after medium change. Cells were incubated 

for 24 h (37 oC, 5% CO2), then washed with PBS, lysed in 1x SDS-PAGE sample 

buffer (200 µl, 0.375 M Tris HCl pH 6.8, 50% glycerol, 10% SDS, 5% β-

mercaptoethanol, 0.25% bromophenol blue), and heated for 3 min at 95 oC. 

Samples (10 µL, containing approximately 45 µg total protein as determined by 

the BCA assay) were separated by 15% SDS-PAGE followed by immediate 

transfer to nitrocellulose membranes (Optitran, Whatman, Bedford, MA). The 

membrane was blocked with 5% milk in 0.1% PBST for 1 h. Rabbit anti-HO-1 

polyclonal antibody (Stressgen Bioreagents, Ann Arbor, MI) was used 1:5000 in 

5% milk-PBST overnight at 4˚ C. The membrane was washed three times for 10 

min in 0.1% PBST before adding HRP-conjugated goat anti-rabbit antibody 

(Jackson Immunological Research, West Grove, PA) at 1:10,000 dilution. Protein 

detection was accomplished using enhanced chemiluminescence detection 

reagents. Equal protein loading was examined by actin-detection using a mouse 
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anti-actin monoclonal antibody (Sigma, Saint Louis, MO) at 1:1500 for 2 h. After 

three times 10 min wash in 0.5% PBST, incubation with secondary antibody and 

chemiluminescence detection were performed as above.  

 

Immunoblot analysis of HSP70, HSP70’, p53, phospho-p53 (Ser15), p21 

(Waf1/Cip1), PARP-1, EGR-1 and NQO1. Sample preparation, SDS-PAGE, 

transfer to nitrocellulose, and development occurred as described above. The 

following primary antibodies were used: rabbit anti-HSP70 polyclonal antibody 

(SPA-811; 1:1000) and mouse anti-HSP70B’ monoclonal antibody (SPA-754; 1: 

1000; Assay Designs, Ann Arbor, MI); monoclonal mouse anti-p53 IgG (sc-

71817; 1:1000) and polyclonal rabbit anti-phospho-p53 (Ser15) IgG (sc-101762; 

1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse anti-p21 

monoclonal antibody (1:2000); monoclonal rabbit anti-PARP antibody (1:1,000; 

46D11, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-EGR1 

monoclonal primary antibody (44D5, Cell Signaling; 1:2000 dilution), and mouse 

anti-NQO1 monoclonal primary antibody (Abcam, Cambridge, MA, USA; 1:1000 

dilution). For p21, EGR-1 and NQO1 protein detection an HRP-conjugated anti-

rabbit IgG secondary antibody (Cell Signaling; 1:1500 dilution) was used. All 

others were detected using an HRP-conjugated goat anti-rabbit (or goat anti-

mouse when appropriate) secondary antibody (Jackson Immunological 

Research, West Grove, PA) at 1:10,000 dilution. Equal loading was assessed by 

α-actin detection as described above. 
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Nrf2 Immunoblot analysis. For detection of compound-induced modulation of 

Nrf2 protein levels, cultured human skin cells were treated with the test 

compound for 4 hours prior to lysis in sample buffer (50 mM Tris-HCl [pH 6.8], 

2% SDS, 10% Glycerol, 100 mM DTT, 0.1% bromophenol blue). After boiling the 

samples, the proteins were separated by 7.5% SDS-PAGE, and subjected to 

immunoblot analysis with anti-Nrf2 (1:2000 dilution, H-300, rabbit polyclonal 

antibody) and anti-tubulin antibodies (Santa Cruz Biotechnology, Santa Cruz, 

CA) as published recently [44]. Subcellular fractionation was performed using the 

NXTRACT NuCLEAR™ Extraction Kit from Sigma and immunodetection of lamin 

A was performed as loading control for the nuclear fraction. Nrf2 

immunodetection on 10% SDS-polyacrylamide gels revealed a single Nrf2 band, 

whereas analysis on 7.5% gels revealed a double band as observed earlier [44]. 

 

Hsp70B’ ELISA. The enzyme-linked immunosorbent assay for Hsp70B’ was 

performed in 96 well format on cell lysates extracted from treated cells following 

kit instructions (Assay Designs, Inc., Ann Arbor, MI, USA). Briefly, 1x106 cells 

were seeded per T-75 flask one day before treatment. Cell growth medium was 

replaced 24 h after seeding, followed by addition of test compound 60 min after 

medium change. Cells (3x106 per group) were incubated for 24 h (37°C, 5% CO2) 

and then harvested, washed with PBS, and lysed in 1x extraction reagent. After 

protein quantification using the BCA assay, samples were diluted to a range 
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within the Hsp70B’ standard curve and processed according to the 

manufacturer’s instructions. Absorbance (450 nm) was determined on a 

microtiter plate reader (Versamax, Molecular Devices, Sunnyvale, CA, USA). 

Data represent the average of three independent experiments. 

 

Measurement of NQO1-specific activity. Determination of NQO1 specific 

activity was performed according to a published standard procedure [215]. In 

brief, cells (2 x 106) were harvested by trypsinization and resuspended in ice-cold 

TE (20 mM Tris-HCl with 2 mM EDTA, pH 7.4). Cells were disrupted in three 

cycles of freeze/thawing using liquid nitrogen and a 37oC water bath, followed by 

centrifugation (12,000 g, 5 min). Protein concentration in the supernatant was 

determined using the BCA assay (Pierce, Rockford, IL, USA). For determination 

of NQO1 specific activity the reaction mixture (1 ml final volume) contained: 25 

mM Tris-HCl (pH 7.4), 180 µM NADPH, BSA (0.2 mg/ml), Tween 20 [0.01 % 

(v/v)], and cell lysate (5 µl). The reaction was started by the addition of 2 µl 2,6-

dichlorophenolindophenol (DCPIP, 20 mM stock in DMSO). Reduction of DCPIP 

was measured at room temperature for 1 min at 600 nm (e = 21 x 103 M-1cm-1) 

with or without 20 µM dicoumarol. The dicoumarol-inhibitable part of DCPIP 

reduction was used to calculate NQO1 activity expressed as nmol DCPIP x (mg 

protein) -1 x min-1. A minimum of triplicate cultures was assayed. 

 



81 

 

Cell Glo ATP assay. Cells were seeded at 50,000 cells/dish on 35 mm dishes. 

After 24 h, cells were treated with test compound. At various time points cells 

were counted, and ATP content per 10,000 cells was determined using the 

CellTiter-Glo luminescent assay (Promega, Madison, WI, USA) according to the 

manufacturer’s instructions as published earlier [219]. Data are normalized to 

ATP content in untreated cells (expressed as means + SD (n=3). 

 

Determination of total cellular glutathione content (for CA measurements). 

Pharmacological modulation of intracellular glutathione content was analyzed 

using the photometric HT Glutathione Assay Kit (Trevigen, Gaithersburg, MD) 

performed in 96 well format. This kinetic assay is based on the enzymatic 

recycling method involving glutathione reductase and DTNB (5,5’-dithiobis-2-

nitrobenzoic acid, Ellman’s reagent) to produce yellow colored 5-thio-2-

nitrobenzoic acid (TNB) that absorbs at 405 nm. Human A375 melanoma (1 x 

106) cells were exposed to a dose range of CA (10, 20, and 40 µM, 24 h) and 

harvested by trypsinization followed by sample processing according to the 

manufacturer’s instructions. Oxidized glutathione was determined separately 

after 4-vinylpyridine-derivatization. Glutathione content of total cellular extracts 

was normalized to protein content determined using the BCA assay (Pierce, 

Rockford, IL). 

 

 



82 

 

Determination of reduced and total cellular glutathione content (for DCPIP, 

DHA measurements). Intracellular reduced glutathione was measured using the 

GSH-Glo Glutathione assay kit (Promega; San Luis Obispo, CA). Cells were 

seeded at 100,000 cells/dish on 35 mm dishes. After 24 h, cells were treated with 

test compound. At selected time points after addition of test compound, cells 

were harvested by trypsinization and then counted using a Coulter counter. Cells 

were washed in PBS, and 10,000 cells/well (50 µl) were transferred onto a 96-

well plate. A standard curve was prepared using a serial dilution of reduced 

glutathione. GSH-Glo reagent (50 µl) containing luciferin-NT and glutathione-S-

transferase was then added followed by 30 min incubation. After addition of 

luciferin detection reagent to each well (100 µl) and 15 min incubation 

luminescence reading was performed using a BioTek Synergy 2 Reader (BioTek, 

Winooski, VT, USA). For determination of total glutathione, sample treatment by 

tris(2-carboxyethyl)phosphine (TCEP, 1mM final concentrations; 15 min 

incubation before addition of GSH-Glo reagent) leading to reductive regeneration 

of glutathione from protein-bound and other disulfide forms was performed. Data 

are normalized to GSH content in untreated cells and expressed as means + SD 

(n=3). 

 

Mitochondrial Transmembrane Potential. Mitochondrial transmembrane 

potential (Δψm) was assessed using the potentiometric dye 5,5’,6,6’-tetrachloro-

1,1’,3,3’-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) following a 
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published procedure [16]. In brief, cells were trypsinized, washed in PBS, 

resuspended in 300 µl PBS containing 5 µg/ml JC-1 for 15 min at 37°C and 5% 

CO2 in the dark, then washed twice in PBS and resuspended in 300 µl PBS. 

Bivariate analysis was performed by flow cytometry with excitation at 488 nm, 

and mitochondrial function was assessed as JC-1 green (depolarized 

mitochondria, detector FL-1) or red (polarized mitochondria, detector FL-2) 

fluorescence. 

 

Assessment of oxygen consumption using an oxygen electrode. Oxygen 

consumption by ascorbate-driven redox cycling of test quinones was performed 

following a published standard procedure using a Clark electrode (Oxygraph 

Plus, Hansatech Instruments, Norfolk, UK) (ref). The well-oxygenated reaction 

mixture (1 ml total volume, pH 7, 37 oC) contained ascorbate (2 mM) in 

phosphate buffer (50 mM). The reaction was initiated by addition of menadione 

(20 µM) or DCPIP (up to 50 µM) with continuous magnetic stirring. Data 

recording and analysis were performed using the Oxygraph Plus software.  

 

Comet assay (alkaline single cell electrophoresis). The alkaline COMET 

assay was performed on MDA-MB231 cells according to the manufacturer’s 

instructions (Trevigen, Gaithersburg, MD, USA) as published recently [222]. After 

treatment, cells (100,000 per 100 mm dish) were harvested by gently scraping 

and suspended in 500 µl DPBS. An aliquot (50 µl) was mixed with low-melting-
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point agarose (450 µl) and spread on pretreated microscope slides. To allow 

DNA unwinding and expression of alkali-labile sites, slides were exposed to 

alkaline buffer (1 mM EDTA and 300 mM NaOH, pH >13) protected from light at 

room temperature for 45 min. Electrophoresis was conducted in the same 

alkaline buffer for 20 min at 300 mA. After electrophoresis, slides were rinsed 

three times in distilled H2O, then fixed in 70 % ethanol for 5 min. Cells were then 

stained with SYBR® Green and analyzed with a fluorescence microscope 

(fluorescein filter) and analyzed using CASP software. At least 75 tail moments 

for each group were analyzed in order to calculate the mean + S.D. for each 

group. 

 

Human Melanoma SCID mouse xenograft model for CA studies. Animal 

facilities were approved by the Association for the Assessment and Accreditation 

of Laboratory Animal Care International and in accordance with United States 

Department of Agriculture, Department of Health and Human Services, and NIH 

regulations. All procedures were completed in accordance with the University of 

Arizona Institutional Animal Care and Use Committee (IACUC) protocol (# 07-

029, approved May 24, 2007).  

A375 human melanoma cells were grown in HyQ RPMI-1640 media 

(HyClone) supplemented with 10% fetal bovine serum (Omega Scientific), and 

maintained in 5% CO2-95% air humidified atmosphere at 37°C. Subconfluent 

cells were harvested by using 0.25% trypsin-EDTA (HyClone). Cells (>90% 
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viability) were resuspended at the concentration of 10 x 106 cells /100µl of sterile 

saline. A SCID mouse colony was developed at the University of Arizona using 

original SCID (C.B-17/IcrACCSCID) obtained from Taconic (Germantown, New 

York). The mice were housed in microisolator cages (Allentown Caging 

Equipment Company, Allentown, N.J.) and maintained under specific pathogen-

free conditions. Every month mice were screened by ELISA serology for 

mycoplasma, mouse hepatitis virus, pinworms, and Sendai virus and tested 

negative. SCID mice 6-8 weeks of age were bled (<200 µl) by retroorbital 

puncture in order to screen for the presence of mouse IgG using an ELISA. Only 

mice with IgG levels < 20 ug/ml were used for the experiments. The mice ate 

NIH-31 irradiated pellets (Tekland Premier, Madison, WI) and received 

autoclaved water. A375 cell injections (10 x 106 cells) were given subcutaneously 

on the mouse's lower right flank on day 0, and after tumors became established 

(~65 mm3) mice were pair-matched into the treatment groups. The following day, 

treatment with CA or carrier only was initiated. The chemotherapeutic test agent 

CA was prepared and administered by oral gavage in less than 1 hour. CA (120 

mg/kg/d in 0.5% methylcellulose/PBS, 100 µl p.o., n=10) was given on days 1-10 

post the day of pair-matching, whereas control animals received carrier only 

(n=12). Subcutaneous tumors were measured twice weekly for tumor volume 

estimation (mm3) in accordance with the formula (a2 x b)/2 where a is the 

smallest diameter and b is the largest diameter. The mice were sacrificed 

individually by CO2 when the tumors reached a volume of 2000 mm3. Tumor 
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growth curves were obtained by determining average tumor volumes until day 30 

after cell injection, and data points were analyzed using the two-sided Student’s t 

test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).  

 

Immunohistochemical characterization of tumor tissue from mice 

xenografts. At the end of the experiment, tumors from SCID mice were 

harvested and tumor tissue sections were analyzed for expression of the 

proliferation marker PCNA. Briefly, tissues were harvested, fixed in 10% neutral 

buffered formalin for 24 hours, processed and embedded in paraffin. Routine 

hematoxylin stain was performed on three micron sections of tissue and 

immunohistochemistry was performed using a mouse monoclonal antibody to 

PCNA (clone PC10, Zymed (#18-0110), used at 1:1500). Detection of primary 

antibody was performed on a Discovery XT Automated Immunostainer (Ventana 

Medical Systems, Inc, Tucson, Arizona) using a biotinylated-streptavidin-HRP 

and DAB system. Hematoxylin counterstaining was also performed online. 

Following staining on the instrument, slides were dehydrated through graded 

alcohols to xylene and coverslipped with Pro-Texx mounting medium. Images 

were captured using an Olympus BX50 and Spot (Model 2.3.0) camera. Images 

were standardized for light intensity. No automated analysis of the data was 

performed. 

 



87 

 

Human melanoma SCID mouse xenograft model for DCPIP studies. A375 

human melanoma cells were prepared as described above for CA studies. A375 

cell injections (10 x 106 cells) were given subcutaneously on the mouse's lower 

right flank on day 0, and after tumors became established (~65 mm3) mice were 

pair-matched into the treatment groups. The following day, treatment with PBS or 

PBS only was initiated. The chemotherapeutic test agent DCPIP (1mg/ml PBS) 

was prepared and administered by intraperitoneal injection in less than 1 hour. 

DCPIP (low dose group: 4 mg/kg/d, 100 µl, q.d., n=12; high dose group: 16 

mg/kg/d, 200 µl, b.i.d., n=11) was given on days 1-7 and 10-12 post the day of 

pair-matching, whereas control animals received carrier only (PBS, 200 µl, b.i.d., 

n=12). Subcutaneous tumors were measured twice weekly for tumor volume 

estimation (mm3) in accordance with the formula (a2 x b)/2 where a is the 

smallest diameter and b is the largest diameter. The mice were sacrificed 

individually by CO2 when the tumors reached a volume of 2000 mm3. Tumor 

growth curves were obtained by determining average tumor volumes until day 30 

after cell injection, and data points were analyzed using the two-sided Student’s t 

test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).  

 

Human NQO1*2 breast carcinoma SCID mouse xenograft model. MDA-

MB231 human adenocarcinoma cells (>90% viability) were resuspended at the 

concentration of 10 x 106 cells /100µl of sterile saline. A SCID mouse colony was 

developed at the University of Arizona using original SCID (C.B-17/IcrACCSCID) 
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obtained from Taconic (Germantown, NY, USA). MDA-MB231 cells (10 x 106 

cells in matrigel, 0.1 ml injection volume) were injected subcutaneously into the 

lower left mammary fat pad of female SCID mice (day 0), and after tumors 

became established (~100 mm3; day 30) mice were pair-matched into the 

treatment groups. The following day, treatment with drug in PBS or PBS only was 

initiated. The chemotherapeutic test agent DCPIP (1mg/ml PBS) was prepared 

and administered by intraperitoneal injection in less than 1 hour. DCPIP (10 

mg/kg/d, 100 µl, b.i.d., n=10) was given on days 1-6 and 8-14 post the day of 

pair-matching, whereas control animals received carrier only (PBS, n=12). 

Subcutaneous tumors were measured twice weekly for tumor volume estimation 

(mm3) in accordance with the formula (a2 x b)/2 where a is the smallest diameter 

and b is the largest diameter. The mice were sacrificed individually by CO2 when 

the tumors reached a volume of 2000 mm3. Tumor growth curves were obtained 

by determining average tumor volumes until day 70 after cell injection, and data 

points were analyzed using the two-sided Student’s t test (*, p < 0.05; **, p < 

0.01; ***, p < 0.001).  

 

Immunohistochemical characterization of tumor tissue from mice 

xenografts. At the end of the experiment, tumors from SCID mice were 

harvested and tumor tissue sections were analyzed for expression of p21. Briefly, 

tissues were harvested, fixed in 10% neutral buffered formalin for 24 hours, 

processed and embedded in paraffin. Routine hematoxylin stain was performed 
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on three micron sections of tissue and immunohistochemistry was performed 

using a mouse monoclonal antibody to p21 (DCS60; Cell Signaling Technology, 

Danvers, MA, USA; used at 1:100 dilution). Detection of primary antibody was 

performed on a Discovery XT Automated Immunostainer (Ventana Medical 

Systems, Inc, Tucson, Arizona) using a biotinylated-streptavidin-HRP and DAB 

system. Hematoxylin counterstaining was also performed online. Following 

staining on the instrument, slides were dehydrated through graded alcohols to 

xylene and coverslipped with Pro-Texx mounting medium. Images were captured 

using an Olympus BX50 and Spot (Model 2.3.0) camera. Images were 

standardized for light intensity. No automated analysis of the data was 

performed. 
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CHAPTER 3:  MICHAEL ACCEPTORS AS EXPERIMENTAL PROOXIDANTS I: 

A CINNAMON-DERIVED DIETARY ELECTROPHILE (CINNAMALDEHYDE) 

IMPAIRS MELANOMA CELL PROLIFERATION, INVASIVENESS,  

AND TUMOR GROWTH 

 

The following is a summary of research previously published in a paper 

entitled “The cinnamon-derived Michael acceptor cinnamic aldehyde impairs 

melanoma cell proliferation, invasiveness, and tumor growth [223].” The following 

abstract has been published as part of this paper. 

 

Abstract: 

 

Redox dysregulation in cancer cells represents a chemical vulnerability 

that can be targeted by prooxidant redox intervention. Dietary constituents that 

contain an electrophilic Michael acceptor pharmacophore may therefore display 

promising chemopreventive and chemotherapeutic anti-cancer activity. Here, we 

demonstrate that the cinnamon-derived dietary Michael acceptor trans-cinnamic 

aldehyde (CA) impairs melanoma cell proliferation and tumor growth. Feasibility 

of therapeutic intervention using high doses of CA (120 mg/kg, p.o., q.d., 10 

days) was demonstrated in a human A375 melanoma SCID-mouse xenograft 

model. Low micromolar concentrations (IC50 < 10 µM) of CA, but not closely 

related CA-derivatives devoid of Michael acceptor activity, suppressed 
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proliferation of human metastatic melanoma cell lines (A375, G361, LOX) with 

G1 cell cycle arrest, elevated intracellular ROS, and impaired invasiveness. 

Expression array analysis revealed that CA induced an oxidative stress response 

in A375 cells, up-regulating heme oxygenase-1 (HMOX1), sulfiredoxin 1 homolog 

(SRXN1), thioredoxin reductase 1 (TXNRD1), and other genes including the cell 

cycle regulator and stress-responsive tumor suppressor gene cyclin-dependent 

kinase inhibitor 1A (CDKN1A), a key mediator of G1 phase arrest. CA, but not 

Michael-inactive derivatives, inhibited NFkB transcriptional activity and TNFa-

induced IL-8 production in A375 cells. These findings support a previously 

unrecognized role of CA as a dietary Michael acceptor with potential anticancer 

activity. 

 

3.1 Introduction 

Based on the emerging role of pro-oxidant therapeutics in anti-cancer 

intervention and the preferential sensitivity of melanoma cells to small molecule 

prooxidant intervention detailed in Chapter 1 [5, 205, 215, 224-226], we aimed at 

identifying a drug-like non-cytotoxic electrophilic Michael acceptor 

pharmacophore that may display promising chemotherapeutic activity. Prototype 

Michael acceptors of the α,β-unsaturated aldehyde-class including acrolein, 

crotonaldehyde, and trans-4-hydroxy-2-nonenal (Figure 3.1A) display very high 

electrophilicity and chemical reactivity that are associated with cytotoxicity, 

carcinogenic potential, and an acute toxicity profile unacceptable for controlled 
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Figure 3.1. Prototype Michael Acceptor pharmacophores. Several examples 
of compounds containing the electrophilic Michael acceptor (MA) pharmacophore 
have been studied in the literature and their toxicities, based on the relative 
electrophilicity that can be modulated by substitution at the α,β-unsaturation or by 
replacement of the aldehyde by other carbonyl containing functional groups (e.g. 
ketone, amide, imide, and ester) to increase the therapeutic index and safety 
profile when used as an anticancer therapeutic. (A) The prototypic MAs of high 
electrophilicity include acrolein, crotonaldehyde, and 4-hydroxynonenal. (B) 
Examples of MAs as anticancer chemotherapeutics include inuviscolide, 
tomentosin, and dimethylfumarate. (C) In our work we focus on the 
cinnamaldehye-based derivatives as attenuated MAs designed with varying 
levels of electrophilicity for increased drug-like properties and enhanced toxicity 
profiles. 
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systemic delivery and therapeutic testing in vivo [227-230]. However, anti-

melanoma activity of electrophilic agents that share a Michael acceptor 

pharmacophore including curcumin [231, 232], dimethylfumarate [224], 

tomentosin, and inuviscolide [233] has been documented earlier (Figure 3.1B). 

Dimethylfumarate has recently been shown to inhibit tumor cell invasion and 

metastasis by suppression of the activity of matrix metalloproteinases and NFκB 

[234]. In combination with dacarbazine, dimethylfumarate was shown to reduce 

melanoma lymph node metastasis in a mouse xenograft model [235]. The 

sesquiterpene lactones tomentosin and inuviscolide have both been shown 

previously to induce G2/M cell cycle arrest and apoptosis in melanoma cell lines 

[233].  

In our search for a drug-like Michael acceptor with potential anticancer 

activity and established animal pharmacokinetics devoid of dose-limiting 

systemic toxicity we have focused our studies on trans-cinnamic aldehyde 

(cinnamaldeyde, trans-3-phenylpropenal, CA, Figure 3.1C), the key flavor 

compound in cinnamon essential oil extracted from Cinnamomum zeylanicum 

and Cinnamomum cassia bark, an important dietary factor and food additive that 

contains an α,β-unsaturated carbonyl Michael pharmacophore [236, 237]. 

Remarkably, CA is the only α,β-unsaturated aldehyde which is FDA-approved for 

use in foods (21 CFR § 182.60) and given the ‘Generally Recognized As Safe’ 

status by the ‘Flavor and Extract Manufacturers’ Association (FEMA) in the 

United States (FEMA no. 2286, 2201) [238]. Based on low oral toxicity (oral LD50 
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in mice = 2.2 – 3.4 g/kg) [239], FDA approval status for food supplementation, 

documented prooxidant and electrophilic activity in mammalian cells, we 

therefore tested feasibility of therapeutic intervention using high oral doses of CA 

in a murine xenograft model of human melanoma and investigated the 

mechanism of anti-melanoma activity in cell culture based studies.  

 

3.2 Results 

 

3.2.1 Oral administration of cinnamic aldehyde impairs growth of A375 human 

melanoma xenografts in SCID mice.  

 Based on its known safety profile as human dietary factor, its 

documented low acute toxicity in mice (oral LD50 > 2 g/kg in mice [240]), and 

promising cell-based chemopreventive properties [22], we tested the thiol-

reactive Michael acceptor CA as a potential inhibitor of tumor growth in a human 

melanoma SCID-mouse xenograft model (Fig. 3.2). Daily oral CA treatment (120 

mg/kg/d in 0.5% methylcellulose/PBS) of human A375 melanoma xenograft 

bearing SCID mice induced a moderate suppression of tumor growth that 

reached the level of statistical significance (p < 0.05 versus carrier treated 

control) between days 18 to 30 after cell injection, where average tumor weights 

of CA-treated animals were up to 40% lower than that of carrier-treated controls 

(Fig. 3.2A). During CA treatment, no compound-related adverse reactions or 

average weight loss compared to carrier-treated control mice were observed  
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Figure 3.2. Cinnamic aldehyde inhibits tumor growth in a human melanoma 
SCID-mouse xenograft model.  Human A375 melanoma cells (10 x 106) were 
implanted s.c. into the right flank of SCID mice. 14 days after cell injection 
animals were pair-matched (65 mm3 average tumor size) and daily treatment 
(CA, 120 mg/kg/d in methylcellulose/PBS, n=10) was initiated by oral gavage.  
Control animals (n=12) received carrier only.  (A) Tumor growth curves were 
obtained by determining average tumor volumes until day 30 after cell injection. 
Data points are depicted as means + SEM and statistical comparison between 
individual data points was performed using the two-sided Student’s t test (*, p < 
0.05; **, p < 0.01; ***, p < 0.001).  (B) Immunohistochemical staining for PCNA 
using primary tumor tissue of CA-treated and carrier-treated mice sacrificed on 
day 34 (n = 2, each group).  Paraformaldehyde-fixed, paraffin-embedded 5 µm 
sections were analyzed using a mouse monoclonal antibody to PCNA followed 
by biotinylated-streptavidin-HRP/DAB visualization. Hematoxylin counterstaining 
was also performed. Photographs representative of five high power fields taken 
per tissue section are shown.  
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suggesting the safety of administration of high doses of CA during the duration of 

the experiment (data not shown). Immunohistochemical staining of tumors 

revealed a pronounced downregulation of the cellular proliferation marker 

proliferating cell nuclear antigen (PCNA) in the nuclei of primary tumor tissue 

harvested from CA-treated versus carrier-treated mice (Fig. 3.2B), consistent 

with impairment of tumor cell proliferative capacity in xenograft-bearing mice 

treated with CA.  

 Taken together, these findings document for the first time feasibility of 

anti-melanoma intervention by oral administration of CA achieved at high doses 

in a mouse xenograft model.  

 

3.2.2 Cinnamic aldehyde, but not its Michael-inactive chemical derivatives, 

suppresses proliferation of cultured human melanoma cells.  

After demonstrating chemotherapeutic efficacy of orally administered CA 

in a relevant animal model of the disease, molecular mechanisms of CA anti-

melanoma activity were further examined in cell culture models. First, anti-

proliferative activity of CA was assessed in cultured human A375 melanoma 

cells, where inhibition of cell proliferation was observed at low micromolar 

concentrations (Fig. 3.3 and Table 3.1). We then tested the structure-activity 

relationship of CA anti-proliferative activity using a collection of closely related 

Michael-active and Michael-inactive CA-derivatives (as depicted in Fig. 3.1C, and 

3.3A) [22]. In general, Michael-inactive CA-derivatives were found to be devoid of  
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Table 3.1.  Cinnamic aldehyde antiproliferative activity against human 
melanoma and colon cancer cell lines.  IC50 values of CA-induced inhibition of 
proliferation of human melanoma (A375, G361, LOX), colon cancer (HT29, 
HCT116) cell lines (mean ± SD, n=3), and normal primary skin cells (Hs27 
fibroblasts, HEK keratinocytes) were determined in proliferation assays as 
specified in Materials and Methods.  
 
 

 

 

Cell Line IC50 [CA, uM] 

G361 8.1 ± 2.5 

LOX 3.4 ± 0.9 

A375 6.3 ± 1.1 

HT29 19.7 ± 3.2 

HCT116 12.6 ± 3.7 

Hs27 21.4 ± 2.2 

HEK 17.9 ± 1.6 
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Figure 3.3.  Cinnamic aldehyde, but not its Michael-inactive derivatives, 
inhibits proliferation, cell cycle arrest, and invasiveness of human A375 
melanoma cells.  (A) Anti-proliferative activity of CA and CA-derivatives was 
assessed using human A375 melanoma cells (mean ± SD, n=3). Numbers 
indicate concentration of test compound in µM.  Proliferation was compared with 
control cells that received mock treatment. (B) Prolonged exposure to cinnamic 
aldehyde dose-dependently induces apoptosis in A375 cells. Time course (24, 
48, and 72 h) of induction of cell death by exposure to increasing doses of CA 
(10, 20, and 40 µM) was assessed by flow cytometric analysis of annexinV-
FITC/propidium iodide-stained cells.  The numbers indicate viable cells (AV-, PI-, 
lower left quadrant) in percent of total gated cells (mean ± SD, n=3).  (Viability of 
untreated controls was 92.1 ± 1.0 %; data not shown). (C) Cinnamic aldehyde 
suppresses DNA synthesis and induces G1-phase cell cycle arrest in human 
A375 melanoma cells. Human A375 melanoma cells were exposed to CA (20 
µM, 48 h), and bivariate cell cycle analysis was performed by flow cytometric 
determination of cellular DNA synthesis (BrdU incorporation) and DNA content 
(7-AAD staining). The numbers indicate cells in G1, S, and G2/M phase, 
respectively, in percent of total gated cells (mean ± SD, n=3). The arrow marks a 
small fraction (approx. 8%) of apoptotic cells in sub-G1. (D) Melanoma cell 
invasion through basement membrane extracellular matrix was determined using 
the CytoSelect™ Cell Invasion Assay as detailed in Materials and Methods. 
Invasion of A375 cells (over a 48 h period) left untreated or treated with CA (10 
or 20 µM) was assessed by crystal violet staining of cells that passed through the 
basement membrane clinging to the bottom of the Boyden chamber membrane 
and visualized by light microscopy. A representative result of three similar 
repeats is shown. (E) Colorimetric analysis (absorbance at 560 nm) of CA-
modulation of melanoma cell invasiveness (mean ± SD, n=3).  
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anti-proliferative activity over the dose range tested. Specifically, loss of α,β-

unsaturation (as in dihydrocinnamic aldehyde, DHCA) or replacement of the 

carbonyl group by reduction (as in cinnamic alcohol, COH) or oxidation (cinnamic 

carboxylic acid, CAC) rendered CA inactive. In contrast, 4-methoxycinnamic 

aldehyde (MCA), a CA-derivative with intact Michael acceptor pharmacophore, 

maintained anti-proliferative activity against A375 melanoma cells (Fig. 3.3A).  

Next, anti-proliferative potency of CA was examined in a panel of three 

human melanoma [A375 (IC50: 6.3 µM); G361 (IC50: 8.1 µM); LOX (IC50: 3.4 µM)] 

and two metastatic colon cancer [HT29 (IC50: 19.7 µM); HCT116 (IC50: 12.6 µM)] 

cell lines (Table 3.1). Anti-proliferative activity of CA against primary human skin 

keratinocytes [HEK (IC50: 18.9 µM)] and fibroblasts [Hs27 (IC50: 21.4 µM)] versus 

melanoma cell lines was observed at approximately two- to 6-fold higher 

concentrations suggesting that CA-associated anti-proliferative activity displays a 

moderate, yet significant degree of selectivity against human melanoma cell lines 

versus untransformed human skin cells. Bivariate flow cytometric cell cycle 

analysis measuring nuclear BrdU incorporation and DNA content confirmed anti-

proliferative activity of CA against A375 cells (Fig. 3.3B). Treatment with CA (20 

µM) suppressed BrdU incorporation within 24 h of treatment (data not shown), 

and a pronounced G1-phase cell cycle arrest (2n cellular DNA content) with 

complete absence of cells in S-phase was observable after 48 h continuous 

exposure.  

Based on these data, it was concluded that (I) CA exhibits potent anti-
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proliferative activity against human melanoma cell lines, (II) CA-inhibition of A375 

melanoma cell proliferation does not occur with the Michael-inactive derivatives 

DHCA, COH, and CAC, and (III) CA-inhibition of melanoma cell proliferation 

occurs with suppression of DNA synthesis and cell cycle arrest in G1-phase. 

 

3.2.3 Prolonged exposure to cinnamic aldehyde induces apoptosis with 

procaspase-3 cleavage in cultured human melanoma cells. 

Next, time course and dose-response of induction of A375 melanoma cell 

death by exposure to CA was assessed by flow cytometric analysis of annexinV-

FITC/propidium iodide-stained cells (Fig. 3.3C). Only prolonged exposure (48 to 

72 h) to CA at concentrations higher than 20 µM induced pronounced apoptosis. 

This finding was confirmed, when cleavage of procaspase-3, an independent 

marker of induction of apoptosis, was examined in A375 cells exposed to 

increasing doses of CA (10, 20, and 40 µM) for 3 d (data not shown). Only at 40 

µM CA, pronounced activation of caspase 3 was detected.  

 

3.2.4 Cinnamic aldehyde suppresses human melanoma cell invasiveness. 

In an attempt to further explore the range of potential anti-melanoma 

activities of CA, suppression of melanoma cell invasiveness was assessed at 

sub-apoptogenic CA concentrations. To this end, melanoma cell invasion through 

basement membrane extracellular matrix of a Boyden chamber was examined 

using A375 cells left untreated or treated with CA (10 or 20 µM) (Fig. 3.3D and 
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E). Analysis by light microscopy (Fig. 3.3D) and colorimetry (Fig. 3.3E) revealed 

the potent anti-invasive effects of CA, with an approximately 75% reduction of 

cell invasion resulting from treatment with CA at 20 µM and a 30% reduction of 

cell invasion at 10 µM CA. 

 

3.2.5 Cinnamic aldehyde induces a broad oxidative stress response in human 

A375 melanoma cells.  

After demonstrating anti-proliferative, apoptogenic, and anti-invasive 

activity of CA in simple melanoma cell culture models, induction of cellular 

oxidative stress and the modulation of oxidative stress response gene expression 

was examined in A375 human melanoma cells exposed to CA at low micromolar 

concentrations. The RT2 Human Oxidative Stress ProfilerTM PCR Expression 

Array technology (SuperArray, Frederick, MD) was applied to A375 cells exposed 

to CA (25 µM, 24 h exposure) to assess expression of 84 stress-related genes 

contained on the array (Fig. 3.4). CA-induced gene expression changes in A375 

human melanoma cells affected 18 genes on the array by at least two-fold (Fig. 

3.4, right panel) including: oxidative stress response genes encoding the 

enzymes heme oxygenase-1 (HMOX1; 129-fold), glutathione peroxidase 2 

(GPX2; 7-fold), sulfiredoxin 1 homolog (SRXN1; 7-fold), and thioredoxin 

reductase 1 (TXNRD1; 4-fold); the oxidative stress-responsive transcription 

factors early growth response gene 1 (EGR1; 5-fold) and DNA-damage-inducible 

transcript 3 (DDIT3; 13-fold); and the redox-sensitive cell cycle regulator and  
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Figure 3.4. Cinnamic aldehyde induces oxidative stress response gene 
expression in human A375 melanoma cells.  CA-induced gene expression 
changes in A375 human melanoma cells.  The scatter blot (left panel) depicts 
differential gene expression as detected by the RT2 Human Oxidative Stress 
ProfilerTM PCR Expression Array technology profiling the expression of 84 
oxidative stress-related genes after CA treatment (25 µM, 24 h; three 
independent experiments). Upper and lower lines represent the cut-off indicating 
four fold up- or down-regulated expression, respectively.  Arrows specify genes 
with at least 4 fold up-regulated expression versus untreated controls.  The table 
(right panel) summarizes all genes that are at least two-fold upregulated in 
response to CA treatment.  
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stress-responsive tumor suppressor gene cyclin-dependent kinase inhibitor 1A 

(CDKN1A; 11-fold). Independent real time RT-PCR analysis then further 

confirmed upregulation of these genes as shown for HMOX1, SRXN1, TXNRD1, 

and CDKN1A (Fig. 3.5A). Next, CA-induced upregulation of cellular HMOX1 and 

CDKN1A gene expression was examined at the protein level by immunoblot 

analysis (Figs. 4.5B and C). Within 24 h, cellular heme oxygenase-1 protein 

levels were strongly upregulated upon exposure to CA (10 or 25 µM). Protein 

levels of p21, the CDKN1A gene product, were also strongly upregulated, but 

only in response to 25 µM CA.  

Consistent with a mechanistic involvement of oxidative stress in the 

induction of a cellular response to CA treatment, a dose-dependent elevation of 

intracellular oxidative stress could be observed in A375 melanoma cells exposed 

to CA (10, 25, and 40 µM, 24 h) as assessed by 2’,7’-dichloro-dihydrofluorescein 

diacetate staining followed by flow cytometric analysis (Fig. 3.5D). In addition, 

modulation of cellular glutathione levels in A375 cells exposed to a dose range of 

CA was examined (Fig. 3.5E). Importantly, no glutathione depletion could be 

detected at low CA doses (10 and 20 µM) associated with the induction of 

cellular oxidative stress (Fig. 3.5D), inhibition of proliferation (Fig. 3.3A and Table 

3.1), and suppression of invasiveness (Fig. 3.3E), strongly suggesting that anti-

proliferative and anti-invasive effects of CA do not result from glutathione 

depletion. On the contrary, CA treatment (10 and 20 µM) increased cellular 

glutathione levels by up to 80%; in parallel, upregulation of GCLC (glutamate- 
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Figure 3.5. Cinnamic aldehyde induces oxidative stress in human A375 
melanoma cells. (A) Human A375 melanoma cells were cultured for 24h in the 
presence of CA (25 µM) or left untreated. Total RNA was prepared and gene 
expression of HMOX1, CDKN1A, SRXN1, TXNRD1 was then quantitatively 
examined using real time RT-PCR analysis with normalization for GAPDH 
expression levels. Relative expression levels in response to mock treatment 
(control) and exposure to CA were determined in three repeat experiments (n=3, 
mean + SD).  (B) CA-modulation of cellular heme oxygenase-1 (HO-1) protein 
levels and (C) CA-modulation of cellular p21 protein levels were examined in 
total cellular protein extracts by 15% SDS-PAGE followed by immunoblot 
detection using enhanced chemiluminescence. Detection of a-actin expression 
served as a loading control.  (D) Induction of intracellular oxidative stress in 
human A375 melanoma cells by treatment with CA.  Cells were exposed to CA 
(10 and 25 µM, 24 h) and intracellular oxidative stress was assessed by 2’,7’-
dichloro-dihydrofluorescein diacetate staining followed by flow cytometric 
analysis.  One representative experiment of three similar repeats is shown.  (E) 
Modulation of intracellular glutathione content in A375 melanoma cells exposed 
to increasing concentrations of CA (10-40 µM, 24 h).  Total glutathione content 
was normalized to protein content.  (F) Upregulation of GCLC gene expression 
assessed by real time RT-PCR analysis with normalization for b-actin expression 
levels in A375 melanoma cells exposed to increasing concentrations of CA (10-
20 µM, 24 h).  
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cysteine ligase, catalytic subunit) gene expression, an important enzyme 

involved in glutathione biosynthesis not represented on the expression array, 

was observed (Fig. 3.5F) [241]. The ratio between reduced and oxidized 

glutathione did not change significantly at any CA concentration, and oxidized 

glutathione was always less than 3% of total glutathione (data not shown). These 

findings are consistent with earlier reports that document CA-induced Nrf2 

activation and glutathione upregulation in other cell types [22, 242]. However, 

moderate depletion of cellular GSH levels by approximately 15% was observed 

at higher, apoptogenic concentrations of CA (40 µM), suggesting that glutathione 

depletion may play a role in CA-induced cell death.  

 

3.2.6 Cinnamic aldehyde inhibits NFκB transcriptional activity and suppresses IL-

8 in human melanoma cells.  

Recent research supports the causative role of altered redox signaling 

through NFκB in human melanoma [32, 182, 243]. The induction of redox 

alterations and oxidative stress response gene expression in CA-treated human 

melanoma cells as observed in Figs. 4.4 and 4.5, combined with an earlier report 

on CA-inhibition of NFκB signaling in human endothelial cells [110], lead us to 

examine the hypothesis that CA may inhibit signaling through this redox sensitive 

transcription factor in melanoma cells. To this end, A375 melanoma cells were 

co-transfected with a reporter plasmid containing the firefly luciferase gene under 

the control of the NFκB promoter and a plasmid encoding renilla luciferase for 
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normalization of transfection efficiency. First, pronounced suppression of 

constitutive NFκB transcriptional activity by almost 75% was observed in cells 

treated with CA (20 µM) for 12 h (Fig. 3.6A). Next, TNFα-induction (20ng/mL, 12h 

exposure) of NFκB transcriptional activity by approximately 15-fold was 

established in human melanoma cells (Fig. 3.6B). We then examined feasibility 

of suppression of TNFα-induced NFκB transcriptional activation by pretreating 

cells with CA, DHCA, COH, and CAC (20 µM each, 3h exposure) before TNFα 

treatment and determination of luciferase activity (Fig. 3.6B). Indeed, CA, but 

none of its Michael-inactive derivatives DHCA, COH, or CAC, suppressed TNFα-

induced upregulation of luciferase activity by almost 85%, suggesting that CA 

treatment of melanoma cells may target signaling through NFκB. To gain further 

experimental support for an antagonistic effect of CA treatment on NFκB 

signaling in human melanoma cells, we examined the possibility that CA 

treatment inhibits TNFα-induced expression of IL-8, an inflammatory and 

invasion-promoting cytokine expressed in A375 melanoma cells in response to 

NFκB transcriptional activity (Fig. 3.6C and D) [224, 244]. To this end, A375 cells 

were pretreated with CA for 3 h and then stimulated by TNFα. After 6 h, IL-8 

intra-cytoplasmic protein expression was then compared between CA (20 µM) 

and mock-pretreated cells by flow cytometric analysis (Fig. 3.6C). Indeed, CA 

pretreatment reduced TNFα-induced production of IL-8 to low levels 

characteristic of unstimulated cells. Inhibition of TNFα-induced IL-8 expression by 

CA occurred in the low micromolar range and followed a dose-response  
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Figure 3.6. Cinnamic aldehyde inhibits constitutive and TNFa-induced 
NFkB transcriptional activity AND IL-8 activity in human melanoma cells.  
A375 melanoma cells were cotransfected with a plasmid containing a firefly 
luciferase reporter gene under the control of the NFκB promoter and a plasmid 
encoding renilla luciferase for normalization of transfection efficiency.  (A) 
Suppression of constitutive NFκB transcriptional activity was examined in cells 
treated with CA (20 µM) for 12 h.  (B) Suppression of TNFa-induced NFκB 
transcriptional activity was examined in cells that were pretreated with CA, 
DHCA, COH, and CAC (20 µM each, 3h exposure) followed by TNFα treatment 
(20ng/mL, 12h exposure) and determination of luciferase activity. Potency of fold-
induction is expressed as luciferase activity in relative luminescence units versus 
untreated control transfectants (mean ± SD, n>3). (C) A375 cells were pretreated 
with CA for 3 h and then exposed to TNFα. After 6 h, IL-8 expression was 
examined in CA- and mock-pretreated cells by flow cytometric analysis using an 
Alexa 488-conjugated mouse monoclonal antibody directed against human IL-8. 
Modulation of IL-8 expression by CA (20 µM) pretreatment followed by TNFa 
stimulation. (D) Dose response relationship of inhibition of TNFα-induced IL-8 
expression by CA (10 and 20 µM) pretreatment.  One representative experiment 
out of at least three similar repeats is shown. 
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relationship with only partial suppression achieved by pretreatment with 10 µM 

and almost complete suppression observed after 20 µM CA (Fig. 3.6D).  

Taken together these findings demonstrate that (I) CA inhibits constitutive 

and TNFα-induced NFκB transcriptional activity and (II) CA suppresses TNFα-

induced upregulation of IL-8 in human melanoma cells.  

 

3.3. Discussion 

The preferential sensitivity of melanoma cells to small molecule prooxidant 

intervention and the documented anti-melanoma activity of electrophilic agents 

that share a Michael acceptor pharmacophore lead us to evaluate the anti-

melanoma activity of CA in vitro and in vivo.  

First, we demonstrated that oral administration of CA impairs growth of 

A375 human melanoma xenografts in SCID mice. Daily administration of CA 

(120 mg/kg/d in methylcellulose/PBS) was well tolerated and resulted in a 

moderate, yet significant suppression of tumor growth with reduced 

immunohistochemical staining for the proliferation marker PCNA (Fig. 3.2B). 

Next, the dose response relationship of the anti-proliferative activity of CA 

against cultured human melanoma and colon cancer cells was established (Fig. 

3.3A and Table 3.1). Inhibition of proliferation of A375 human melanoma cells 

and suppression of DNA synthesis (Fig. 3.3B) occurred at low micromolar 

concentrations of CA, but was not observed with Michael-inactive CA-derivatives. 

Moreover, melanoma cell invasiveness through basement membrane was 
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significantly impaired by CA pre-treatment (Fig. 3.3D and E). Indicative of rapid 

induction of an oxidative stress response by CA treatment, intracellular ROS 

were elevated dose dependently (Fig. 3.4D), and upregulated expression of 

established (oxidative) stress response genes including HMOX1, SRXN1, GPX2, 

TXNRD1, CDKN1A, DDIT3, and EGR1 was detected by array analysis (Fig. 

3.4A) [245]. Remarkably, at concentrations of CA (10 and 20 µM) that elevated 

cellular ROS levels, cellular glutathione levels also were upregulated, suggesting 

that redox alterations induced by CA treatment are complex and likely result from 

an overlap of stress-induced and counterbalancing antioxidant response 

pathways. Future experiments will address the question if activation of the 

electrophilic stress-sensitive transcription factor Nrf2, shown earlier to mediate 

upregulation of antioxidant gene expression in human fibroblasts and 

keratinocytes exposed to CA [22], is involved in the stress response of 

melanoma cells to CA treatment observed in this study. Interestingly, 

upregulation of cellular glutathione content and heme oxygenase-1 protein levels 

in response to exposure to non-cytotoxic concentrations of acrolein and cinnamic 

aldehyde has already been demonstrated in human endothelial cells and 

mechanistically linked to Nrf2-activation [242].  

Consistent with CA-induction of G1 cell cycle arrest in A375 melanoma 

cells, the oxidative stress responsive cyclin dependent kinase inhibitor p21 

encoded by CDKN1A was strongly upregulated (Fig. 3.4 and Fig. 3.5A and C), a 

potential molecular mechanism of CA anti-proliferative activity reminiscent of 
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p21-mediated G1 arrest in HT29 colon cancer cells under oxidative stress from 

sulforaphane treatment [246, 247]. In this context, it will be important to further 

explore the mechanistic role of other gene expression changes detected in our 

array analysis, particularly the involvement of CA-induced upregulation of EGR1 

and DDIT3 (also called growth arrest and DNA damage inducible gene 153, 

GADD153). These are important oxidative stress-responsive transcription factors 

regulated at the transcriptional level that have been shown to mediate growth 

arrest and apoptosis in various cancer cell lines exposed to oxidative stress [248-

251].  

NFκB is a redox sensitive oncogenic transcription factor involved in human 

metastatic melanoma [32, 182, 244]. Gene mutations reported with high 

frequency in metastatic melanoma including p16INK4a, p14 INK4/ARF, N-Ras, B-Raf, 

and PTEN have been shown to be associated with NFκB upregulation involved in 

regulation of proliferation, survival, invasion, angiogenesis, and metastasis [244]. 

NFκB thus represents a promising target for melanoma chemoprevention and 

chemotherapy. Various small molecule electrophilic Michael acceptors are 

documented inhibitors of NFκB in melanoma cells [224, 232, 233]. For example, 

curcumin-induced antiproliferative and proapoptotic effects in melanoma cells are 

associated with suppression of IκB kinase and NFκB activity [232]. Moreover, 

induction of melanoma cell cycle arrest and apoptosis, with inhibition of NFκB 

and upregulation of p21 have been described for the sesquiterpene lactones 

tomentosin and Inuviscolide that contain an α-methylene-γ-lactone Michael 
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acceptor pharmacophore capable of forming covalent Michael adducts with the 

nucleophilic sites of biological molecules [233]. Recently, inhibition of NFκB by 

the cinnamon ingredients CA and MCA has been demonstrated in human 

macrophages [252], and CA-suppression of NFκB inflammatory signaling in 

endothelial cells has been shown to occur as a result of inhibition of IκB-α 

degradation and HO-1 activation with suppression of TNFα-induced p65 

translocation [110]. Moreover, in another study examining renal tissue of aged 

rats, dietary administration of CA inhibited NFkB activation through the ERK and 

p38 MAPK pathways [253]. We therefore tested the hypothesis that the 

electrophilic Michael acceptor CA may target NFκB transcriptional activity and 

NFκB-mediated inflammatory signaling in human melanoma cells. Our 

experiments using a luciferase reporter construct demonstrated that CA inhibits 

NFκB constitutive and TNFα-induced transcriptional activity, an activity absent 

from non-Michael reactive CA-derivatives including DHCA, CAC, and COH (Fig. 

3.6A and B). Future experiments must therefore address the exact molecular 

mechanism of CA-induced suppression of NFκB transcriptional activity in A375 

melanoma cells as observed in our studies.  

It is now well established that melanoma tumor progression occurs 

through autocrine signaling pathways that include NFkB-regulated chemokines 

including IL-8 (also known as CXCL-8) [244]. Overexpression of IL-8 causes 

metastatic tumor progression in primary melanoma cells [254, 255] and is 

associated with the transition from radial to vertical growth phase in melanoma 
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[256]. Indeed, pronounced inhibition of TNFα-induced IL-8 expression by CA 

occurred in the low micromolar range in human A375 melanoma cells as shown 

in Fig. 3.6 (Panels C and D), representing a potentially important mechanism of 

CA anti-melanoma activity.  

In summary, our findings demonstrate that oral administration of CA exerts 

significant anti-melanoma activity in an animal model of the disease and suggest 

that CA anti-proliferative and anti-NFκB activity observed in melanoma cell 

culture depend on Michael acceptor reactivity associated with this dietary 

electrophile. To the best of our knowledge, this is the first report documenting 

anti-cancer activity of CA in vivo. Additional studies must address the detailed 

molecular mechanism of CA anti-melanoma activity and will employ proteomic 

tools for the identification of CA-adducted cellular targets, such as protein thiol 

residues in redox sensitive factors including molecular components of the Nrf2 

and NFκB signaling cascades. It is important to note that anti-melanoma activity 

in vivo was observed at high oral doses of CA, not achievable through dietary 

intake of CA-containing foods where typical concentrations do not exceed the 

lower mg/kg range [236]. However, based on the significant anti-melanoma 

activity of CA that we observed at well-tolerated high oral doses, future studies 

should further examine the mostly unexplored chemopreventive and 

chemotherapeutic potential of this dietary Michael acceptor.  
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CHAPTER 4:  QUINONEIMINES AS EXPERIMENTAL PROOXIDANTS I: 

A REDOX DYE [DCPIP (2,6-DICHLOROPHENOLINDOPHENOL)]  

DISPLAYS ANTIMELANOMA ACTIVITY THAT IS ANTAGONIZED BY NQO1 

 

The following is a summary of research previously published in a paper 

entitled “Antimelanoma activity of the redox dye DCPIP (2,6-

dichlorophenolindophenol) is antagonized by NQO1 [20].” The following abstract 

has been published as part of this paper. 

 

Abstract: 

Altered redox homeostasis involved in the control of cancer cell survival 

and proliferative signaling represents a chemical vulnerability that can be 

targeted by prooxidant redox intervention. Here, we demonstrate that the redox 

dye 2,6-dichlorophenolindophenol (DCPIP) may serve as a prooxidant 

chemotherapeutic targeting human melanoma cells in vitro and in vivo. DCPIP-

apoptogenicity observed in the human melanoma cell lines A375 and G361 was 

inversely correlated with NAD(P)H:quinone oxidoreductase (NQO1) expression 

levels. In A375 cells displaying low NQO1 activity, DCPIP induced apoptosis with 

procaspase-3 and PARP cleavage, whereas G361 cells expressing high levels of 

enzymatically active NQO1 were resistant to DCPIP-cytotoxicity. Genetic (siRNA) 

or pharmacological (dicoumarol) antagonism of NQO1 strongly sensitized G361 

cells to DCPIP apoptogenic activity. DCPIP-cytotoxicity was associated with the 
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induction of oxidative stress and rapid depletion of glutathione in A375 and 

NQO1-modulated G361 cells. Expression array analysis revealed a DCPIP-

induced stress response in A375 cells with massive up-regulation of genes 

encoding Hsp70B’ (HSPA6), Hsp70 (HSPA1A), heme oxygenase-1 (HMOX1), 

and early growth response protein 1 (EGR1) further confirmed by 

immunodetection. Systemic administration of DCPIP displayed significant 

antimelanoma activity in the A375 murine xenograft model. These findings 

suggest feasibility of targeting tumors that display low NQO1 enzymatic activity 

using DCPIP. 

 

4.1. Introduction  

 

Led by the emerging chemotherapeutic benefit provided by experimental 

prooxidants, we aimed at the identification of other promising redox 

pharmacophores with acceptable systemic toxicity profile that would target 

melanoma cells by induction of oxidative stress. We were also encouraged by 

our prototype studies assessing antimelanoma activity of the Michael acceptor 

cinnamaldehyde in vitro and in vivo, as detailed in Chapter 3. We therefore 

looked for more potent drug-like electrophiles with established safety profile that 

could be used as experimental agents. Recent research has demonstrated that 

redox dyes used as biochemical probes for the assessment of electron transfer 

reactions are a promising group of agents with physiologically relevant redox 
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potential and drug-like properties that have not been assessed for anticancer 

activity. For example, recent research has indicated that methylene blue and 

other phenothiazenium-based redox systems display potent anticancer activity 

attributed to their ability to undergo redox cycling with generation of cellular redox 

stress [5, 215].  

We therefore focused our interest on the established redox dye 2,6-

dichlorophenolindophenol {2,6-dichloro-4-[(p-hydroxyphenyl)imino]-2,5-

cyclohexadien-1-one sodium salt, DCPIP; CAS# 620-45-1} (Fig. 4.1). This 

membrane-permeable dihalogenated 1,4-benzoquinoneimine-type oxidant (E’° 

(DCPIP) = + 0.22 V; log p (octanol/water) = 0.13) is widely used as a specific 

standard substrate for the colorimetric determination of cellular NAD(P)H:quinone 

oxidoreductase (NQO1; EC 1.6.99.2, also referred to as DT-diaphorase) 

enzymatic activity, thereby reductively converted into the hydroquinone-

leucoform [257, 258]; DCPIP also serves as an oxidizing reactant (Tillman’s 

reagent) for analytical redox titration of the reducing agent L-ascorbic acid (Fig. 

4.1) [259]. As a redox probe DCPIP can serve as an electron acceptor for 

electron carriers of the mitochondrial respiratory chain and as a substrate (Hill 

reagent) for chloroplast-mediated photoreduction [260-262]. Importantly, other 

simple quinone systems with related redox chemistry including menadione [E’° 

(menadione) = + 0.14 V] have shown efficacy as prooxidant experimental cancer 

chemotherapeutics [263], and antimelanoma activity of N-acetyl-para-

aminophenol (acetaminophen) tested in ongoing clinical studies has recently 
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Figure 4.1. 2,6-Dichlorophenolindophenol (DCPIP) as a redox reactive 
experimental anti-melanoma chemotherapeutic. The blue 
benzoquiononeimine redox dye, DCPIP, undergoes a 2-electron reduction 
mediated by NAD(P)H:quinone oxidoreductase (NQO1) to yield the colorless p-
aminophenol hydroquinone and has been used as a colorimetric substrate for 
determination of specific NQO1 enzymatic activity. DCPIP has many drug-like 
properties including: chemical stability, membrane permeability (log p = 0.13), 
systemic deliverability, and low systemic toxicity [LD50 (mouse) = 180 mg/kg i.v.]. 
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been attributed to glutathione depletion by the tyrosinase-derived o-quinone-

metabolite [264, 265]. 

Based on prooxidant redox reactivity and drug-like properties of DCPIP 

that include chemical stability, systemic deliverability, membrane permeability, 

and low systemic toxicity established earlier in mice (LD50 = 180 mg/kg; 

intravenous administration [266]), we tested feasibility of using this 1,4-

benzoquinoneimine-derivative as an experimental redox chemotherapeutic 

targeting human melanoma cells in vitro and in vivo.  

 

4.2. Results 

4.2.1 DCPIP induces apoptosis with procaspase-3 and PARP cleavage in 

cultured human A375 melanoma cells. 

First, the dose-response of induction of A375 melanoma cell death by 

exposure to DCPIP was assessed by flow cytometric analysis of annexinV-

FITC/propidium iodide-stained cells (Fig. 4.2A). Exposure to DCPIP at 

concentrations higher than 10 µM for 24 h induced pronounced apoptosis that 

could be suppressed significantly by pretreatment (1 h) with the pancaspase 

inhibitor zVAD-fmk added before DCPIP exposure suggesting a caspase-

dependent mode of DCPIP-induced cell death. This finding was confirmed, when 

cleavage of procaspase-3 and PARP, important markers of induction of 

apoptosis, were examined in A375 cells exposed to increasing doses of DCPIP 
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Figure 4.2. Exposure to DCPIP dose-dependently induces apoptosis with 
cleavage of procaspase-3 and PARP in human A375 melanoma cells. (A) 
Induction of cell death by exposure to increasing doses of DCPIP (20 and 40 µM, 
24 h) in the absence or presence of the pancaspase inhibitor zVADfmk was 
assessed by flow cytometric analysis of annexinV-FITC/propidium iodide-stained 
cells. The numbers indicate viable cells (AV-, PI-, lower left quadrant) in percent 
of total gated cells (mean ± SD, n=3). Representative light microscopy pictures 
taken after 24 h exposure to DCPIP are shown in panels I-IV.  (B) DCPIP-
induced (10, 20, and 40 µM, 24 h) caspase-3 activation was examined by flow 
cytometric detection using an Alexa Fluor 488-conjugated monoclonal antibody 
against cleaved procaspase-3. One representative experiment of three similar 
repeats is shown. (C) DCPIP-induced (40 µM, 24 h) PARP cleavage was 
examined by immunoblot analysis. 
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(10, 20, and 40 µM, 24 h exposure) (Fig. 4.2B and C, respectively). At 20 and 40 

µM DCPIP (24 h exposure) pronounced cleavage of procaspase 3 was detected 

(Fig. 4.2B), and complete PARP cleavage was observed (40 µM, 24 h) (Fig. 

4.2C).  

 

4.2.2 Pharmacological or genetic antagonism of NQO1 sensitizes G361 

melanoma cells to DCPIP-induced apoptosis.  

In contrast to A375 melanoma cells, human G361 metastatic melanoma 

cells displayed a marked resistance to induction of apoptosis by DCPIP as 

assessed by flow cytometric analysis of annexinV-FITC/propidium iodide-stained 

cells after 24 h exposure to up to 40 µM DCPIP (Fig. 4.3A, upper panels). Similar 

results that support preferential DCPIP-sensitivity of A375 versus G361 

melanoma cells were obtained when inhibition of cell proliferation in response to 

DCPIP treatment [IC50 (µM): 1.9 + 0.5 (A375); 19.3 + 3.1 (G361), 72 h 

continuous exposure] was assessed (data not shown). Based on the established 

reductive metabolism of DCPIP by NQO1 [257], a flavoprotein that catalyzes the 

two-electron reduction of various quinones and quinone imines using NAD(P)H, 

thereby preventing semiquinone-dependent redox cycling and facilitating 

conjugation and systemic excretion [267], we tested the hypothesis that NQO1-

inhibition would sensitize G361 melanoma cells to DCPIP treatment. Indeed, 

pronounced induction of apoptosis was achieved in G361 cells exposed to the 

combined action of the NQO1-inhibitor dicoumarol (DC) and DCPIP (Fig. 4.3A, 
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Figure 4.3. Dicoumarol treatment sensitizes human G361 melanoma cells to 
DCPIP-induced apoptosis. (A) Induction of cell death by exposure to DCPIP 
(40 µM, 24 h) in the absence or presence of the NQO1 inhibitor dicoumarol (DC, 
60 µM) was assessed by flow cytometric analysis of annexinV-FITC/propidium 
iodide-stained cells. The numbers indicate viable cells (AV-, PI-, lower left 
quadrant) in percent of total gated cells (mean ± SD, n=3). (B) NQO1 protein 
levels in G361 and A375 cells were compared by immunoblot analysis. 
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lower panels). Importantly, exposure to dicoumarol only (up to 60 µM, 24 h) was 

not associated with any cytotoxicity. Consistent with our earlier findings 

demonstrating high specific enzymatic activity of NQO1 in G361 cells (2403 ± 

215 nmol DCPIP/mg protein/min, n=3) and low specific enzymatic activity in 

A375 cells (283 ± 37 nmol DCPIP/mg protein/min, n=3) [215], Western blot 

analysis confirmed differential expression levels of NQO1 in these two metastatic 

melanoma cell lines (Fig. 4.3B).  

Taken together, these findings suggest that DCPIP cytotoxicity may be 

modulated by cellular expression and enzymatic activity of the quinone-

detoxifying enzyme NQO1, i.e. differential sensitivity to DCPIP apoptogenicity as 

observed in A375 and G361 melanoma cells may result from differential 

expression levels of NQO1 and may be modulated by pharmacological NQO1 

inhibition. We confirmed the role of NQO1 in DCPIP chemoresistance using a 

specific genetic approach based on siRNA-mediated target modulation (Fig. 4.4). 

Knockdown of NQO1 gene expression was confirmed by real time RT-PCR 

analysis indicating downregulation of NQO1 mRNA by approximately 5 fold when 

compared to control siRNA transfected A375 cells (Fig 5.4B). Western-analysis 

further confirmed the substantial downregulation of NQO1 protein levels (Fig. 

4.4C) that was also apparent from an approximately fourfold reduction of NQO1 

specific enzymatic activity detected in cell protein extracts prepared from 

siNQO1- (24.5 ± 0.6 % of wild type activity, n =3, p < 0.001) versus siControl-

treated (110.7 ± 3.7 % of wild type, n =3, p < 0.05) and untreated wild type cells 
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Figure 4.4. Genetic downregulation of NQO1 expression sensitizes human 
G361 melanoma cells to DCPIP-induced apoptosis. (A) Induction of cell death 
by exposure to DCPIP (40 µM, 24 h) was examined in G361 wild type cells 
(untreated, wt) and after control siRNA treatment (siControl, siC) and NQO1 
siRNA knockdown (siNQO1). The numbers indicate viable cells (AV-, PI-, lower 
left quadrant) in percent of total gated cells (mean ± SD, n=3). Representative 
light microscopy pictures taken after 24 h exposure to DCPIP are shown in 
panels I-III. (B) NQO1-Knockdown was confirmed by expression analysis using 
quantitative RT-PCR (mean + SD, n=3) and (C) immunoblot analysis as specified 
in Materials and Methods.  
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(100.0 ± 3.5 %, n =3). Remarkably, NQO1 knockdown (Fig. 4.4A, lower panels), 

but not treatment with siControl (Fig. 4.4A, middle panels), resulted in 

pronounced DCPIP-chemosensitization of G361 melanoma cells (Fig. 4.4A, 

upper panels) confirming the results obtained with the pharmacological NQO1-

inhibitor dicoumarol (Fig. 4.3A).  

 

4.2.3 DCPIP induces a broad oxidative stress response in human A375 

melanoma cells.  

Based on earlier work that has demonstrated the involvement of oxidative 

stress in mediating the cytotoxic effects of redox quinones [263, 265, 268, 269], 

we examined the role of cellular oxidative stress and redox alterations in DCPIP 

apoptogenicity (Fig. 4.5). First, a dose-dependent elevation of intracellular 

oxidative stress could be observed in A375 melanoma cells exposed to DCPIP 

(10, 20, and 40 µM, 24 h) as assessed by 2’,7’-dichloro-dihydrofluorescein 

diacetate detection of intracellular peroxides using flow cytometry (Fig. 4.5A). 

Consistent with a mechanistic involvement of oxidative stress in the induction of 

apoptosis by DCPIP, preincubation (24 h) of A375 cells with the antioxidant and 

glutathione precursor Na-acetyl-L-cysteine (NAC, 10 mM) strongly suppressed 

DCPIP-induced procaspase 3 cleavage (Fig. 4.5B). In addition, modulation of 

cellular glutathione levels in A375 and G361 melanoma cells exposed to DCPIP 

(40 µM) was examined at an early time point (6 h) in order to assess treatment-

induced glutathione depletion that occurs independent of plasma membrane  
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Figure 4.5. DCPIP induces oxidative stress in human melanoma cell lines. 
(A) Induction of intracellular oxidative stress in human A375 melanoma cells by 
treatment with DCPIP. Cells were exposed to DCPIP (10, 20, 40 µM, 24 h) and 
intracellular oxidative stress was assessed by 2’,7’-dichloro-dihydrofluorescein 
diacetate staining followed by flow cytometric analysis. One representative 
experiment of three similar repeats is shown. (B) Antioxidant protection against 
DCPIP-induced caspase-3 activation. Cells were pretreated with NAC (10 mM, 
24 h) or left untreated. After medium change, DCPIP (40 µM) was added and 
caspase-3 activation was examined after another 24 h by flow cytometric 
detection using an Alexa Fluor 488-conjugated monoclonal antibody against 
cleaved procaspase-3. One representative experiment of three similar repeats is 
shown. (C) Modulation of intracellular glutathione content in A375 and G361 
melanoma cells exposed to DCPIP (40 µM, 6h) in the absence or presence of 
DC (60 µM). Total glutathione content was normalized to protein content. (D) For 
NQO1 knockdown, G361 melanoma cells were treated with siNQO1- or siControl 
or left untreated as described in Materials and Methods. Intracellular glutathione 
content was then determined in G361 melanoma cells exposed to DCPIP (40 
µM, 6h). Total glutathione content was normalized to protein content (mean + 
SD, n=3).  

 

 



128 

 

permeabilization observed at later time points during advanced stages of 

apoptosis (Fig. 4.5C and D). In A375 cells, DCPIP treatment reduced cellular 

glutathione levels by approximately 30%, whereas in G361 cells DCPIP-induced 

GSH depletion did not reach the level of statistical significance. In contrast, G361 

glutathione levels were strongly reduced by approximately 70% when DCPIP 

treatment occurred in the presence of the NQO1 inhibitor dicoumarol (Fig. 4.5C). 

Importantly, no glutathione depletion occurred upon exposure to dicoumarol only. 

Genetic antagonism of NQO1 employing the siRNA methodology described 

above (Fig. 4.4) strongly sensitized G361 melanoma cells to the glutathione-

depleting effects of DCPIP (Fig. 4.5D) consistent with a protective role of NQO1 

against DCPIP cytotoxicity and glutathione depletion.   

After demonstrating apoptogenic and prooxidant activity of DCPIP in 

simple melanoma cell culture models, modulation of stress and toxicity response 

gene expression was examined in A375 human melanoma cells exposed to 

DCPIP. The RT2 Human Stress and Toxicity ProfilerTM PCR Expression Array 

technology (SuperArray, Frederick, MD) was applied to A375 cells exposed to 

DCPIP (40 µM, 24 h exposure) to assess expression of 84 stress-related genes 

contained on the array (Fig. 4.6A, left panel). DCPIP-induced gene expression 

changes in A375 human melanoma cells affected 15 genes on the array by at 

least three-fold over untreated control cells as summarized in Fig. 4.6A (right 

panel). Genes that were more than tenfold upregulated encoded the oxidative 

stress responsive heat shock proteins Hsp70B’ (HSPA6; 306-fold) and Hsp70  
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Figure 4.6. DCPIP induces oxidative stress and heat shock response gene 
expression in human A375 melanoma cells. (A) DCPIP-induced gene 
expression changes in A375 human melanoma cells. The scatter blot (left panel) 
depicts differential gene expression as detected by the RT2 Human Stress and 
Toxicity ProfilerTM PCR Expression Array technology profiling the expression of 
84 (oxidative) stress- and toxicity related genes after DCPIP treatment (40 µM, 
24 h). Upper and lower lines represent the cut-off indicating three fold up- or 
down-regulated expression, respectively. Arrows specify selected genes with at 
least 4 fold up-regulated expression versus untreated controls. Expression array 
analysis was performed in three independent repeats and analyzed using the 
two-sided Student’s t test. The table (right panel) summarizes statistically 
significant expression changes by at least three fold (p < 0.05). (B) The time 
course of DCPIP-modulation (40 µM) of early growth response protein 1 (EGR1) 
levels was examined by immunoblot analysis of total cellular protein extracts. 
Detection of a-actin expression served as a loading control. (B) DCPIP-
modulation (20 and 40 µM, 24 h exposure) of cellular heme oxygenase-1 (HO-1) 
protein levels were examined in total cellular protein extracts by immunoblot 
analysis. (C) Modulation of cellular Hsp70B’ protein levels by DCPIP (1, 10, 20, 
and 40 µM, 24 h) was examined in total cellular protein extracts followed by 
ELISA analysis as specified in Materials and Methods (mean + SD, n=3). 
Treatment with celastrol (2 µM, 24 h exposure) was used as a positive control for 
pharmacological Hsp70B’ upregulation.  
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(HSPA1A; 16-fold) [270], the heat shock protein and antioxidant enzyme heme 

oxygenase-1 (HMOX1; 42-fold), the oxidative stress-responsive transcription 

factor and tumor suppressor early growth response protein 1 (EGR1; 14-fold) 

[271], and lymphotoxin-alpha (LTA; 14-fold), an apoptogenic member of the 

tumor necrosis factor family [272]. Moreover, the stress- and DNA-damage 

response genes DNA-damage-inducible transcript 3 (DDIT3) and growth arrest 

and DNA-damage-inducible alpha (GADD45A) were upregulated by 

approximately 4 fold in response to DCPIP exposure [273, 274].  

 Next, DCPIP-induced upregulation of cellular HMOX1, EGR1, and HSPA6 

gene expression was examined at the protein level by immunoblot or ELISA 

analysis, respectively (Fig. 4.6 B-C). Consistent with a role in early redox stress 

response, pronounced upregulation of cellular EGR1 protein levels was detected 

within 3h exposure to DCPIP, but returned to very low background levels over 

the next 9h (Fig. 4.6B). Within 24 h, cellular heme oxygenase-1 protein levels 

were strongly upregulated upon exposure to DCPIP (20 and 40 µM, Fig. 4.6B). 

Protein levels of Hsp70B’, the HSPA6 gene product, were also strongly 

upregulated as assessed by ELISA analysis (Fig. 4.6C). Significant induction was 

observed starting at 10 µM DCPIP, and higher than 100-fold upregulated protein 

expression occurred in response to 40 µM DCPIP over untreated controls, with 

cells exposed to celastrol (2 µM, 24 h) serving as a positive control [275]. 
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4.2.4 Intraperitoneal administration of DCPIP impairs growth of A375 human 

melanoma xenografts in SCID mice. 

 The significant apoptogenic and prooxidant stress-inducing activity 

against A375 melanoma cells combined with a low acute systemic toxicity 

documented earlier in mice lead us to test DCPIP as a potential inhibitor of tumor 

growth in a human melanoma SCID-mouse xenograft model (Fig. 4.7).  

 Daily intraperitoneal DCPIP treatment (16 mg/kg/d) of human A375 

melanoma xenograft bearing SCID mice induced a significant suppression of 

tumor growth that reached the level of statistical significance (p < 0.05 versus 

PBS treated control) between days 18 to 30 after cell injection, where average 

tumor weights of DCPIP-treated animals were up to 45% lower than that of 

carrier-treated controls (Fig. 4.7A). These data are consistent with impairment of 

tumor cell proliferative capacity in xenograft-bearing mice treated with DCPIP. 

However, administration of DCPIP at lower doses (4 mg/kg/d) did not achieve a 

significant reduction of average tumor weights (Fig. 4.7A). During DCPIP 

treatment, no compound-related adverse reactions or statistically significant 

average weight loss were observed suggesting the safety of administration of 

high doses of DCPIP during the duration of the experiment (Fig. 4.7B). Moreover, 

no indication of organ toxicity as revealed by necropsy was obtained (data not 

shown). However, between days twenty-three and thirty increase in body 

average weight was slightly delayed in tumor bearing animals receiving DCPIP-

treatment at high (16 mg/kg/d) but not at low (4 mg/kg/d) doses.  
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Figure 4.7. DCPIP inhibits tumor growth in a human A375 melanoma SCID-
mouse xenograft model. Human A375 melanoma cells (10 x 106) were 
implanted s.c. into the right flank of SCID mice. 17 days after cell injection 
animals were pair-matched (65 mm3 average tumor size) and one day later 
(vertical arrow) daily treatment (DCPIP: low dose group: 4 mg/kg/d, 100 µl, q.d., 
n=12; high dose group: 16 mg/kg/d, 200 µl, b.i.d., n=11) was initiated by 
intraperitoneal injection as specified in Materials and Methods. Control animals 
(n=12) received PBS only. (A) Tumor growth curves were obtained by 
determining average tumor volumes until day 30 after cell injection. Data points 
are depicted as means + SEM and statistical comparison between individual data 
points was performed using the two-sided Student’s t test (*, p < 0.05; **, p < 
0.01; ***, p < 0.001). (B) Mean body weight was monitored during the duration of 
the experiment and expressed as % change from the average weight obtained 
on the day of pair matching.  
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4.3. Discussion  

Here we demonstrate that (I) DCPIP induces apoptosis in cultured 

melanoma cells associated with upregulation of cellular oxidative stress and 

oxidative stress-induced gene expression, that (II) DCPIP cytotoxicity in human 

melanoma cell lines is inversely correlated with NQO1 expression levels, and 

that (III) systemic administration of DCPIP displays significant antimelanoma 

activity in an animal model of the disease as summarized in the following scheme 

(Figure 4.8). 

Consistent with earlier work that demonstrated differential NQO1 specific 

enzymatic activity in A375 and G361 cells [215], we confirmed the hypothesis 

that elevated NQO1 expression renders G361 melanoma cells resistant to the 

apoptogenic activity of the prooxidant NQO1-substrate DCPIP using 

pharmacological and genetic target modulation of NQO1 (Figures 5.3 and 5.4). 

Next, DCPIP-induction of cellular oxidative stress was demonstrated in A375 and 

G361 melanoma cells assessing cellular peroxide and glutathione levels (Fig. 

4.5). In A375 melanoma cells, intracellular ROS were elevated dose dependently 

(Fig. 4.5A) and glutathione levels were lowered significantly within 6 h of 

exposure (Fig. 4.5C). Moreover, DCPIP-induced procaspase 3 cleavage could be 

antagonized by 24 h preincubation of A375 melanoma cells with the thiol 

antioxidant and glutathione-precursor NAC (Fig. 4.5B), suggesting the crucial 

involvement of oxidative stress in DCPIP-induced apoptosis. As seen before, 

pharmacological or genetic antagonism of NQO1 strongly sensitized G361 cells  
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Figure 4.8. The quinoneimine DCPIP targets melanoma cells that display 
low NQO1 enzymatic activity. DCPIP-apoptogenicity is inversely correlated 
with NQO1 expression levels and does so through activation of caspase-3 and 
PARP cleavage and may be mediated by participation as a redox cycling or thiol 
adducting agent. Cytotoxicity in melanoma cells low in NQO1 is associated with 
induction of oxidative stress, rapid depletion of GSH, and stress response gene 
expression (HSPA6, HSPA1A, HMOX1, and EGR1). These studies suggest that 
DCPIP may be amenable to treatment of melanoma in tumors with low NQO1 
enzymatic activity. 
 

antimelanoma 
activity 

NQO1 



137 

 

to DCPIP-induced glutathione depletion (Fig. 4.5C-D). Consistent with induction 

of cellular stress by DCPIP treatment, upregulated expression of established 

oxidative and heat shock stress response genes including HSPA6, HSPA1A, 

HMOX1, GADD45A, DDIT3, and EGR1 was detected by detailed array analysis 

(Fig. 4.6A) [245]. DCPIP-induced upregulation of HSPA6, HMOX1, and EGR1 

expression was then confirmed at the protein level using ELISA and Western-

analysis, respectively (Fig. 4.6, B-D). Remarkably, earlier expression array 

analysis examining activity of the investigational antimelanoma prooxidant 

elesclomol against human Hs294T melanoma cells has revealed a similar degree 

of upregulation of HSPA6 (more than 300 fold) encoding Hsp70B’ [276], an 

Hsp70 subtype not constitutively expressed and induced only under conditions of 

extreme cellular stress [270]. Moreover, it is tempting to speculate that DCPIP-

induced upregulation of the redox sensitive transcription factor EGR1, known to 

activate expression of tumor suppressor genes including PTEN and TP53, plays 

a functional role in mediating DCPIP-antimelanoma effects, a hypothesis to be 

tested by future experiments [271].  

Based on these results we then conducted a melanoma xenograft 

experiment to test DCPIP antimelanoma activity in a relevant animal model of the 

disease [277]. Daily intraperitoneal administration of DCPIP (16 mg/kg/d) 

resulted in a significant suppression of tumor growth (Fig. 4.7A) in a standard 

A375 human melanoma xenograft SCID mouse model. Importantly, DCPIP 

administration was well tolerated without induction of significant weight loss over 
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the duration of the experiment (Fig. 4.7B) or indication of organ toxicity as 

revealed by necropsy (data not shown). To the best of our knowledge, this is the 

first report documenting antimelanoma activity of DCPIP in vivo.  

 Earlier work has demonstrated the anticancer activity of numerous 

prooxidant quinone derivatives that involves induction of oxidative stress [263, 

265, 268, 269]. The structure activity relationship of prooxidant quinone-

pharmacophores is complex and thought to involve ROS formation via redox 

cycling and thiol-adduction of protein- and glutathione-cysteine residues [278, 

279]. For example, it is well established that 1,4-benzoquinone, a toxicologically 

relevant metabolite of benzene, induces oxidative stress in selected target cells 

including renal proximal tubular epithelial cells through Michael adduction of 

proteins and glutathione followed by redox cycling of quinol-thioether-adducts 

[268, 280, 281]. A considerable body of prior research has examined redox 

biochemistry and thiol-adduction associated with DCPIP [261, 282, 283]. 

However, the molecular mechanism of DCPIP-induced oxidative stress, 

evidenced by ROS formation (Fig. 4.5A), antioxidant protection (Fig. 4.5B), 

glutathione depletion (Fig. 4.5, C and D), and upregulated expression of redox 

sensitive genes (Fig. 4.6), and its causative role in antimelanoma activity 

observed in vivo remains to be further explored by future experiments. In this 

context it is interesting to note that the dehalogenated DCPIP-analogue 

phenolindophenol [4-(4-hydroxyphenyl)-iminocyclohexa-2,5-dien-1-one], when 

tested by us at equal concentrations as DCPIP, did not display any apoptogenic, 
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caspase 3-activating, or prooxidant activity, and expression of HSPA6, the major 

stress response gene induced by DCPIP in A375 cells (Fig. 4.6A), was 

unchanged, suggesting that 2,6-dichloro-substitution is a structural requirement 

for DCPIP apoptogenicity as discussed in detail in Chapter 4, presenting a 

preliminary structure activity relationship study. Future studies will examine the 

detailed structure activity relationship between DCPIP-associated cancer cell 

apoptogenicity and structural parameters including standard reduction potential 

and electrophilicity providing a basis for rational lead optimization by medicinal 

chemistry.  

In our experiments examining DCPIP apoptogenicity in human A375 and 

G361 melanoma cells, sensitivity to this treatment was inversely correlated with 

NQO1 expression levels consistent with the established reductive metabolism of 

DCPIP and similar quinones by NQO1 known to prevent semiquinone-dependent 

redox cycling and ROS formation [267]. Indeed, considerable chemosensitization 

of G361 cells displaying high constitutive NQO1 expression levels could be 

achieved by combining DCPIP treatment with pharmacological or genetic NQO1 

inhibition. Similar results were observed in other cancer cell lines previously 

shown to differ by expression of enzymatically active NQO1: e.g., MIA-PaCa-2 

pancreas carcinoma cells with high specific NQO1 activity displayed pronounced 

DCPIP chemoresistance, whereas MDA-MB231 breast carcinoma cells, known 

to display the NQO1*2 genotype resulting in negligible NQO1 specific enzymatic 

activity [267], were highly sensitive to DCPIP apoptogenicity as elaborated in 
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Chapter 7.  

Only limited information is currently available on NQO1 expression and 

activity levels in human metastatic melanoma. In our earlier experiments 

performed in cultured human metastatic melanoma cell lines (G361, LOX, A375) 

[215], high NQO1 activity was observed in G361 and LOX cells, whereas low 

activity was detected in A375 cells, a cell line widely employed in many standard 

xenograft models for the identification of potential antimelanoma agents [277]. In 

another study, a spectrum of NQO1 activities ranging from high to very low was 

reported (in that order) for SKMEL5, WM266.4, SKMEL 28, and SKMEL 2 human 

melanoma cells [284]. In conjunctival melanomas and primary acquired 

melanosis immunohistochemical detection of NQO1 was performed recently, but 

no enzymatic activity was assessed [285]. 

 Importantly, constitutive NQO1 overexpression leading to high specific 

enzymatic activity is associated with various human malignancies including non-

small cell lung cancer, pancreas carcinoma, and colon adenocarcinoma [286, 

287], and it has long been known that tumors that display high NQO1 enzymatic 

activity can be targeted by NQO1-dependent bioreductively activated anticancer 

agents including alkylating agents such as mitomycin C and 

aziridinylbenzoquinones [267]. In contrast, other tumors, including glioblastoma 

[288], leukemia [289], lymphoma [290], and breast carcinoma [213], display 

impaired expression of functional NQO1 resulting in very low or absent NQO1 

activity [267].  
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 Our results that demonstrate feasibility of DCPIP-based chemotherapy of 

A375 melanoma suggest that DCPIP or improved derivatives may target human 

melanoma or other tumors (including breast carcinoma and lymphoma) that 

display low NQO1 enzymatic activity, a hypothesis to be tested by future 

experiments. Moreover, feasibility of sensitization of G361 melanoma cells to 

DCPIP cytotoxicity by pharmacological or genetic NQO1 antagonism as 

demonstrated in this study suggests that combination therapy employing a 

member of the rapidly expanding group of non-cytotoxic NQO1 inhibitors 

together with a DCPIP-like molecule may provide therapeutic efficacy against 

tumors that display high NQO1 enzymatic activity [291].  

Several recent reports have described a new approach to drug delivery 

based on employment of lipid and nanoparticle-based drug delivery. In this area 

of research, increased drug bioavailability at the tumor sight versus non-

transformed tissue is achieved by the enhanced permeability and retention effect 

(EPR) due to alterations in the vasculature of solid tumors increase the 

permeability of the tissue environment leading to extravasation of lipids and 

nanoparticles into the intrastitial space [292, 293]. By insertion of the nanoparticle 

carrier into the intrastitial gaps it is possible to achieve 10-fold increases in local 

drug concentration at the tumor site relative to the drug alone, in the absence of 

a nanoparticle or lipid carrier [294]. Interestingly, preclinical follow-up research 

has recently documented the cytotoxic, anti-angiogenic, and anti-inflammatory 

activity of free and nanoparticle-encapsulated DCPIP targeting HCT116 colon 
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carcinoma cells [295]. In these studies, DCPIP inhibits proliferation of HCT116 

cells in vitro, inhibits NFkB activation, and attenuates VEGF-induced 

angiogenesis in a chick chorioallantoic membrane model [295]. Therefore, efforts 

at selectively targeting tumor vasculature by DCPIP via microencapsulation in 

lipids or nanoparticles are ongoing. 
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CHAPTER 5:  ORGANIC PEROXIDES AS EXPERIMENTAL PROOXIDANTS: 

A REDOX ANTIMALARIAL (DIHYDROARTEMISININ) TARGETS  

HUMAN METASTATIC MELANOMA CELLS BUT NOT PRIMARY 

MELANOCYTES WITH INDUCTION OF NOXA-DEPENDENT APOPTOSIS 

 

The following is a summary of research previously published in a paper 

entitled “The redox antimalarial dihydroartemisinin targets human metastatic 

melanoma cells but not primary melanocytes with induction of NOXA-dependent 

apoptosis [296].” The following abstract has been published as part of this paper. 

 

Abstract: 

Recent research suggests that altered redox control of melanoma cell 

survival, proliferation, and invasiveness represents a chemical vulnerability that 

can be targeted by pharmacological modulation of cellular oxidative stress. The 

endoperoxide artemisinin and semisynthetic artemisinin-derivatives including 

dihydroartemisinin (DHA) constitute a major class of antimalarials that kill 

plasmodium parasites through induction of iron-dependent oxidative stress. Here, 

we demonstrate that DHA may serve as a redox chemotherapeutic that 

selectively induces melanoma cell apoptosis without compromising viability of 

primary human melanocytes. Cultured human metastatic melanoma cells (A375, 

G361, LOX) were sensitive to DHA-induced apoptosis with upregulation of 

cellular oxidative stress, phosphatidylserine externalization, and activational 
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cleavage of procaspase 3. Consistent with a causative involvement of oxidative 

stress and redox active iron, DHA-induced cell death was antagonized by N-

acetyl-L-cysteine or deferoxamine, respectively. Expression array analysis 

revealed DHA-induced upregulation of oxidative and genotoxic stress response 

genes (GADD45A, GADD153, CDKN1A, PMAIP1, HMOX1, EGR1) in A375 cells. 

DHA exposure caused early upregulation of the BH3-only protein NOXA, a 

proapoptotic member of the Bcl2 family encoded by PMAIP1, and genetic 

antagonism (siRNA targeting PMAIP1) rescued melanoma cells from apoptosis 

indicating a causative role of NOXA-upregulation in DHA-induced melanoma cell 

death. Comet analysis revealed early DHA-induction of genotoxic stress 

accompanied by p53 activational phosphorylation (Ser 15), a finding consistent 

with the established role of activated p53 in upregulation of PMAIP1 expression. 

In primary human epidermal melanocytes, viability was not compromised by 

DHA, and oxidative stress, comet tail moment, and PMAIP1 (NOXA) expression 

remained unaltered. Taken together, these data demonstrate that metastatic 

melanoma cells display a specific vulnerability to DHA-induced NOXA-dependent 

apoptosis and suggest feasibility of future anti-melanoma intervention using 

artemisinin-derived clinical redox antimalarials. 

 

5.1 Introduction 

In an effort to shorten the time of clinical development and to reduce 

candidate attrition during later stages of clinical development due to 
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unanticipated toxicity problems of novel prototype redox chemotherapeutics, we 

focused our attention on the identification of FDA approved pharmaceuticals 

working through redox mechanisms. Demonstrating cancer chemotherapeutic 

activity of drugs already approved for other indications, and evaluated for safety 

through the regulatory process, may shorten the timeline in the development of 

novel drugs to effectively treat cancer. Therefore, we searched for approved 

agents with redox pharmacophores that may show promise toward cancer 

chemotherapeutics. The sesquiterpene endoperoxide artemisinin and other 

semisynthetic artemisinin-derivatives including dihydroartemisinin (DHA) 

constitute an important class of FDA-approved antimalarial drugs that kill 

plasmodium parasites through induction of iron-dependent oxidative stress [65, 

297-299]. Lead optimization has led to the development of a whole range of 

1,2,4-trioxane-based, semisynthetic artemisinin-derivatives with shared 

endoperoxide pharmacophore including DHA, artemether, artether, and 

artesunate, representing the most potent and rapidly acting group of antimalarials 

available today (Figure 5.1). Recent research has demonstrated that artemisinin-

based endoperoxide drugs may serve as experimental prooxidant cancer 

chemotherapeutics displaying significant activity in cell-based, animal, and 

human studies [21, 65, 66, 300, 301]. Only a limited number of prior experimental 

studies have examined artemisinin-based agents targeting melanoma. In 

cultured murine melanoma cells, artesunate displayed antiproliferative and 

apoptogenic activity [302]. In human melanoma cells, artemisinin impaired cell  
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Figure 5.1. Artemisinins as a novel class of endoperoxide-based anticancer 
redox chemotherapeutic. The sesquiterpene endoperoxide artemisinin and the 
1,2,4-trioxane-based, semisynthetic artemisinin-derivatives including artemether, 
artether, dihydroartemesinin, and artesunate are prooxidant antimalarial drugs 
and are currently in use as investigational chemotherapeutics. 
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proliferation and migration with down-regulation of α5β3 integrin and 

metalloproteinase 2 production [303], and cytotoxicity of synthetic artemisinin 

dimer-derivatives has been documented in LOX-IMVI and M14 human melanoma 

cells [304]. Interestingly, a clinical case report on two patients with metastatic 

uveal melanoma presented preliminary evidence in support of a potential 

therapeutic benefit associated with artesunate chemotherapy [66].  

Based on our earlier research aiming at the identification of experimental 

redox chemotherapeutics targeting melanoma [20, 215, 223], we decided to 

further examine the antimelanoma activity of artemisinin-based chemotherapy 

focusing on DHA, a clinically used prototypical semisynthetic artemisinin-

derivative with increased stability based on lactone group reduction.  

 

5.2 Results 

 

5.2.1 DHA induces cell death in human A375 metastatic melanoma cells but not 

in primary epidermal melanocytes.  

First, induction of cell death by DHA was assessed by flow cytometric 

analysis of annexinV-FITC/propidium iodide-stained metastatic melanoma cell 

lines (A375, G361, LOX), primary human fibroblasts (Hs27), and primary 

epidermal melanocytes (HEMa) (Fig. 5.2). Exposure to DHA (10 and 40 µM, 48 

h) dose-dependently induced pronounced cell death in metastatic melanoma 

cells (Fig. 5.2, A-D), but no impairment of viability was observed in primary  
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Figure 5.2. DHA induces cell death in human A375, G361, and LOX 
metastatic melanoma cells but not in primary epidermal melanocytes. (A) 
Induction of cell death by exposure to DHA (40 µM, 48 h) was assessed by flow 
cytometric analysis of annexinV-FITC/propidium iodide-stained cells. The 
numbers indicate viable cells (AV-, PI-, lower left quadrant) in percent of total 
gated cells (mean ± SD, n=3). Representative light microscopy pictures taken 
after 48 h exposure to DHA are shown in panels I-IV.  (I and II: A375; III and IV: 
HEMa; I and III: control; II and IV: DHA) (B) Dose response relationship of 
induction of A375 cell death (DHA 5-40 µM, 48 h). (C) Induction of cell death by 
exposure to DHA (40 µM, 48 h) in G361 metastatic melanoma cells versus Hs27 
dermal fibroblasts. (D) LD50 values derived from dose-response relationship 
analysis of DHA-induced cytotoxicity (assessed by AV-PI flow cytometry) in 
A375, G361, and LOX melanoma cells, dermal Hs27 fibroblasts, and HEMa cells. 
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epidermal melanocytes (Fig. 5.2A and D) and fibroblasts (Fig. 5.2C and D) 

exposed to DHA concentrations up to 100 µM.  

 

5.2.2 Array Analysis reveals upregulation of oxidative and genotoxic stress 

response gene expression in A375 melanoma cells exposed to DHA.  

To gain further mechanistic insight into the molecular events underlying 

melanoma cell-directed cytotoxicity of DHA, modulation of stress and toxicity 

response gene expression was examined in A375 cells exposed to DHA (40 µM, 

48 h exposure) using the RT2 Human Stress and Toxicity ProfilerTM PCR 

Expression Array technology (SuperArray, Frederick, MD) (Fig. 5.3A). Out of 84 

stress-related genes contained on the array DHA-induced expression changes in 

A375 cells affected 21 genes by at least two-fold over untreated control cells as 

summarized in Figure 5.3B. More than fivefold upregulation was detected 

affecting the p53-regulated DNA damage inducible genes growth arrest and 

DNA-damage-inducible, alpha (GADD45A; 6-fold), cyclin-dependent kinase 

inhibitor 1 (CDKN1A; 6-fold), and DNA damage inducible transcript 3 

(DDIT3/GADD153; 8-fold) [219, 246, 273, 274]. Moreover, pronounced 

upregulation of genes encoding the antioxidant enzyme heme oxygenase-1 

(encoded by HMOX1; 6-fold), the oxidative stress-responsive transcription factor 

and tumor suppressor early growth response protein 1 (encoded by EGR1; 5-

fold) [271], and the cytokine granulocyte-macrophage colony stimulating factor 2 

(CSF2; 6-fold) was observed. 
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Figure 5.3. DHA-induced transcriptional changes affecting stress response 
gene expression in A375 metastatic melanoma cells. (A) DHA-induced gene 
expression changes in A375 human melanoma cells. The scatter blot (left panel) 
depicts differential gene expression as detected by the RT2 Human Stress and 
Toxicity ProfilerTM PCR Expression Array technology profiling the expression of 
84 (oxidative) stress- and toxicity related genes after DHA treatment (40 µM, 48 
h). Upper and lower lines represent the cut-off indicating twofold up- or down-
regulated expression, respectively. Arrows specify selected genes with at least 
twofold up-regulated expression versus untreated controls. Expression array 
analysis was performed in three independent repeats and analyzed using the 
two-sided Student’s t test. (B) The table summarizes statistically significant 
expression changes by at least twofold (p < 0.05).  
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5.2.3 DHA induces oxidative stress in A375 melanoma cells.  

Earlier work has demonstrated the involvement of oxidative stress in 

mediating the cytotoxic effects of artemisinin-endoperoxides as reviewed in [21]. 

Led by upregulated expression of oxidative stress response genes after 48 h 

continuous exposure (HMOX1, EGR1; Fig. 5.3), we further examined the 

occurrence of cellular oxidative stress and redox alterations in DHA-treated A375 

melanoma cells (Fig. 5.4). 

Time course analysis of HMOX1 expression was performed by 

quantitative RT-PCR and immunoblot detection revealing pronounced 

upregulation within 12 h continuous exposure (Fig. 5.4A). In addition, in A375 

cells exposed to DHA (20 and 40 µM) significant depletion of intracellular 

reduced glutathione levels was observed at a similar time point (12 h; Fig. 5.4B). 

A dose-dependent elevation of intracellular oxidative stress could be observed in 

A375 cells exposed to DHA (10-40 µM, 24 h) as assessed by 2’, 7’-dichloro-

dihydrofluorescein diacetate detection of intracellular peroxide levels using flow 

cytometry (Fig. 5.4C). Over a 24 h treatment period (DHA, 40 µM), DCF 

fluorescence intensity increased approximately fivefold and was significantly 

upregulated within 12 h continuous exposure (Fig. 5.4D). Similar results were 

observed in other melanoma cell lines (G361; Fig. 5.4D). In contrast, DCF 

fluorescence intensity remained unaltered in primary melanocytes (HEMa) and 

Hs27 fibroblasts exposed to DHA (40 µM; 24 h; Fig. 5.4D), suggesting that DHA 

treatment does not induce oxidative stress in cells that are resistant to DHA- 



153 

 

 

 
 



154 

 

 
Figure 5.4. DHA-induced oxidative stress in metastatic melanoma cells. (A) 
DHA-modulation (40 µM, 3-24 h exposure) of cellular heme oxygenase-1 
(HMOX1) mRNA (top panel; real time RT-PCR; mean ± SD, n=3) and protein 
(HO-1) levels (immunoblot analysis, bottom panel) was examined in A375 
melanoma cells (B) Modulation of intracellular reduced glutathione content in 
A375 melanoma cells exposed to DHA (20 and 40 µM, 1-12 h exposure). 
Glutathione content was normalized to protein content (mean ± SD, n=3). (C-E) 
DHA-induction of intracellular oxidative stress as assessed by DCF flow 
cytometry. Cells were exposed to DHA (1-40 µM; up to 24 h) and intracellular 
oxidative stress was assessed by 2’,7’-dichloro-dihydrofluorescein diacetate 
staining followed by flow cytometric analysis of DCF fluorescence. (C) A375 
melanoma cells: One representative experiment of three similar repeats (left 
panel) and quantitative analysis of three independent repeat experiments (right 
panel; mean ± SD) are displayed. (D) A375 and G361 melanoma cells versus 
HEMa and Hs27 cells (40 µM DHA; mean ± SD, n=3). (C) A375 melanoma cells 
exposed to the combined action of DHA (40 µM, 24 h) and small molecule 
modulators [NAC (10 mM), DFO (20µM), zVADfmk (40µM); right panel: 
quantitative analysis of three independent repeat experiments; mean ± SD]. 
Means without a common letter differ (p < 0.05). 
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induced cell death (Fig. 5.2D). Further DCF-based analysis revealed that DHA-

induced intracellular oxidative stress was blocked if A375 cells were pretreated 

with the thiol-antioxidant N-acetyl-L-cysteine (NAC, 10 mM, 24 h pretreatment 

followed by 40 µM DHA, 24 h) or the iron chelator deferoxamine (DFO, 20 µM, 1 

h pretreatment followed by 40 µM DHA, 24 h) (Fig. 5.4E). In contrast, treatment 

with the pan-caspase inhibitor zVADfmk (40 µM) that was able to protect A375 

cells against DHA-induced cell death (as detailed further in Fig. 5.5B) did not 

suppress elevation of cellular DCF fluorescence suggesting that DHA-induction 

of intracellular oxidative stress is an early event that does not occur downstream 

of caspase activation and cellular disintegration.  

 

5.2.4 DHA-induced A375 melanoma cell apoptosis with mitochondrial impairment 

and caspase 3 activation is antagonized by iron chelation and antioxidant 

intervention.  

Next, the molecular pathways involved in DHA-induced A375 melanoma 

cell death were analyzed in more detail. First, an apoptotic mode of DHA-induced 

A375 cell death was suggested by flow cytometric detection of annexin V-

positivity, a cellular marker indicative of early stages of apoptosis that involve 

phosphatidylserine externalization at the plasma membrane level (Fig. 5.2A and 

B and Fig. 5.5B and D). Further morphological evidence in support of DHA-

induced apoptosis was obtained employing transmission electron microsocopy 

that revealed early membrane blebbing (24 h exposure) followed by nuclear  
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Figure 5.5. DHA-induced A375 and G361 melanoma cell apoptosis. (A) A375 
cells [control and DHA-treated (40 µM, 24 and 48h)] were examined by 
transmission electron microscopy (direct magnification: 8,800 x). The left panel 
depicts cell viability as determined by AV-PI flow cytometry (mean ± SD, n=3). 
(B) Modulation of A375 and G361 cell death by exposure to DHA (40 µM, 48 h) in 
the presence or absence of small molecule modulators used in Fig. 3C as 
assessed by AV-PI flow cytometric analysis. Three panels, left: representative 
experiment using A375 cells [(The numbers indicate viable cells (AV-, PI-, lower 
left quadrant) in percent of total gated cells (mean ± SD, n=3)]. The two bar 
graphs (right) summarize viability data (mean ± SD, n=3) obtained in A375 and 
G361 cells. (C) DHA-induced (10 and 40 µM, 24 h) caspase-3 activation as 
examined in A375 cells by flow cytometric detection using an Alexa Fluor 488-
conjugated monoclonal antibody against cleaved procaspase-3. One 
representative experiment out of three similar repeats is shown (left panel), and 
data (mean ± SD, n=3) are summarized in the bar graph. (D) Modulation of A375 
cell viability after preincubation (24 h) with BSO (1 mM) followed by DHA 
exposure (20 µM, 48 h; mean ± SD, n=3). (E) Time course analysis of loss of 
mitochondrial transmembrane potential (Dψm) in response to DHA exposure (40 
µM; 6, 12, and 24 h) as assessed by flow cytometric analysis of JC-1 stained 
A375 cells. One representative experiment of three similar repeats is shown. (F) 
Energy depletion in response to DHA (20 and 40 µM, 1-24 h) was assessed by 
determination of cellular ATP levels (mean ± SD, n=3). Means without a common 
letter differ (p < 0.05). 
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condensation (48 h exposure), both established hallmarks of cellular apoptosis 

(Fig. 5.5A) [305]. Consistent with caspase-dependent execution of DHA-induced 

cell death, cell viability was maintained upon cotreatment with the pancaspase 

inhibitor zVADfmk, an effect also observed with G361 melanoma cells (Fig. 

5.5B). 

Further flow cytometric analysis using a cleaved-procaspase 3-directed 

Alexa488-conjugated antibody revealed proteolytic activation of this executioner 

caspase that occurred dose dependently (10-40 µM DHA, 24 h; Fig. 5.5C). 

Consistent with a causative involvement of cellular oxidative stress in DHA-

induced melanoma cell apoptosis, antioxidant pretreatment (NAC, 10 mM, 24 h 

preincubation) significantly diminished cytotoxicity of DHA (Fig. 5.5B), and 

significant sensitization towards DHA-induced cytotoxicity (20 µM, 24 h 

exposure) was observed in A375 cells that were pre-exposed to the prooxidant 

inhibitor of glutathione biosynthesis L-buthionine-S,R-sulfoximine (BSO, 1 mM; 

24 h preincubation; Fig. 5.5D) [20]. Furthermore, iron chelation (DFO, 20 µM, 1 h 

pretreatment) efficiently suppressed DHA-induced cytotoxicity in A375 and G361 

melanoma cells (Fig. 5.5B), and DHA-dependent proteolytic caspase 3 activation 

was completely blocked by DFO in A375 cells (Fig. 5.5C).  

Further flow cytometric analysis using the sensor dye JC-1 revealed an 

early impairment of mitochondrial integrity as obvious from dramatic loss of 

transmembrane potential (Δψm) that occurred within 12 h in DHA exposed A375 

cells (Fig. 5.5F) [29]. In the context of mitochondrial impairment, DHA-induced 
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energy crisis was evident from cellular ATP depletion in A375 cells that reached 

the level of statistical significance within 12-hour exposure time (40 µM DHA; Fig. 

5.5E). None of these DHA-induced changes observed in A375 cells (AV-PI 

positivity, EM morphological changes, procaspase 3 cleavage, loss of Δψm and 

ATP) was observed in melanocytes or Hs27 fibroblasts that maintained full 

viability during the course of the experiment (up to 48 h continuous exposure to 

DHA, 40 µM, Fig. 5.3A and D, and data not shown).  

 

5.2.5 DHA-induced early upregulation of PMAIP1 (NOXA) expression occurs in 

A375 and G361 melanoma cells but not in primary melanocytes.  

Our expression array data indicated that DHA exposure occurred with 

transcriptional upregulation of PMAIP1 encoding the proapoptotic BH3-only 

regulator protein NOXA (Fig. 5.3). We therefore examined DHA-induced PMAIP1 

expression at the mRNA and protein level as a function of exposure time in A375 

and G361 melanoma cells versus primary melanocytes (Fig. 5.6, A-F). Time 

course analysis revealed significant upregulation of PMAIP1 transcript levels that 

occurred in both melanoma cell lines within 6 h continuous exposure (DHA, 40 

µM) but was not observed in melanocytes (Fig. 5.6, A-C). Immunoblot detection 

of NOXA confirmed DHA-induction of PMAIP1 expression at the protein level in 

A375 and G361 cells (Fig. 5.6, D-F). In contrast, NOXA protein levels remained 

undetectable in melanocytes (Fig. 5.6F, left panel). In parallel with dramatic 

upregulation of NOXA protein levels as an early response to DHA exposure  
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Figure 5.6. Increased expression of NOXA (PMAIP1) in DHA-induced A375 
melanoma cell apoptosis. (A-C) DHA-modulation (40 µM, up to 24 h exposure) 
of PMAIP1mRNA levels as determined in A375 (panel A), G361 (panel B), and 
HEMa cells (panel C) using real time RT-PCR analysis (mean ± SD, n=3). (D) 
NOXA and PUMA upregulation in A375 cells exposed to 40 µM DHA (3-24 h) as 
detected by immunoblot analysis. (E) NOXA upregulation in G361 cells exposed 
to 40 µM DHA (3-24 h) as detected by immunoblot analysis.  (F) NOXA and 
PUMA upregulation in A375 cells versus HEMa cells exposed to 40 µM DHA (6 
and 12 h) as detected by immunoblot analysis. (G) PMAIP1 knockdown in 
untreated wild type (wt), control siRNA treated (siControl), and PMAIP1 siRNA 
treated (siPMAIP1) A375 cells was examined after DHA exposure (40 µM, 48 h) 
by NOXA immunoblot detection as specified in Materials and Methods. (H) 
Genetic downregulation of PMAIP1 expression confers protection of A375 cells 
against DHA-induced cytotoxicity. Induction of cell death by exposure to DHA (40 
µM, 48 h) was examined using AV/PI flow cytometric analysis of A375 cells after 
control siRNA (siControl, siC) and PMAIP1 siRNA treatment (siPMAIP1). The 
numbers indicate viable cells (AV-, PI-, lower left quadrant) in percent of total 
gated cells. One representative experiment of three similar repeats is shown. 
Means without a common letter differ (p < 0.05). 
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observed in melanoma cells, immunoblot detection in A375 cells also revealed a 

moderate upregulation of the proapoptotic BH3-only mediator PUMA that 

remained unchanged in DHA-treated melanocytes (Fig. 5.6D and F).  

 

5.2.6 Genetic antagonism of PMAIP1 (NOXA) expression protects A375 

metastatic melanoma cells from DHA-induced apoptosis.  

Based on the established key role of NOXA in the mitochondrial pathway 

of apoptosis [306-310], we then tested the hypothesis that upregulation of 

PMAIP1 expression may be causatively involved in DHA-induced A375 

melanoma cell apoptosis. To this end, genetic target modulation using a siRNA 

approach targeting PMAIP1 expression was employed. First, efficacy of PMAIP1 

knockdown (siPMAIP1) was confirmed at the protein level (Fig. 5.6G). 

Immunoblot detection revealed that DHA-induced upregulation of NOXA protein 

levels, as observed earlier in wild type A375 control cells (Fig. 5.6D, F, G), could 

be blocked by prior transfection using the siPMAIP1 oligonucleotides (Fig. 5.6G, 

right panel), but was not suppressed when transfection occurred using non-

targeting siRNA control reagent (siControl; Fig. 5.6G, middle panel). 

Next, the effect of siRNA intervention targeting PMAIP1 upregulation on 

DHA-induced apoptosis was examined in A375 cells (Fig. 5.6H). Flow cytometric 

analysis revealed pronounced cellular protection against DHA-induced 

cytotoxicity (40 µM, 48 h) that was only observed in siPMAIP1-tranfected 

(approximately 82% survival) but not in siControl-transfected (approximately 45% 
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survival) cells, suggesting that NOXA is a key mediator of DHA-induced 

apoptosis in A375 melanoma cells. 

 

5.2.7 DHA impairs genomic integrity with early activational phosphorylation of 

p53 (p53-Ser15) in A375 melanoma cells but not in primary epidermal 

melanocytes.  

Our array-based observation that DHA treatment induced genotoxic stress 

response gene expression (GADD45A, CDKN1A, and DDIT3; 48 h exposure; 

Fig. 5.3) led us to examine if early induction of DNA damage may contribute to 

DHA-apoptogenicity in A375 metastatic melanoma cells. First, GADD45A, 

CDKN1A, and DDIT3 expression was examined at the transcriptional level by 

time course analysis using quantitative RT-PCR that revealed pronounced 

upregulation within 6 h (GADD45A, DDIT3) or 12 h (CDKN1A) continuous 

exposure (Fig. 5.7, A-C). DHA-induced expression changes at the protein level 

were observed by immunoblot detection of CHOP (encoded by 

DDIT3/GADD153), a transcription factor that can be upregulated in response to 

genotoxic stress and ER stress [37, 56]. Using the established ER stress inducer 

thapsigargin (300 nM, 24 h) as a positive control, CHOP upregulation was 

observed within 12 h continuous exposure to DHA, whereas p21 (encoded by 

CDKN1A) displayed increases that occurred only upon 24 h continuous exposure 

(Fig. 5.7D and E, respectively). 

Direct evidence supporting DHA-dependent induction of genotoxic stress 
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Figure 5.7. DHA-induces genotoxic stress with early impairment of genomic 
integrity in human A375 melanoma cells. DHA-modulation (40 µM, up to 24 h 
exposure) of GADD45A (panel A), DDIT3 (panel B), and CDKN1A (panel C) 
mRNA levels was determined in A375 using real time RT-PCR analysis (mean ± 
SD, n=3). DHA-modulation (40 µM, up to 24 h exposure) of CHOP (encoded by 
DDIT3; panel D) and p21 (encoded by CDKN1A; panel E) protein levels were 
monitored using immunoblot analysis. Treatment with thapsigargin (300 nM, 24 
h) served as a positive control inducing CHOP upregulation. (F) A375 and HEMa 
cells were exposed to DHA (10-40 µM, 3-12 h), and DNA damage was detected 
using the comet assay. As a positive control cells were exposed to H2O2 (100 
µM, 30 min). Representative comet images (left panels) as visualized by 
fluorescence microscopy and quantitative analysis of average tail moments (bar 
graph) are shown. At least 75 tail moments for each group were analyzed in 
order to calculate the mean + S.D. for each group. (G) Induction of γ-H2A.X 
formation in DHA-treated A375 cells (40 µM, up to 48 h exposure). One 
representative experiment out of three similar repeats is shown (left panel), and 
data (mean ± SD, n=3) are averaged in the bar graph. (H) Early activational 
phosphorylation of p53 was assessed by flow cytometric analysis of p-p53 
(Ser15) using an Alexa 488-conjugated mouse monoclonal antibody [DHA 40 
µM; 1-6 h exposure; with or without DFO (20 µM)]. One representative 
experiment out of three similar repeats is shown (left panel), and data (mean ± 
SD, n=3) are summarized in the bar graph. Means without a common letter differ 
(p < 0.05). 
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was then obtained employing alkaline single cell electrophoresis (comet assay) 

[311, 312]. To this end, the integrity of cellular DNA was monitored in A375 cells 

treated with DHA (10 and 40 µM) over a 12 h exposure time (Fig. 5.7F). Cells 

were also exposed to H2O2, an established genotoxic agent serving as a positive 

control. As evident from formation of nuclear comets, significant induction of 

genotoxic stress was detectable within 3 h exposure to low micromolar 

concentrations of DHA (10 µM). At higher concentrations (40 µM), DHA 

treatment induced comets with average tail moments that exceeded control 

levels more than three fold within 6 h of exposure (Fig. 5.7F). In contrast, 

analogous comet analysis performed in human epidermal melanocytes exposed 

to DHA (10 and 40 µM, up to 12 h exposure time) did not reveal any impairment 

of genomic integrity (Fig. 5.7F). 

Next, DHA-induced impairment of genomic integrity was also examined by 

flow cytometric analysis of the nuclear phosphorylated histone variant H2A.X (g-

H2A.X, Ser 139), a sensitive marker of DNA double-strand breaks (Fig. 5.7G) 

[313, 314]. In A375 cells, no induction of γ-H2A.X was observed in response to 

DHA exposure at time points and concentrations (10 µM, 3h) that caused a 

significant increase in average tail moment demonstrating that DHA-induced 

early impairment of genomic integrity does not involve the generation of double 

strand breaks. However, flow cytometric analysis indicated γ-H2A.X formation at 

later time points (24 h exposure), an effect consistent with massive DNA 

fragmentation that typically occurs in the context of late nuclear execution of 
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apoptotic cell death. 

DNA damage is known to induce activational phosphorylation of tumor 

suppressor protein p53 at Ser15 that occurs by genotoxic stress-responsive 

kinases [315]. Consistent with an involvement of p53 activation that may occur 

upstream of GADD45A, DDIT3, and CDKN1A upregulation [246], early 

activational phosphorylation [phospho-p53 (Ser15)] was observed in response to 

DHA within 3h exposure time (Fig. 5.7H). In contrast, treatment with DHA did not 

cause any changes in p53-Ser15 phosphorylation status in human epidermal 

melanocytes (Fig. 5.7H), a finding consistent with the absence of DHA-induced 

DNA comets observed above (Fig. 5.6C). Interestingly, DFO cotreatment, shown 

earlier to block DHA-apoptogenicity (Fig. 5.5B and C), completely blocked DHA-

induced p53-Ser15 phosphorylational activation (Fig. 5.7H), consistent with a 

causative role of labile iron in DHA-genotoxicity observed in A375 melanoma 

cells. 

 

5.3 Discussion 

Here, we report for the first time that DHA displays activity as a selective 

redox chemotherapeutic targeting cultured human metastatic melanoma cells 

without compromising viability of primary epidermal melanocytes. We also 

demonstrate that DHA induces melanoma cell apoptosis with early impairment of 

genomic integrity and upregulation of oxidative and genotoxic stress response 

gene expression, and that pronounced upregulation of the BH3-only protein 
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NOXA is required for DHA-induced caspase-dependent elimination of melanoma 

cells.  

 Recent research has demonstrated that the redox antimalarial artemisinin 

and its semisynthetic derivatives including DHA may display anticancer activity. 

Here, we have demonstrated for the first time that DHA may serve as a potent 

redox chemotherapeutic that selectively induces melanoma cell apoptosis 

without compromising viability of primary human melanocytes (Fig. 5.2). DHA-

induced apoptosis, characterized by phosphatidylserine externalization and 

activational cleavage of procaspase 3 (Fig. 5.5), occurred with upregulation of 

cellular oxidative stress and was blocked by iron chelation (DFO) or antioxidant 

intervention (NAC; Fig. 5.4).  These results are consistent with earlier research 

demonstrating that induction of cellular oxidative stress with mitochondria-

dependent apoptosis plays a major role in the anticancer activity of artemisinins 

[65, 297, 298, 301, 316-319]. Earlier experimentation has also demonstrated that 

expression of antioxidant genes including thioredoxin reductase and catalase is 

an important determinant of artesunate activity against tumor cells further 

establishing the importance of redox mechanisms underlying artemisinin 

apoptogenicity directed against cancer cells [320]. 

 In our experiments focusing on A375 human metastatic melanoma cells, 

expression array analysis revealed DHA-induced upregulation of oxidative and 

genotoxic stress response genes (GADD45A, GADD153, CDKN1A, PMAIP1, 

HMOX1, EGR1) in A375 melanoma cells (Fig. 5.3 and Fig. 5.7, A-C), consistent 
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with early activational phosphorylation of p53 (Ser15) as detected by flow 

cytometry (Fig. 5.7H) [36,38]. Direct experimental evidence indicating early 

induction of DHA-genotoxicity within 3h continuous exposure was then obtained 

employing single cell electrophoresis (comet assay) that detects impairment of 

genomic integrity by visualizing DNA unwinding under alkaline conditions that 

may result from single or double strand breaks, AP-site formation, or nucleotide 

excision repair [311, 312]. In this context it should be mentioned that induction of 

DNA damage by the artemisinin-derivative artesunate has been observed earlier 

in Chinese hamster ovary (CHO-9) cells but comet assay-based assessment was 

only performed upon 24 h continuous exposure without inclusion of earlier time 

points [321]. Moreover, recent microarray analysis of LOX IMVI melanoma cells 

exposed to a synthetic artemisinin-dimer has documented DHA-induced 

upregulation of DNA damage response gene expression [304]. However, the 

molecular mechanism underlying DHA genotoxicity in A375 melanoma cells 

remains unresolved at this point, and we are currently testing the hypothesis that 

oxidative DNA base modification and free radical-induced single strand breaks 

are involved in DHA genotoxicity in melanoma cells. 

 Pronounced upregulation of the BH3-only protein NOXA, a proapoptotic 

member of the Bcl2 family encoded by PMAIP1, occurred within 6 hours DHA-

exposure at the transcriptional and protein level (Fig. 5.6) [306-310]. In addition, 

moderate upregulation of PUMA, another BH3-only proapoptotic protein, was 

also detected in DHA-exposed A375 cells (Fig. 5.6D and F), but neither NOXA 
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nor PUMA levels were increased in HEMa cells exposed to DHA (Fig. 5.6F). In 

the context of therapeutic induction of melanoma cell apoptosis by small 

molecule intervention, it is important to note that NOXA upregulation that occurs 

upstream of mitochondrial membrane permeabilization and cytochrome C 

release has recently emerged as a promising key mechanism underlying potent 

apoptogenicity of various investigational drugs targeting metastatic melanoma 

[306-310]. The causative role of NOXA in DHA-induced apoptotic elimination of 

melanoma cells was then established by demonstrating that genetic antagonism 

(siRNA targeting PMAIP1 expression) rescued melanoma cells from DHA-

induced apoptosis (Fig. 5.6). Importantly, PMAIP1 and PUMA are established 

target genes subject to transcriptional control by p53 in melanoma cells [310]. 

Detection of early p53-Ser15 activational phosphorylation as observed in our 

experiments (Fig. 5.7H) may indeed indicate that PMAIP1 and PUMA 

upregulation occurs downstream of DHA-induced p53 activation in A375 

melanoma cells, a hypothesis to be substantiated by further experimentation. 

Importantly, another report has recently demonstrated the causative role of 

PMAIP1 upregulation in DHA-induced apoptosis of Jurkat T lymphoma cells 

[318].  

It will also be interesting to examine the possibility that induction of ER 

stress, suggested by upregulation of CHOP protein levels observed after 12 h 

continuous exposure (Fig. 5.7D), contributes to DHA-induced cytotoxicity in A375 

cells as observed earlier in the context of artemisinin-dimers [304, 322]. 
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Whatever the involvement of other stress response pathways, our data 

demonstrate impairment of genomic integrity and p53 activational 

phosphorylation represent the earliest molecular changes in DHA-exposed A375 

melanoma cells, detectable after only 3 h DHA exposure (Fig. 5.7F and H) before 

occurrence of further expression changes affecting stress response proteins 

including NOXA (6 h; Fig. 5.6), CHOP (12 h; Fig. 5.7D), and p21 (24 h; Fig 5.7E). 

It is remarkable that in primary human epidermal melanocytes, cell viability 

was not compromised by DHA exposure (Fig. 5.2A and D), and comet tail 

moment (Fig. 5.7F), NOXA expression (Fig. 5.6C and F), and cellular oxidative 

stress (Fig. 5.4D) remained unaltered by DHA exposure. The mechanistic basis 

underlying differential DHA cytotoxicity directed against melanoma versus 

melanocytes remains unresolved at this point. Intracellular activation of the 

endoperoxide-pharmacophore is thought to occur by redox-active labile iron, the 

common pharmacodynamic basis underlying both antimalarial and anticancer 

activity [21, 65, 297, 298]. Indeed, the susceptibility of tumor cells to artemisinin 

and its derivatives can be enhanced by co-administration of ferrous iron, and oral 

co-administration of dihydroartemisinin and ferrous sulfate retarded implanted 

fibrosarcoma tumor growth in rats [323]. It has been reported that cancer cells 

display increased rates of iron uptake that supports rapid proliferation [324-326], 

and recent data strongly suggest that altered iron homeostasis with increased 

cellular levels of redox active iron in oncogenic Ras-transformed cells represents 

a chemical Achilles heel that may be targeted by iron-activated prooxidant 
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intervention including artemisinins [327]. It is therefore tempting to speculate that 

the specific vulnerability of human melanoma cells to DHA, not observed in 

melanocytes, may result from increased intracellular availability of redox active 

labile iron, a hypothesis to be tested by future experimentation. In this context, it 

should also be examined if redox-active dysfunctional melanin, known to 

accumulate in metastatic melanoma cells but not in primary melanocytes, may 

additionally contribute to melanoma cell-directed activation of DHA and other 

artemisinins [166, 169, 170] 

Development of more efficacious therapeutic modalities targeting early 

and late stages of malignant melanoma is ongoing [62,63]. Our data demonstrate 

that metastatic melanoma cells display a specific vulnerability to DHA-induced 

NOXA-dependent apoptosis suggesting that further preclinical and clinical 

evaluation of anti-melanoma intervention using artemisinin-derived redox 

antimalarials is warranted.  
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CHAPTER 6:  MICHAEL ACCEPTORS AS EXPERIMENTAL PROOXIDANTS II: 

A CINNAMOYL-BASED NRF2-ACTIVATOR  

SUPPRESSES HUMAN SKIN CELL PHOTOOXIDATIVE STRESS 

 

The following is a summary of research previously published in a paper 

entitled “Cinnamoyl-based Nrf2-activators targeting human skin cell photo-oxidative 

stress [22].” The following abstract has been published as part of this paper. 

 

Abstract: 

Strong experimental evidence suggests the involvement of photo-oxidative 

stress mediated by reactive oxygen species as a crucial mechanism of solar 

damage relevant to human skin photoaging and photocarcinogenesis. Based on the 

established role of antioxidant response element (ARE)-mediated gene expression 

in cancer chemoprevention, we tested the hypothesis that small molecule Nrf2-

activators may serve a photo-chemopreventive role by targeting skin cell photo-

oxidative stress. A luciferase-based reporter gene assay was used as a primary 

screen for the identification of novel agents that modulate the Nrf2-Keap1 signaling 

pathway. A series of cinnamoyl-based electrophilic Michael acceptors including 

cinnamic aldehyde and methyl-1-cinnamoyl-5-oxo-2-pyrrolidine-carboxylate was 

identified as potent Nrf2-activators. Hit confirmation was performed in a secondary 

screen, based on immunodetection of Nrf2 protein upregulation in human Hs27 skin 

fibroblasts, HaCaT keratinocytes, and primary skin keratinocytes. Bioefficacy 
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profiling of positive test compounds in skin cells demonstrated compound-induced 

upregulation of heme oxygenase I and NAD(P)H-quinone oxidoreductase, two Nrf2 

target genes involved in the cellular antioxidant response. Pretreatment with 

cinnamoyl-based Nrf2-activators suppressed intracellular oxidative stress and 

protected against photo-oxidative induction of apoptosis in skin cells exposed to high 

doses of singlet oxygen. Our pilot studies suggest feasibility of developing 

cinnamoyl-based Nrf2-activators as novel photo-chemopreventive agents targeting 

skin cell photo-oxidative stress. 

 

6.1 Introduction 

After demonstrating feasibility of targeting melanoma cells by prooxidant 

modulation of cellular redox homeostasis using experimental Michael acceptors, 

we aimed at testing the hypothesis that the electrophilic prototype agent 

cinnamaldehyde may also display activity as a cytoprotectant through 

upregulation of cellular antioxidant defense mechanisms. In this part of my 

experimentation we focused our efforts on targeting the redox sensitive 

transcription factor Nrf2 (NF-E2-related factor 2), controlling the cellular 

antioxidant response, and the development of novel topical agents for skin 

photoprotection against UV-induced oxidative stress, a research project that was 

performed in collaboration with the laboratory of Dr. Donna Zhang at the 

University of Arizona, College of Pharmacy. In response to electrophilic stress, 

Nrf2 transcriptional activity is activated by binding to cis-acting antioxidant 
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response elements (AREs) in the promoter region of target genes that encode 

phase II detoxification enzymes including glutathione S-transferase (GST), 

NAD(P)H:quinone oxidoreductase (NQO1), γ-glutamylcysteine synthase (GCS), 

and heme oxygenase 1 (HO-1) [117-126, 328-330]. In the absence of 

electrophilic and oxidative stress, Nrf2 is sequestered in the cytoplasm and 

marked for proteasomal degradation by interaction with its negative repressor 

protein Keap1 [128]. Induction of Nrf2-controlled gene expression occurs through 

covalent adduction of thiol-reactive electrophiles at key cysteine residues of 

Keap1 that are necessary for Nrf2/Keap1 association and thus serve as sensors 

of electrophilic and oxidative stress [120, 122, 125, 129, 130]. In recent reports, 

several cysteine residues of Keap1 (C151, C273, C288) have been implicated as 

stress sensors to nitric oxide and metal stress including zinc ions, in addition to 

its established reactivity with α,β-unsaturated carbonyls [118, 119, 331]. Thus, 

oxidative modification of critical cysteine residues of Keap1 by heterogeneous 

electrophilic agents and ROS is now recognized as the critical trigger that 

initiates the upregulation of the cellular antioxidant response and is therefore an 

attractive molecular target for the development of novel chemopreventive agents. 

This is demonstrated by recent data that indicate the high susceptibility of germ 

line Nrf2-null mice to electrophilic and oxidative stress [332]. 

It is widely established that heterogeneous electrophilic pharmacophores 

contained in many chemopreventive prototype agents, such as the β-dicarbonyl 

compound curcumin and the isothiocyanate sulforaphane, are responsible for the 
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activation of Nrf2-dependent gene expression [79, 332-335]. Sulforaphane, a 

compound isolated from cruciferous vegetables (e.g. broccoli) is a potent inducer 

of Nrf2-dependent expression of phase II enzymes (Fig. 6.1B) [124, 336]. 

However, the therapeutic potential of isothiocyanate containing compounds as 

topical agents for skin photoprotection is limited by skin and respiratory 

sensitivity, both side effects of isothiocyanate exposure. In fact, mustard oils 

containing the isothiocyanate functional group are potent lachrymators and lead 

to respiratory irritation at concentrations as low as 300 ppb [337]. Recent data 

have shown that sulforaphane may also inhibit breast cancer stem cells in a 

mouse xenograft model, but does so through inactivation of Wnt/β-catenin 

signaling, a pathway responsible for self-renewal of breast cancer stem cells 

[338]. 

The polyphenol curcumin is a dietary compound isolated from turmeric as 

a yellow pigment and has been extensively studied demonstrating its anti-

inflammatory, antioxidant, anti-proliferative and anti-metastatic properties [339]. 

Importantly, curcumin sensitizes tumors to chemotherapeutic agents (e.g. 

doxorubicin, cisplatin, paclitaxel, and bortezomib) by inhibition of several cell 

signaling pathways that involve NFkB, Akt, and multidrug-resistance proteins 

[340]. In addition to its potential as a chemosensitizer, curcumin also acts as a 

chemopreventive antioxidant by induction of Nrf2 and has formed the basis for 

development of synthetic derivatives with increased potency, as reviewed here 

[341, 342]. One example, salicylcurcuminoid {1,7-bis-(2-hydroxyphenyl)-1,6-
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heptadiene-3,5-dione)}, displayed increased induction of Nrf2 and significantly 

inhibited the tumor growth in a mouse model that used a two-stage chemical 

carcinogenesis [341]. Unfortunately, due to the multitude of targets that are 

modified by curcumin, a better agent with attenuated electrophilicity or increased 

target specificity is necessary for use as an effective chemopreventive agent. 

Moderate skin photoprotection by topical application of antioxidants has 

been demonstrated in many experiments on animal and human skin, and 

inhibition of mouse skin photocarcinogenesis by these agents has been observed 

as reviewed recently [343]. However, the therapeutic efficacy of topical 

antioxidants is limited by their sacrificial depletion, potential photodegradation, 

and spontaneous UV-enhanced redox chemistry, which can exert prooxidant 

effects and interfere with physiological redox signaling [344, 345]. Due to these 

limitations, most topical antioxidants can only play an adjuvant role in skin 

protection against photo-oxidative damage. However, the anti-cancer properties 

of the aforementioned dietary components led us to hypothesize that we can 

develop novel drug-like cinnamaldehyde derivatives as Michael reactive Nrf2 

inducers with attenuated electrophilicity devoid of systemic toxicity and skin 

sensitization for an effective mode of chemoprevention. In fact, modification of 

the Michael acceptor pharmacophore of the highly reactive electrophile acrolein 

to cinnamaldehyde is marked by a significant attenuation of the relative 

electrophilicity toward glutathione [346]. Therefore, attenuating the electrophilicity 
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of novel agents by modification of the substituents is a key consideration in the 

development of less reactive Nrf2 activators. 

Based on this hypothesis, we have employed a rapid screening method 

that identifies Nrf2-activators and examined their potential photo-

chemopreventive activity in cell-based assays in collaboration with the Zhang lab. 

In this arm of our work we aimed to perform structure activity relationships of 

attenuated CA derivatives. We began our iterative approach through creation of a 

focused library of compounds that would eliminate skin sensitization by first 

eliminating the aldehyde functional group responsible for skin sensitization, and 

by subsequent modulation of the carbonyl substituent to control the relative 

electrophilicity of the compound. Following Nrf2 protein detection and Nrf2 

luciferase reporter assay data from the Zhang lab, we continued our SAR using a 

glutathione adduction assay method developed in our lab to monitor loss of the 

Michael acceptor pharmacophore to guide our lead optimization efforts. The 

optimized leads were then tested by several experimental methods for the 

induction of antioxidant gene expression and enzymatic activity in vitro. 

 

6.2 Results 

6.2.1 Identification of cinnamoyl-based Michael acceptors as Nrf2-activators 

using a luciferase reporter assay-based screen.  

 The causative role of oxidative stress in skin cell photodamage led us to 

explore the feasibility of using novel Nrf2-activators as potential photo-
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chemopreventive modulators of the skin cell antioxidant response. First, a cell-

based screening assay for the rapid identification of small molecule Nrf2-

activators was established as published earlier [119, 125, 220]. A dual-luciferase 

reporter gene assay allowed detection of Nrf2 transcriptional activation in MDA-

MB-231 cells cotransfected with plasmids containing an ARE-dependent firefly 

luciferase reporter gene and expression plasmids for the Nrf2 and Keap1 

proteins as indicated in Fig. 6.1A. Based on the known activity of electrophiles 

containing an α,β-unsaturated carbonyl pharmacophore as potent inducers of the 

Nrf2 target gene NQO1, we examined various dietary unsaturated aldehydes and 

related compounds including dibenzoylmethane (from licorice), (R)- and (S)-

carvone (from cumin), vanillin (from vanilla), and trans-cinnamic aldehyde (CA, 

from cinnamon) for activity as Nrf2 transcriptional activators. Among these test 

compounds, only CA exhibited activity as potent Nrf2 transcriptional activator 

(Fig. 6.1C and D). Remarkably, CA induced Nrf2 transcriptional activation at low 

micromolar levels (10 µM) being slightly less potent than the established Nrf2-

inducer sulforaphane (Fig. 6.1C). The established Nrf2-inducer tert-

butylhydroquinone (tBHQ) required dosing at higher concentrations (50 µM) to 

achieve comparable levels of induction obtained with CA.  

 Next, the structure activity relationship of Nrf2 transcriptional activation 

by CA was explored in detail and more potent structural derivatives were 

identified as shown in Figure 6.2. Consistent with the Michael acceptor 

pharmacophore serving as a structural prerequisite for Nrf2 activation by CA, the  
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Figure 6.1. Nrf2 transcriptional activation by established Nrf2-inducers and 
cinnamic aldehyde. (A) MDA-MB-231 cells were cotransfected with plasmids 
containing an ARE-dependent firefly luciferase (F) reporter gene (construct as 
shown) and expression plasmids for the Nrf2 and Keap1 proteins. A plasmid 
encoding renilla luciferase (R), driven by the herpes simplex virus thymidine 
kinase promoter, was included in all transfections to normalize transfection 
efficiency. (B) and (C) Cells were treated with tBHQ (50 µM), SF (10 µM), and CA 
(10 µM) for 16 h and Nrf2 activation was assessed by luminescence detection. 
(D) Dose response of Nrf2 transcriptional activation by CA. Potency of fold-
induction is expressed as relative luminescence units (R/F) versus untreated 
control transfectants (mean ± SD, n=3).  



180 

 

Michael-inactive dihydrocinnamic aldehyde (DHCA, 3-phenylpropionaldehyde), 

devoid of the α,β-unsaturated carbonyl pharmacophore, did not induce Nrf2 

transcriptional activation even at high concentrations (50 µM, Figure 6.2A). 

Equally, cinnamic acid (CAC), again devoid of Michael acceptor activity due to 

exchange of the aldehyde for a carboxylic acid group, was inactive over a broad 

dose range (Figure 6.2B). In contrast, esterification of the carboxylic acid group 

as in cinnamic acid methyl ester (CACM) is expected to restore the Michael 

acceptor pharmacophore as published previously [221], and consequently, Nrf2 

transcriptional activation was observed when MDA-MB-231 cells were treated 

with micromolar concentrations of CACM (Figure 6.2C). In contrast, as observed 

with CAC, the cinnamic acid amide-derivative N-cinnamoylglycine (CAG), devoid 

of an electrophilic Michael pharmacophore due to carbonyl inactivation by amide 

formation, was Nrf2-inactive (Figure 6.2D).  

 In an attempt to explore the potential use of modified cinnamoyl-amides 

as Nrf2-activators we then synthesized the secondary amide N-cinnamoyl-L-

proline (ProCA) that again was Nrf2-inactive, consistent with the peptide 

character of the secondary amide bond that would inactivate the Michael 

acceptor pharmacophore (Figure 6.2E). Next, we tested methyl-1-cinnamoyl-5-

oxo-2-pyrrolidine-carboxylate (N-cinnamoyl-5-oxo-L-proline methyl ester, 

oxoProCA), a close derivative of ProCA designed to exhibit considerable Michael 

acceptor reactivity due to introduction of an additional carbonyl group that forms 

an amide bond within the pyrrolidine ring system, thereby reconstituting the  
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Figure 6.2. Nrf2 transcriptional activation by cinnamoyl-based Michael 
acceptors and Michael-inactive analogs. Dose response of Nrf2 transcriptional 
activation by Michael-active and -inactive cinnamoyl-derivatives: (A) 
dihydrocinnamic aldehyde (DHCA); (B) cinnamic acid (CAC); (C) cinnamic acid 
methyl ester (CACM); (D) N-cinnamoylglycine (CAG); (E) N-cinnamoyl-L-proline 
(ProCA); (F) N-cinnamoyl-5-oxo-L-proline methyl ester (oxoProCA); y-axis: 
potency of induction is expressed as relative luminescence units (R/F) versus 
untreated control transfectants (mean ± SD, n = 3) as detailed above. (G) 
Comparative Michael acceptor reactivities of test compounds. Spontaneous 
adduction of CA (λmax: 290 nm), proCA (λmax: 280 nm), and oxoProCA (λmax: 
300 nm), by the model thiol compound β-mercaptoethanol was followed by UV-
spectroscopy over 120 min after initiation of the reaction as detailed in Materials 
and Methods. Time course of loss of UV-absorbance at the wavelength of 
maximal enone-pharmacophore absorbance was expressed for every time point 
as percent of initial absorbance (mean ± SEM, n = 2). 
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electrophilicity of the α,β-unsaturated carbonyl-pharmacophore of the N-

cinnamoyl substituent (Figure 6.2F). Remarkably, oxoProCA induced Nrf2 

transcriptional activation in the submicromolar concentration range. Indeed, when 

the relative Michael acceptor reactivities of CA, proCA, and oxoProCA were 

determined by following thiol adduction of their unsaturated carbonyl 

chromophores using UV-spectroscopy, proCA was completely inert, but CA and 

oxoProCA were rapidly adducted by the model thiol b-mercaptoethanol (Figure 

6.2G). The relative initial rate of CA thiol-adduction, as extrapolated from the time 

course of Michael acceptor chromophore destruction, exceeded that of 

oxoProCA by approximately 1.3 fold, suggesting a slightly attenuated reactivity of 

oxoProCA as an electrophilic Michael acceptor when compared to CA. 

Comparative adduction kinetics and structure elucidation of reaction products 

between model thiols and a range of cinnamoyl-based Michael acceptors will be 

published elsewhere (Cabello and Wondrak, manuscript in preparation). 

Remarkably, in the reporter assay for Nrf2-transcriptional activity, oxoProCA was 

active at concentrations significantly lower than those required for Nrf2-activation 

by other positive test compound (tBHQ, CA, CACM) suggesting that in addition to 

chemical Michael acceptor potency additional parameters such as lipophilicity, 

membrane permeability, and metabolic deactivation may influence cell-based 

activity of test compounds.  

 Taken together, these findings demonstrate (I) feasibility of using our 

cell-based screen for the rapid identification of potent small molecule Nrf2 
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transcriptional activators and (II) feasibility of using the dietary natural product CA 

and synthetic derivatives including oxoProCA and CACM to achieve 

pharmacological upregulation of Nrf2 transcriptional activity.  

 

6.2.2 Upregulation of Nrf2 protein levels in cultured human skin fibroblasts and 

keratinocytes exposed to cinnamoyl-based Michael acceptors.  

Nrf2-transcriptional activation by small molecule modulators generally 

occurs by interference with the Keap1-mediated proteasomal degradation of Nrf2 

leading to upregulation of cellular Nrf2-protein levels [125, 347]. Therefore, 

positive hits identified in the luciferase-based reporter gene assay were 

confirmed by examining upregulation of Nrf2-protein levels in cultured skin cells. 

Consistent with observed transcriptional activation, immunoblot analysis of Nrf2 

levels indicated its accumulation in human dermal Hs27 fibroblasts exposed to 

CA and CACM, but not the Michael-inactive cinnamoyl-derivative DHCA (Figure 

6.3A). Moreover, the dose response of Nrf2 accumulation indicated that low 

micromolar concentrations of CA (Figure 6.3C) and oxoproCA (Figure 6.3D) are 

sufficient to induce Nrf2 protein upregulation in Hs27 fibroblasts. In addition, CA 

and oxoProCA treatment also upregulated Nrf2 protein levels in immortalized 

human skin HaCaT keratinocytes (Figure 6.3E and F) and primary human skin 

keratinocytes (Figure 6.3H). After subcellular fractionation, cinnamoyl-induced 

nuclear Nrf2 accumulation was observed in Hs27 and HaCaT keratinocytes 

(Figure 6.3B and G).  
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Figure 6.3. Nrf2 protein upregulation by cinnamoyl-based Michael 
acceptors in cultured human skin cells. Cultured human Hs27 skin fibroblasts 
(panels A-D), HaCaT keratinocytes (panels E-G), and primary skin keratinocytes 
(panel H) were exposed to the following agents: tBHQ (100 µM), DHCA (10 µM), 
CACM (10 µM), CA (dose range as indicated), and oxoProCA (dose range as 
indicated) for 4 h, and cellular Nrf2 protein levels were then examined in total 
cellular protein extracts by SDS-PAGE followed by immunoblot detection using 
enhanced chemiluminescence as detailed in Materials and Methods. Total and 
nuclear protein extracts were examined for Nrf2 levels in Hs27 fibroblasts (panel 
B) and HaCaT keratinocytes (panel G) exposed to CA (10 µM, 4 h) using 
subcellular fractionation as detailed in Materials and Methods.  
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Based on these data, it was concluded that cinnamoyl-induced Nrf2-

activation (I) depends on upregulation of cellular Nrf2-protein levels, (II) is 

detectable in both fibroblasts and keratinocytes, and (III) is most pronounced in 

HaCaT keratinocytes in response to oxoProCA. 

 

6.2.3 Transcriptional activation and expression of Nrf2 antioxidant target genes 

by cinnamoyl-based Michael acceptors in cultured human skin cells.  

Nrf2-modulation of the cellular antioxidant response occurs by 

transcriptional activation of antioxidant target genes including NQO1 and HO-1 

[117-123, 329]. After demonstrating Nrf2 protein upregulation in Hs27 human 

skin fibroblasts and HaCaT keratinocytes exposed to cinnamoyl-based Michael 

acceptors, modulation of antioxidant gene expression downstream of Nrf2 was 

examined. Using real time RT-PCR, transcriptional activation of selected Nrf2-

target genes (NQO1 and HO-1) and other Nrf2-independent antioxidant response 

encoding genes [catalase (Cat) and metallothionein 2A (MT2A)] was examined in 

cultured human skin cells exposed to Nrf2-active and -inactive cinnamoyl-

derivatives. Indeed, after 24 h exposure to CA or oxoProCA, NQO1 and HO-1 

transcription was upregulated in human Hs27 fibroblasts and HaCaT 

keratinocytes (Figure 6.4). In Hs27, CA treatment upregulated HO-1 transcript 

levels by more than 50 fold, whereas oxoProCA achieved only a moderate 

twofold induction (Figure 6.4A-B). In contrast, HaCaT keratinocytes showed a 

reversed pattern of HO-1 induction, with oxoProCA and CA achieving eightfold 
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Figure 6.4. Induction of Nrf2-target gene expression by cinnamoyl-based 
Michael acceptors. Human skin Hs27 fibroblasts and HaCaT keratinocytes were 
cultured for 24h in the presence of the test compounds tBHQ (50 µM) and CA, 
DHCA, and oxoProCA (10 µM, each). Total RNA was prepared and Nrf2 target 
gene expression was then quantitatively examined using real time RT-PCR 
analysis with normalization for GAPDH expression levels. (A) Representative 
amplification curves for NQO1, HO-1, CAT, and MT2A obtained in Hs27 
fibroblasts; (B and C) relative expression levels in response to 24 h mock 
treatment (control) and exposure to test compounds obtained in fibroblasts (B) 
and keratinocytes (C). For every treatment group, the experiment was performed 
independently two times in each cell line (n=2, mean + SEM). 
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and twofold upregulation, respectively (Figure 6.4C). NQO1-mRNA levels were 

increased approximately fivefold in CA- or oxoProCA-treated Hs27 fibroblasts 

and oxoProCA-treated HaCaT keratinocytes, whereas a moderate twofold 

upregulation of NQO1 expression was observed in response to CA treatment in 

HaCaT keratinocytes. This suggests that in HaCaT keratinocytes, but not in Hs27 

fibroblasts, oxoProCA is a more potent Nrf2-inducer than CA. In contrast, mRNA 

levels of other genes encoding the antioxidant proteins Cat and MT2A and the 

housekeeping enzyme GAPDH were unaffected by treatment with cinnamoyl-

based Michael acceptors. Importantly, the Michael-inactive CA-derivatives DHCA 

and ProCA, incapable of Nrf2 transcriptional activation or Nrf2 protein 

upregulation, did not modulate Nrf2 target gene expression as shown for DHCA-

treated HaCaT keratinocytes.  

Next, upregulation of HO-1 and NQO1 by CA and oxoProCA was 

examined in Hs27 fibroblasts by assessing modulation of cellular protein level 

and specific enzymatic activity, respectively. HO-1 protein levels as assessed by 

immunoblot analysis were elevated after CA-exposure and more moderately 

upregulated in response to oxoProCA exposure (Figure 6.5A and C). HO-1 

upregulation was also observed in response to tBHQ treatment (Figure 6.5B), but 

remained unchanged upon exposure to Michael-inactive DHCA (Figure 6.5D). 

Prolonged upregulation of HO-1 protein levels was detected at 24 h of treatment 

with cinnamoyl-based Michael acceptors and was diminished at 48 h of exposure 

(Figure 6.5A). Next, upregulation of cellular NQO1 specific enzymatic activity, a  
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Figure 6.5. Sustained upregulation of cellular HO-1 protein levels in human 
Hs27 skin fibroblasts exposed to cinnamoyl-based Nrf2-activators. Cultured 
human Hs27 skin fibroblasts were exposed to a dose range of DHCA (panels A 
and D), CA (panels A and C), oxoProCA (panels A and C) for 24 (panels A-D) 
and 48 h (panel A), and cellular HO-1 protein levels were then examined in total 
cellular protein extracts by 15% SDS-PAGE followed by immunoblot detection 
using enhanced chemiluminescence. Exposure to tBHQ (50 µM, 24 h) served as 
a positive control (panel B). 
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cellular marker widely used for screening of electrophilic chemopreventive agents 

[348], by cinnamoyl-based Michael acceptors was examined. Indeed, 

transcriptional activation of NQO1 in Hs27 fibroblasts correlated with 

upregulation of NQO1 specific enzymatic activity as determined using the DCPIP 

reduction assay (Figure 6.6). Interestingly, upregulation of NQO1 specific 

enzymatic activity was more pronounced in response to 24 h exposure to CA 

than to oxoProCA, even though equal expression was detected at the mRNA 

level (Figure 6.4A). In contrast, no upregulation of NQO1 specific enzymatic 

activity was observed as a result of exposure to DHCA, suggesting that NQO-1 

upregulation in Hs27 fibroblasts requires an active Michael acceptor 

pharmacophore as contained in CA and oxoProCA.  

Taken together, these findings demonstrate that the cinnamoyl-based 

Michael acceptors CA and oxoProCA significantly upregulate Nrf2 antioxidant 

target gene expression in human fibroblasts and keratinocytes. This suggests 

feasibility of upregulating the antioxidant response of human skin cells using 

these compounds as pharmacological agents.  

 

6.2.4 Targeting 1O2-induced skin cell photo-oxidative stress using cinnamoyl-

based Nrf2-activators.  

In order to examine feasibility of achieving cellular protection against 

photo-oxidative damage by cinnamoyl-based Nrf2-activators, human Hs27 skin 

fibroblasts and HaCaT keratinocytes were cultured for 24 h in the presence or  
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Figure 6.6. Induction of NQO1 specific enzymatic activity in human Hs27 
skin fibroblasts exposed to cinnamoyl-based Nrf2-activators. NQO1 specific 
enzymatic activity of cytosolic protein preparations from cells exposed to various 
test compounds (CA, oxoProCA, DHCA, 10 µM each, 24 h) was determined 
using the DCPIP reduction assay as specified in Materials and Methods. The 
results are presented as means + S.D. of three independent experiments (*, p < 
0.05; **, p < 0.01; ***, p < 0.001).  
 
 

* 

** 
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absence of test compounds and then exposed to 1O2, an established key 

mediator of skin cell photo-oxidative stress [217]. Cellular photo-oxidative stress, 

resulting from exposure to 1O2 formed in situ by dye-sensitization [combined 

action of 0.3 J/cm2 visible light and 3.3 µM sensitizer dye toluidine blue O (TB) in 

PBS], was then monitored by flow cytometric analysis. Mock-pretreated 

fibroblasts exposed to the combined action of visible light and the sensitizer dye 

TB and then incubated in the presence of 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFH-DA) displayed an approximately fourfold increase in green 

fluorescence intensity over unirradiated control cells exposed to DCFH-DA only, 

indicative of cellular photo-oxidative stress resulting from ROS formation during 

dye-sensitization as published earlier (Figure 6.7A) [47]. The exact molecular 

nature of the oxidizing species responsible for DCFH-DA oxidation in dye-

sensitized fibroblasts was not examined at this point, but formation of singlet 

oxygen and peroxides as a result of toluidine blue-sensitization is well 

documented and likely involved in the oxidative transformation of the non-

fluorescent precursor dye [349]. Importantly, no suppression of photo-oxidative 

stress was observed when fibroblasts were pretreated with DHCA and then 

exposed to dye-sensitization (Figure 6.7A). In contrast, pretreatment with CA or 

oxo-ProCA significantly reduced cellular green fluorescence intensity resulting 

from 1O2 exposure [approximately 70% reduction] suggesting that pretreatment 

with cinnamoyl-based Nrf2-activators antagonizes photo-oxidative stress.  
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Figure 6.7. Chemoprevention of skin cell photo-oxidative stress using 
cinnamoyl-based Nrf2-activators. (A) Suppression of intracellular photo-
oxidative stress in human Hs27 fibroblasts by pretreatment with CA and 
oxoProCA. Cells were pre-incubated with DHCA, CA, and oxoProCA (10 µM 
each, 24 h) and then exposed to photo-oxidative stress using dye-sensitization 
with generation of 1O2 (visible light dose 0.3 J/cm2). After exposure, intracellular 
oxidative stress was assessed by 2’,7’-dichloro-dihydrofluorescein diacetate 
staining followed by flow cytometric analysis. One representative experiment of 
three similar repeats is shown. (B) Protection of Hs27 fibroblasts by pretreatment 
with CA (24 h, 10 µM) against photodynamic-induction of cell death (visible light 
dose 1.8 J/cm2) was examined 24 h after exposure to 1O2 by light microscopy 
and flow cytometric analysis of annexinV-FITC/propidium iodide-stained cells.  
(C) Protection of HaCaT keratinocytes by pretreatment with CA and oxo-ProCA 
(24 h, 10 µM each) against photodynamic induction of cell death was analyzed 
as described above (panels I-IV: light microscopy of treatment groups shown 
before flow cytometric analysis). The numbers indicate viable cells (AV-, PI-, 
lower left quadrant) in percent of total gated cells (mean ± SD, n=3).  
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Pronounced induction of cell death was observed in Hs27 fibroblasts 24 h 

after exposure to apoptogenic doses of 1O2. To this end, a six-fold higher photon 

dose was used over photooxidative stress conditions [combined action of 1.8 

J/cm2 visible light and 3.3 µM TB in PBS] (Figure 6.7B). Consistent with 

photodynamic induction of apoptosis/necrosis, photosensitized fibroblasts 

exhibited pronounced morphological changes characterized by cell rounding, 

membrane blebbing, and cytoplasmic condensation. Induction of cellular 

apoptosis was confirmed by annexinV-FITC/PI staining followed by flow 

cytometric analysis performed 24 h after cell photosensitization (Figure 6.7B). 

Cells in early apoptosis [annexinV+/PI-] and late apoptosis/necrosis 

[annexinV+/PI+] were identified starting 6 h after treatment (data not shown) and 

24 h later only 6% of cells remained viable. As published before, these changes 

were not observed with administration of photosensitizer in the dark or in the 

presence of light alone, and photodynamic cell kill was completely suppressed 

when dye sensitization was performed in the presence of 1O2-quenchers 

including NaN3 [data not shown] [217]. In contrast, significant cell protection 

(almost 80% viable cells) was observed both by light microscopy and flow 

cytometry, when fibroblasts received 24 h pretreatment with CA before exposure 

to 1O2 (Figure 6.7B). Similar protection was achieved after preincubation with 

oxoProCA (data not shown). In contrast, chemopreventive suppression of photo-

oxidative damage in cultured human HaCaT keratinocytes was more pronounced 

after oxoProCA (over 80% surviving cells) than after CA (approximately 55% 
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surviving cells) pretreatment as shown in Figure 6.7C. This may result from more 

pronounced upregulation of cellular Nrf2 levels that occurs even at 

submicromolar levels of oxoproCA as shown in Fig. 3F. Importantly, cellular 

protection against photooxidative stress and induction of apoptosis was not a 

result of direct absorption of photons by cinnamoyl-based test compounds since 

photo-activation and 1O2 formation by the sensitizer dye TB depends on 

excitation in the visible wavelength range [47], whereas photon absorption by CA 

and oxoProCA is confined to the UVB region (data not shown). Moreover, CA 

and oxo-ProCA were inactive when used in photoprotection studies without pre-

incubation period, consistent with Nrf2 upregulation and subsequent gene 

expression mediating the protective effects of these cinnamoyl-derivatives (data 

not shown). 

These findings demonstrate that the cinnamoyl-based Nrf2-activators CA 

and oxoProCA are potent antagonists of 1O2-induced photo-oxidative stress and 

photodynamic induction of apoptosis in cultured human skin fibroblasts and 

keratinocytes.  

 

6.3 Discussion 

The rising incidence of nonmelanoma and melanoma skin cancers and the 

established role of solar UV-radiation as a major environmental carcinogen 

creates an urgent need for better agents for skin photoprotection [345]. Strong 

experimental evidence suggests the involvement of photo-oxidative stress 
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mediated by reactive oxygen species as a crucial mechanism of solar damage 

relevant to human skin photoaging and photocarcinogenesis [343, 350-352]. 

Previous research demonstrates the feasibility of targeting photo-oxidative 

mechanisms for skin photoprotection and cancer chemoprevention [343, 345], 

and the mechanisms by which small molecule modulation of the Nrf2-Keap1 

signaling pathway induces antioxidant gene expression and cell protection are 

established [117-124]. Based on the hypothesis that activation of ARE-mediated 

gene expression can suppress photo-oxidative pathways of skin cell photo-

damage, we established a cell-based screening methodology and report here the 

identification and efficacy of cinnamoyl-based Nrf2-activators as potential photo-

chemopreventive agents.  

First, using a luciferase reporter assay-based screen in human MDA-MB-

231 cells the dietary Michael acceptor CA was identified as potent lead Nrf2 

activator. A series of closely related cinnamoyl-based Michael acceptors and 

Michael-inactive derivatives (DHCA, CAC, CACM, CAG, ProCA, oxoProCA) were 

tested in order to further explore the structure activity relationship of Nrf2-

activation by these agents. Apart from CA and CACM, a N-cinnamoyl-substituted 

secondary amide-based derivative (oxoProCA) was identified as potent Nrf2 

activator, consistent with a Michael acceptor reactivity of this compound as 

assessed using a simple UV-spectrophotometric thiol-adduction assay (Figure 

6.2G). In contrast, Michael-inactive N-cinnamoyl-substituted primary (CAG) and 

secondary (ProCA) amide-derivatives did not induce Nrf2 transcriptional activity. 
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To the best of our knowledge, Nrf2 activation by the α,β-unsaturated N-acyl-5-

oxo-pyrrolidine Michael acceptor pharmacophore as contained in the CA-

derivative oxoProCA has not been described before. Therefore, the secondary 

amide oxoProCA may represent a novel class of non-aldehyde Nrf2-activators, 

where amide formation with 5-oxopyrrolidine reconstitutes the electrophilic 

Michael acceptor reactivity of Michael-inactive α,β-unsaturated carboxylic acids, 

a situation similar to the known Michael acceptor reactivity of cinnamoyl-alkyl 

esters [221].  

Next, hit confirmation was performed in a secondary screen. To this end, 

upregulation of Nrf2 protein levels was assessed by cinnamoyl-based Michael 

acceptors using immunoblot analysis performed in cultured human skin Hs27 

fibroblasts, immortalized HaCaT keratinocytes, and primary skin keratinocytes. 

Treatment with CA- and oxo-ProCA induced a pronounced elevation of cellular 

Nrf2 protein levels, whereas no change was observed in skin cells exposed to 

Michael-inactive test agents including DHCA (Figure 6.3). Subsequently, the 

ability of cinnamoyl-based Michael acceptors to upregulate skin cell expression 

of HO-I and NQO1 was examined using real time RT-PCR analysis (Figure 6.4). 

Results were confirmed by HO-1 immunoblotting (Figure 6.5) and determination 

of NQO1 specific enzymatic activity (Figure 6.6), respectively.  

Finally, feasibility of targeting 1O2-induced skin cell photo-oxidative stress 

using cinnamoyl-based Nrf2-activators as experimental photo-chemopreventive 

agents was demonstrated (Figure 6.7). Cellular photo-oxidative stress resulting 
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from exposure to 1O2 was reduced significantly in Hs27 fibroblasts pretreated 

with CA and oxoProCA as assessed by flow cytometric analysis of cellular 

peroxide levels using DCFH-DA. Photodynamic induction of fibroblast and 

keratinocyte apoptosis, an established assay designed to assess antioxidant 

protection of skin cells exposed to 1O2 [47], was strongly antagonized by 

pretreatment with cinnamoyl-based Nrf2-activators. In contrast, no suppression 

of photo-oxidative stress was observed upon pretreatment with the Michael-

inactive cinnamoyl-derivative DHCA.  

It is now well established that the cellular oxidative stress sensor Keap1 

functions as an adaptor for Cul3-based E3 ligase to regulate proteasomal 

degradation of Nrf2 and that diverse thiol-reactive electrophilic pharmacophores 

activate Nrf2 through inhibition of Keap1-mediated degradation, followed by 

nuclear translocation of Nrf2 and induction of ARE-dependent gene expression 

[118-121]. Earlier work has elucidated the structure-activity relationship of phase 

II enzyme induction by chemopreventive small molecule electrophiles, and α,β-

unsaturated carbonyl compounds (enone-type Michael acceptors) have emerged 

as a potent class of NQO1-inducers [120, 129, 348]. Importantly, potency of 

phase II enzyme induction by test compounds assessed in cell based assays 

paralleled reactivity as Michael addition acceptor, and cinnamic acid methyl ester 

has been identified as a phase II enzyme inducer [221]. Our study demonstrates 

that cinnamoyl-based Michael acceptors are potent Nrf2-activators that protect 

cultured human skin cells against photo-oxidative stress induced by 1O2. The N-
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cinnamoyl-5-oxopyrrolidine based Michael acceptor oxoProCA was identified as 

a promising Nrf2 activator that displayed increased potency over the initial lead 

compound CA. Indeed, upregulation of Nrf2 target gene expression in 

keratinocytes was more pronounced in response to oxoProCA than to CA, and 

protection against 1O2-induced photo-oxidative stress achieved in keratinocytes 

was superior in response to oxoProCA pretreatment. In contrast to the other 

cinnamoyl-based Nrf2-activators CA or CACM, the amide-based Michael 

acceptor oxoProCA is distinguished by the absence of a reactive aldehyde group 

that may cause unwanted adductive reactivity towards skin proteins and may 

also display increased stability against skin esterase-mediated cleavage and 

deactivation that could limit efficacy of topical delivery of ester-based Michael 

acceptors including CACM, a hypothesis to be tested by future experiments. 

Interestingly, 5-oxo-L-proline, the secondary amine building block contained in 

oxoProCA, is an important endogenous component of human skin stratum 

corneum involved in osmoregulation and barrier function [353].  

In summary, our findings demonstrate that cinnamoyl-based Nrf2-

activators may serve as potent antagonists of 1O2-induced photo-oxidative stress 

in cultured human skin cells suggesting a potential use of these prototype agents 

as skin photo-chemopreventive factors [29, 39-41, 47]. Future studies must 

evaluate the photoprotective performance of cinnamoyl-based and other Nrf2-

activators as a function of solar spectral range (UVB, UVA, visible) in acute 

(sunburn) and chronic models of skin photodamage in appropriate animal models 
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in order to define their potential use as combinatorial photoprotective ingredients 

[124]. Lead development will then aim at agents optimized for targeted topical 

delivery, photostability, long-term safety, and compatibility with other 

photoprotective agents.  
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CHAPTER 7:  QUINONEIMINES AS EXPERIMENTAL PROOXIDANTS II:  

TOWARDS GENOTYPE-DIRECTED REDOX CHEMOTHERAPEUTICS  

TARGETING NQO1*2 BREAST CARCINOMA 

 

The following is a summary of research previously published in a paper 

entitled “DCPIP (2,6-dichlorophenolindophenol) as a genotype-directed redox 

chemotherapeutic targeting NQO1*2 breast carcinoma [354].” The following 

abstract has been published as part of this paper. 

 

Abstract: 

Accumulative experimental evidence suggests feasibility of chemotherapeutic 

intervention targeting human cancer cells by pharmacological modulation of cellular 

oxidative stress. Current efforts aim at personalization of redox chemotherapy 

through identification of predictive tumour genotypes and redox biomarkers. Based 

on earlier research demonstrating that anti-melanoma activity of the pro-oxidant 2,6-

dichlorophenolindophenol (DCPIP) is antagonized by cellular NAD(P)H:quinone 

oxidoreductase (NQO1) expression, this study tested DCPIP as a genotype-directed 

redox chemotherapeutic targeting homozygous NQO1*2 breast carcinoma, a 

common missense genotype [rs1800566 polymorphism; NP_000894.1:p.Pro187Ser] 

encoding a functionally impaired NQO1 protein. In a panel of cultured breast 

carcinoma cell lines and NQO1-transfectants with differential NQO1 expression 

levels, homozygous NQO1*2 MDA-MB231 cells were hypersensitive to DCPIP-
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induced caspase-independent cell death that occurred after early onset of oxidative 

stress with glutathione depletion and loss of genomic integrity. Array analysis 

revealed upregulated expression of oxidative (GSTM3, HMOX1, EGR1), heat shock 

(HSPA6, HSPA1A, CRYAB) and genotoxic stress response (GADD45A, CDKN1A) 

genes confirmed by immunoblot detection of HO-1, Hsp70, Hsp70B', p21 and 

phospho-p53 (Ser15). In a murine xenograft model of human homozygous NQO1*2-

breast carcinoma, systemic administration of DCPIP displayed significant anti-

tumour activity, suggesting feasibility of redox chemotherapeutic intervention 

targeting the NQO1*2 genotype. 

 

7.1. Introduction 

Accumulative experimental evidence suggests feasibility of 

chemotherapeutic intervention targeting human cancer cells by pharmacological 

modulation of cellular oxidative stress. Careful patient selection based on 

detailed tumor redox pheno- and genotyping may guide the selection of specific 

drugs that target the redox Achilles heel of the individual tumor with more 

efficiency, and current efforts therefore aim at personalization of redox 

chemotherapeutic intervention through identification of predictive tumor 

genotypes and redox biomarkers [19, 21, 69, 355, 356]. 

Our earlier research has demonstrated that DCPIP-induced cytotoxicity in 

melanoma cells occurred as a function of cellular NAD(P)H:quinone 

oxidoreductase (NQO1) expression levels (as discussed in chapter 4). Indeed, 
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melanoma cell lines displaying high levels of NQO1 specific enzymatic activity 

were resistant to DCPIP-induced cell death, and pharmacological or genetic 

antagonism of NQO1 sensitized melanoma cells to DCPIP, suggesting that 

sensitivity to DCPIP chemotherapeutic intervention represents a chemical 

vulnerability of NQO1 deficient tumors.  

Based on our data demonstrating that antimelanoma activity of the 

prooxidant 2,6-dichlorophenolindophenol (DCPIP) is antagonized by cellular 

NAD(P)H:quinone oxidoreductase (NQO1) expression, we sought to test whether 

DCPIP could be used as a genotype-directed redox chemotherapeutic targeting 

tumor tissue of low or mutated NQO1 activity. In our search for a specific cancer 

cell genotype that would sensitize human tumors to DCPIP cytotoxicity we 

focused our attention on the NQO1*2 genotype in human breast carcinoma. The 

common missense genotype NQO1*2 [rs1800566 polymorphism; 

NP_000894.1:p.Pro187Ser] encodes a functionally impaired NQO1 protein, 

rapidly degraded via the ubiquitin proteasomal pathway, causing the complete or 

partial absence of NQO1 enzymatic activity from homozygous and heterozygous 

carrier cells, respectively [213, 214, 267, 357]. The NQO1*2 genotype strongly 

predicts poor survival among women with breast cancer, and survival after 

metastasis is reduced among NQO1*2 homozygotes suggesting an involvement 

of NQO1 deficiency in cancer progression and treatment resistance [213]. 

Importantly, response to the anthracycline tumor antibiotic epirubicin is impaired 

in homozygous NQO1*2 breast carcinoma cells (MDA-MB231) in vitro, and no 
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drugs are currently available that would enable molecularly targeted 

chemotherapy of this important breast carcinoma genotype [213, 358]. Based on 

our earlier findings on NQO1-modulation of DCPIP cytotoxicity in metastatic 

melanoma cells, we tested feasibility of using DCPIP as a genotype-directed 

redox chemotherapeutic that targets homozygous NQO1*2 breast cancer cells in 

vitro and in vivo.  

To this end, a panel of cultured breast carcinoma cell lines and NQO1-

transfectants displaying differential NQO1 expression levels was assessed for 

DCPIP chemosensitivity. Indeed, homozygous NQO1*2 MDA-MB231 cells were 

hypersensitive to DCPIP-induced caspase-independent cell death that occurred 

after early onset of oxidative stress with glutathione depletion and loss of 

genomic integrity. These data have been published recently and will be covered 

here only shortly.  

 

7.2. Results 

7.2.1 NQO1*2 MDA-MB231 breast carcinoma cells are hypersensitive to DCPIP-

induced caspase-independent cell death.  

Our earlier experiments in cultured melanoma cell lines have 

demonstrated that the expression level of enzymatically active NQO1 represents 

a crucial determinant of DCPIP cytotoxicity [20]. We therefore tested the 

hypothesis that the homozygous NQO1*2 genotype of MDA-MB231 breast 

carcinoma cells, characterized by complete absence of NQO1 specific enzymatic 



206 

 

activity, confers high sensitivity to DCPIP-induced cytotoxicity. To this end, 

DCPIP cytotoxicity was examined in a focused panel of cultured human breast 

carcinoma cell lines with documented differential NQO1 expression levels as 

assessed earlier in our laboratory (numbers indicate specific enzymatic activity 

as nmol reduced DCPIP/mg cellular protein/min; [213-215]): (I) MDA-MB231 

displaying the homozygous NQO1*2 genotype with complete absence of NQO1 

enzymatic activity from cytosolic extracts (specific enzymatic activity: not 

detectable); (II) NQO1-heterozygous MCF7 cells (only one wild type NQO1*1 

allele) expressing moderate levels of endogenous, enzymatically active NQO1 

protein, stably transfected with a control vector (MCF7-neo2; specific enzymatic 

activity: 371 ± 42); (III) NQO1-heterozygous MCF7 cells (only one wild type 

NQO1*1 allele), stably transfected with a rat NQO1-encoding expression vector 

leading to massive upregulation of enzymatically active NQO1 protein levels 

(MCF7-DT15; specific enzymatic activity: 8558 ± 316). First, the dose-response 

of DCPIP cytotoxicity was examined by flow cytometric analysis of breast 

carcinoma cell viability (Figure 7.1). Indeed, exposure to low micromolar 

concentrations of DCPIP [24 h, LD50 = 23.0 + 3.4 µM; Figure 7.1A and E] 

induced MDA-MB231 cell death that was not associated with proteolytic 

activation of caspase 3 (Figure 7.1B) and could not be blocked by co-treatment 

with the pancaspase inhibitor zVADfmk (Figure 7.1C). These data are consistent 

with a caspase-independent mode of cell death activated by DCPIP in this 

NQO1-disabled cell line.  
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Figure 7.1. MDA-MB231 breast carcinoma cells are hypersensitive to 
DCPIP-induced caspase-independent cell death (A) Induction of MDA-MB231 
cell death by exposure to increasing doses of DCPIP (up to 40 µM, 24 h) as 
assessed by flow cytometric analysis of annexinV-FITC/propidium iodide (AV/PI)-
stained cells. The numbers indicate viable cells (AV-, PI-, lower left quadrant) in 
percent of total gated cells (mean ± SD, n=3). (B) DCPIP-induced (10 and 40 µM, 
24 h) caspase-3 activation as examined by flow cytometric detection using an 
Alexa Fluor 488-conjugated monoclonal antibody against cleaved procaspase-3. 
Exposure to etoposide (VP16, 20 µM, 24 h) was used to generate a positive 
control. One representative experiment out of three similar repeats is shown. (C) 
Induction of MDA-MB231 cell death by exposure to DCPIP (40 µM, 24 h) in the 
absence or presence of the pancaspase inhibitor zVADfmk (40 µM, 1h 
preincubation before addition of DCPIP) analyzed as in panel A. (D) DCPIP-
induced (40 µM, 24 h) death of NQO1-overexpressing MCF7 breast carcinoma 
transfectants (MCF7-DT15) and vector control transfected cells (MCF7-neo) 
analyzed as in panel A. (E) Comparative dose response relationship of DCPIP-
induced cell death in MDA-MB231, MCF7-DT15, and MCF7-neo2 breast 
carcinoma cells as assessed by AV/PI flow cytometry. {mean ± SD, n=3; p<0.05 
for [DCPIP] > 10 µM (MDA-MB231 versus MCF7-neo2)}.  
 



209 

 

Next, we observed that viability of NQO1 overexpressing MCF-7-DT15 

was maintained even upon exposure to very high concentrations of DCPIP 

(Figure 7.1D and E; LD50 >> 80 µM; data not shown). For example, at 40 µM 

DCPIP, viability was strongly reduced in MDA-MB231 cells (14.2 + 8.6 % viable 

cells; Figure 7.1A and E), but was not impaired significantly in MCF7-DT15 cells 

(87.4 + 3.9 % viable cells; Figure 7.1D and E). MCF7-neo2 cells with moderate 

endogenous NQO1 specific enzymatic activity displayed intermediate-level 

DCPIP-sensitivity (Figure 7.1D and E; LD50 = 63.5 + 5.5 µM). A similar sensitivity 

differential that correlates with expression levels of enzymatically active NQO1 

was observed when potency of inhibition of proliferation by DCPIP was 

assessed. Again, MDA-MB231 were highly sensitive (IC50 = 1.8 + 0.5 µM), 

whereas MCF7-DT15 displayed high resistance (IC50 = 41.8 + 4.7 µM), and 

MCF7-neo2 displayed intermediate sensitivity (IC50 = 13.5 + 3.7 µM) (72 h 

continuous exposure, data not shown).  

 

7.2.2 Stress response gene expression and p53-Ser15 phosphorylation are 

activated in DCPIP-exposed MDA-MB231 breast carcinoma cells.  

Modulation of stress and toxicity response gene expression was examined 

in MDA-MB231 cells exposed to DCPIP (20 µM, 24 h exposure) using the RT2 

Human Stress and Toxicity ProfilerTM PCR Expression Array technology 

(SuperArray, Frederick, MD) (Figure 7.2A). Out of 84 stress-related genes 

contained on the array DCPIP-induced expression changes in MDA-MB231 cells  
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Figure 7.2. DCPIP induces stress response gene expression and p53-Ser15 
activational phosphorylation in MDA-MB231 breast carcinoma cells (A) The 
scatter blot (left panel) depicts differential gene expression as detected by the 
RT2 Human Stress and Toxicity ProfilerTM PCR Expression Array technology 
profiling the expression of 84 (oxidative) stress- and toxicity related genes after 
DCPIP treatment (20 µM, 24 h). Upper and lower lines represent the cut-off 
indicating four fold up- or down-regulated expression, respectively. Arrows 
specify selected genes with at least 4 fold up-regulated expression versus 
untreated controls. Expression array analysis was performed in three 
independent repeats and analyzed using the two-sided Student’s t test. The table 
(right panel) summarizes statistically significant expression changes by at least 
three fold (p < 0.05). (B-G) Immunoblot detection of DCPIP-induced protein 
levels in MDA-MB231 cells: (B) Modulation of cellular heme oxygenase-1 (HO-1) 
protein levels by DCPIP (10 and 20 µM, 24 h) as examined by immunoblot 
analysis of total cellular protein extracts. Detection of a-actin expression served 
as a loading control. (C) Early time course of DCPIP-modulation (20 µM; 3-12 h) 
of HO-1 protein levels. (D) Time course of DCPIP-modulation (10 µM; 3-24 h) of 
Hsp70 and Hsp70B’ protein levels. (E) DCPIP-modulation (10 and 20 µM, 24 h) 
of cellular p21 protein levels. (F) Time course of DCPIP-modulation (20 µM; 3-24 
h) of p21 protein levels. (G) Early activational phosphorylation of p53 as 
assessed by immunoblot analysis of p-p53 (Ser15) and total p53 protein levels 
(DCPIP 10-20 µM; 3h exposure). 
 



212 

 

affected 18 genes by at least five-fold over untreated control cells as summarized 

in Figure 7.2A (table, right panel). Genes that were more than tenfold 

upregulated encoded the oxidative stress responsive heat shock proteins 

Hsp70B’ (HSPA6; 4285-fold), Hsp70 (HSPA1A; 73-fold), and alpha-crystallin B 

chain (CRYAB; 18-fold) [270], the electrophilic stress response enzymes 

glutathione S-transferase M3 (GSTM3; 57-fold) and heme oxygenase-1 

(HMOX1; 17-fold), and the oxidative stress-responsive transcription factor and 

tumor suppressor early growth response protein 1 (EGR1; 14-fold) [271]. In 

addition, genes encoding the apoptogenic and inflammatory cytokines tumor 

necrosis factor-alpha (TNF; 122-fold) and the tumor necrosis factor family 

member lymphotoxin alpha (LTA; 13-fold) were upregulated significantly. With 

particular significance in the context of antiproliferative and genotoxic stress 

response, genes encoding the p53-regulated anti-proliferative cyclin-dependent 

kinase inhibitor 1 (p21, Waf1/Cip1) (CDKN1A; 20-fold) and growth arrest and 

DNA-damage-inducible, alpha (GADD45A; 6-fold) were strongly upregulated in 

response to DCPIP exposure [246, 273, 274].  

Next, DCPIP-induced upregulation of cellular HMOX1, HSPA6, HSPA1A, 

and CDKN1A gene expression was examined at the protein level by immunoblot 

analysis (Figure 7.2B-G). Dose dependent upregulation of cellular HO-1 protein 

(encoded by HMOX1) levels was detected within 6h exposure to DCPIP (Figure 

7.2B-C). Protein levels of Hsp70B’ (encoded by HSPA6) and Hsp70 (encoded by 

HSPA1A) were also strongly upregulated within 12 h exposure to DCPIP (10 µM) 
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(Figure 7.2D). Significant upregulation of cellular protein levels of p21, the 

CDKN1A gene product, occurred in response to DCPIP treatment and was 

detectable within 3 h exposure time (Figure 7.2E-F).  DNA damage is known to 

induce activational phosphorylation of tumor suppressor protein p53 at Ser15 

that occurs by genotoxic stress-responsive kinases [315]. Consistent with an 

involvement of p53 activation that may occur upstream or independent of p21 

upregulation [246], early activational phosphorylation of p53, assessed by 

immunoblot analysis of phospho-p53 (Ser15) versus total p53 protein levels, was 

observed in response to DCPIP within 3h exposure time (Figure 7.2G).  

 

7.2.3 Early induction of oxidative stress and depletion of cellular ATP levels occur 

in DCPIP-treated MDA-MB231 breast carcinoma cells.  

Consistent with earlier observations on DCPIP-induced cytotoxicity and 

oxidative stress in human melanoma cell lines [20], upregulation of cellular 

oxidative stress in response to DCPIP exposure (20 µM, 1 and 6 h exposure 

time) was examined by flow cytometric determination of 2’,7’-

dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation (Figure 7.3A). Indeed, 

mean intensity of cellular DCF-fluorescence increased by approximately eight-

fold within one hour of DCPIP-exposure indicative of massive prooxidant 

deviations from cellular redox homeostasis at this early time point. As an 

additional sensitive marker of cellular stress induced by DCPIP, energy depletion 

was assessed by determination of cellular ATP levels reaching the level of 
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statistical significance after 6h exposure (DCPIP 20µM; Figure 7.3B). Consistent 

with early mitochondrial impairment that might be mechanistically linked to 

DCPIP-dependent induction of oxidative stress (Figure 7.3A) and depletion of 

cellular ATP levels (Figure 7.3B), loss of mitochondrial transmembrane potential 

(Dψm) could be detected by flow cytometric analysis of JC-1 stained cells that 

were exposed to DCPIP (Figure 7.3C; 20 µM, 3h exposure time). Importantly, 

these early molecular changes were detected in DCPIP-treated cells that did not 

yet display compromised plasma membrane integrity or reduced cell viability as 

assessed by flow cytometry (see Figure 7.4B).  

 

7.2.4 MDA-MB231 breast carcinoma cells are hypersensitive to DCPIP-induced 

glutathione depletion.  

In the context of rapid induction of oxidative stress by DCPIP, we then 

tested the hypothesis that MDA-MB231 breast carcinoma cells may display 

hypersensitivity to DCPIP-induced glutathione depletion. To this end, dose 

response (10-40 µM DCPIP) and time course (up to 6 h exposure time) of 

modulation of intracellular reduced glutathione content in MDA-MB231, MCF7-

DT15, and MCF7-neo2 breast carcinoma cells was examined (Figure 7.4A). As 

observed in the comparative cytotoxicity study presented in Figure 7.1, DCPIP-

induced glutathione depletion preferentially targeted MDA-MB231 cells where 

massive reduction of glutathione by almost 50 % of untreated control levels was 

detectable within 30 min of exposure to DCPIP at concentrations as low as 10  
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Figure 7.3. DCPIP induces oxidative stress and energy crisis in MDA-
MB231 breast carcinoma cells. (A) Induction of cellular oxidative stress was 
assessed by flow cytometric determination of 2’,7’-dichlorodihydrofluorescein 
diacetate (DCFH-DA) oxidation in response to DCPIP exposure (20 µM, 1 and 6 
h exposure time). Histograms depict one representative experiment (left panel), 
and bar graph analysis represents three similar repeats (right panel; mean ± SD, 
n=3). (B) Energy depletion in response to DCPIP (20 and 40 µM, 6h) was 
assessed by determination of cellular ATP levels. (C) Time course analysis of 
loss of mitochondrial transmembrane potential (Dψm) in response to DCPIP 
exposure (20 µM; 1, 3, and 6 h) as assessed by flow cytometric analysis of JC-1 
stained cells. One representative experiment of three similar repeats is shown.  
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µM (Figure 7.4A, left panel), long before cell viability and plasma membrane 

integrity were impaired (Figure 7.4B). In contrast, NQO1 overexpressing MCF7-

DT15 cells were resistant to DCPIP-induced glutathione depletion, and only 

extended exposure (6 h) to higher concentrations (40 µM) induced a moderate 

reduction of cellular glutathione levels (Figure 7.4A, center panel). MCF7-neo2 

cells with low levels of endogenous NQO1 expression displayed an intermediate 

sensitivity to DCPIP-induced glutathione depletion (Figure 7.4A, right panel).  

Consistent with a causative role of glutathione depletion in DCPIP-induced 

MDA-MB231 cell death, significant sensitization of DCPIP-induced cytotoxicity 

(20 µM, 24 h exposure) was observed in cells that were pre-exposed to the 

inhibitor of glutathione biosynthesis L-buthionine-S,R-sulfoximine (BSO, 1 mM; 

24 h preincubation; Figure 7.4C) [20]. Conversely, MDA-MB231 cell viability was 

largely maintained after preincubation with the glutathione precursor N-acetyl-L-

cysteine (NAC, 10 mM; 24 h preincubation) performed before DCPIP-exposure 

(40 µM; 24 h; Figure 7.4D).  

Next, potency of induction of MDA-MB231 cell death by DCPIP (20 µM, 24 

h) was examined as a function of oxygen availability using a regular cell culture 

incubator (‘normoxia’) and a hypoxic chamber (1% oxygen, ‘hypoxia’). We 

observed that DCPIP-cytotoxicity was not attenuated under hypoxic conditions 

(Fig. 7.4E). Moreover, kinetics and extent of DCPIP-induced glutathione 

depletion, observed earlier under normoxic conditions (Fig. 7.4A), were not 

changed under hypoxic conditions (data not shown). These data indicate that  
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Figure 7.4. MDA-MB231 breast carcinoma cells are hypersensitive to 
DCPIP-induced early glutathione depletion (A) Modulation of intracellular 
reduced glutathione content in MDA-MB231, MCF7-DT15, and MCF7-neo2 
breast carcinoma cells exposed to DCPIP (10-40 µM, up to 6h). Reduced 
glutathione content was determined as detailed in Materials and Methods and 
normalized to cell number (mean + SD, n=3). (B-E) Viability of MDA-MB231 cells 
exposed to DCPIP was examined by flow cytometric analysis of AV/PI-stained 
cells as detailed in Figure 1A (mean ± SD, n=3): (B) Viability of MDA-MB231 cells 
exposed to DCPIP (20 µM, 6 h). (C) Modulation of MDA-MB231 cell viability after 
preincubation (24 h) with BSO (1 mM) followed by DCPIP exposure (20 µM, 24 
h). (D) Modulation of MDA-MB231 cell viability after preincubation (24 h) with 
NAC (10 mM) followed by DCPIP exposure (40 µM, 24 h). (E) Viability of MDA-
MB231 cells exposed to DCPIP (20 µM, 24 h) under normoxic (5 % oxygen) or 
hypoxic (1 % oxygen) conditions. (F) Ascorbate-driven (2 mM) redox cycling of 
menadione (20 µM, left panel) or DCPIP (50 µM, right panel) was assessed 
measuring oxygen consumption using a Clark electrode (pH 7, 50 mM 
oxygenated phosphate buffer, 25 oC). Arrows indicate time point of addition of 
the quinone compound to the complete assay mixture. (G) Comparative 
cytotoxicity of DCPIP and PIP (40 µM, each; 24 h exposure) in MDA-MB231 
cells. (H) Modulation of intracellular reduced glutathione content by DCPIP and 
PIP exposure (40 µM, 6h) as detailed in panel A.  
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oxygen availability is not a crucial determinant of DCPIP-induced cytotoxicity and 

glutathione depletion suggesting feasibility of using this agent for cancer cell 

elimination even under conditions of tumor hypoxia.  

Further chemical experimentation using a Clark electrode examined the 

possibility that DCPIP can undergo ascorbate-driven redox cycling, an oxygen-

dependent reactivity that has recently been shown to be causatively involved in 

prooxidant elimination of human leukemia cells by the experimental anticancer 

quinone menadione {Beck, 2010 #4557}. Indeed, ascorbate-driven (2 mM) redox 

cycling of menadione (20 µM, pH 7) caused reductive oxygen consumption at an 

appreciable rate (complete reaction mixture: reduction of total oxygen content by 

2.2 % per min; ascorbate only: reduction of total oxygen content by 0.35 % per 

min; Fig. 7.4F, upper panel). However, no steady oxygen consumption was 

observed in an analogous reaction mixture containing ascorbate (2 mM) and 

DCPIP (up to 50 µM, pH 7; Fig. 7.4F, lower panel). Taken together, these data 

demonstrate efficacy of DCPIP-induced glutathione depletion and cytotoxicity 

that are maintained under hypoxic conditions (Fig. 7.4E), combined with the 

inability of DCPIP to undergo ascorbate-driven redox cycling (Fig. 7.4F). These 

findings are consistent with a mechanism of action underlying glutathione 

depletion that does not require a molecular interaction between DCPIP and 

oxygen and may rather depend on covalent thiol-adduction, a chemical reaction 

based on Michael addition reported earlier in the context of DCPIP-glutathione 

reactions as discussed below [359, 360]. Interestingly, depletion of cellular 
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glutathione levels was not observed when the dechlorinated DCPIP-analogue 4-

(4-hydroxyphenyl)iminocyclohexa-2,5-dien-1-one (phenolindophenol, PIP) was 

tested in MDA-MB231 cells (40 µM, each; 24 h exposure; Figure 7.4E-F). 

Absence of the two chlorine atoms from the 2- and 6-positions of the aromatic 

quinoneimine core completely abolished cytotoxic and glutathione-depleting 

activity of the test compound, suggesting a crucial role of these electronegative 

substituents in electrophilic activation and MDA-MB231-directed 

chemotherapeutic activity of DCPIP [20]. 

  

7.2.5 DCPIP induces genotoxic stress with rapid impairment of genomic integrity 

in MDA-MB231 breast carcinoma cells.  

Our observation that DCPIP treatment caused genotoxic stress response 

gene expression (GADD45A and CDKN1A; Figure 7.2A) with rapid upregulation 

of p21 protein levels (Figure 7.2, E-F) and p53 (Ser15) activational 

phosphorylation (Figure 7.2G), lead us to examine the possibility that early 

induction of DNA damage may contribute to DCPIP-cytotoxicity in MDA-MB231 

cells (Figure 7.5). Using alkaline single cell electrophoresis (comet assay) as a 

sensitive genotoxicity assay [222, 311, 312, 361], the integrity of cellular DNA 

was examined in MDA-MB231 cells treated with DCPIP (20 µM, 30 min up to 6 h 

exposure time). In addition, cells were exposed to H2O2, an established 

genotoxic agent serving as a positive control. As evident from formation of 

nuclear comets, indicative of DNA unwinding under alkaline conditions resulting 
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from single or double strand breaks, AP-site formation, or nucleotide excision 

repair [311], significant induction of genotoxic stress was detectable within 30 

min exposure to DCPIP (Figure 7.5A). DCPIP treatment induced comets with 

average tail moments that exceeded control levels approximately six fold within 6 

h of exposure (Figure 7.5A, right panel). Again, it is important to note that DCPIP-

induced DNA damage occurred in cells without compromised viability that was 

maintained over at least 6h continuous exposure to 20 µM DCPIP (Figure 7.4B).  

Earlier research has demonstrated that DNA damage-dependent 

activation of poly(ADP-ribose) polymerase (PARP-1) may cause rapid depletion 

of cellular ATP levels with induction of caspase-independent cell death in 

response to genotoxic agents including hydrogen peroxide and quinone-based 

prooxidants [312, 362]. We therefore tested the hypothesis that PARP-1 

activation is causatively involved in DCPIP-induced ATP depletion and MDA-

MB231 cell death (Figure 7.5B-C). However, DCPIP-induced ATP depletion was 

not antagonized by cotreatment with PARP-1 inhibitors 3-aminobenzamide (3-

ABA) and PJ34 known to antagonize PARP-dependent ATP depletion in 

response to genotoxic stress (Figure 7.5B) [312]. Next, we tested the possibility 

that genetic antagonism of PARP-1 expression using siRNA may suppress 

DCPIP-induced cell death (Figure 7.5C). Again, MDA-MB231 cells with strongly 

attenuated PARP-1 protein levels (siPARP-1) as confirmed by immunoblot 

detection (Figure 7.5C, lower panel) were not protected from DCPIP-induced loss 

of viability. Follow-up experimentation aiming at immunoblot detection of  
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Figure 7.5: DCPIP induces genotoxic stress with early impairment of 
genomic integrity in human MDA-MB231 breast carcinoma cells (A) Cells 
were exposed to DCPIP (20 µM, 0.5 to 6 h), and DNA damage was detected 
using the comet assay as described in Materials and Methods. As a positive 
control cells were exposed to H2O2 (100 µM, 30 min). Representative comet 
images (left panel) as visualized by fluorescence microscopy and quantitative 
analysis of average tail moments (right panel) are shown. (B) DCPIP-induced 
ATP depletion as a function of PARP inhibition. Cells were exposed to DCPIP 
(20 µM, 6 h) after 1 h pre-exposure to the pharmacological PARP-1 inhibitors 3-
ABA (4 mM) and PJ34 (1 µM). (C) Genetic downregulation of PARP-1 expression 
does not confer protection of MDA-MB231 cells against DCPIP-induced 
cytotoxicity. Induction of cell death by exposure to DCPIP (40 µM, 24 h) was 
examined using AV/PI flow cytometric analysis of MDA-MB231 cells after control 
siRNA treatment (siControl, siC) and PARP-1 siRNA knockdown (siPARP-1). 
The numbers indicate viable cells (AV-, PI-, lower left quadrant) in percent of total 
gated cells. One representative experiment of three similar repeats is shown. 
PARP-1 knockdown was confirmed by expression analysis using immunoblot 
detection (bottom panel). 
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poly(ADP-ribose)polymers in cellular protein extracts prepared from DCPIP-

treated cells at early time points (15 min – 3 h) remained unsuccessful (data not 

shown). Taken together, these data exclude a mechanistic involvement of DNA-

damage-dependent PARP-1 activation in early ATP depletion (Figure 7.3B) or 

caspase-independent MDA-MB231 cell death that occurs in response to DCPIP 

treatment (Figure 7.1A-C). 

 

7.3. Discussion 

Breast cancer is the second most common type of non-skin cancer 

worldwide, surpassed in incidence only by lung cancer. In the United States 

alone, more than 40,000 women die each year from metastatic breast cancer, 

and an urgent need for novel treatment modalities and improved molecular 

therapeutics exists [363, 364]. Importantly, recent progress in personalized 

medicine has significantly impacted the preventative and therapeutic care 

directed towards breast cancer where treatment of tumor subtypes is guided by 

receptor expression status that includes the estrogen-, progesterone-, and 

her2/neu-receptors [365-368]. Genetic testing for disease-causing mutations in 

the tumor suppressor genes BRCA1 (breast cancer type 1 susceptibility protein) 

and BRCA2 can identify individuals at risk of familial breast cancer and may 

enable synthetic lethal chemotherapy employing PARP-1 inhibitors [365, 369]. 

Targeted molecular therapy using the monoclonal antibody trastuzumab has 

shown clinical efficacy in HER2/neu (Human Epidermal growth factor Receptor 2) 
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positive breast cancer where HER2 overexpression is associated with increased 

aggressiveness and more frequent disease recurrence [366, 367].  

Here, we present novel experimental evidence suggesting that the 

homozygous NQO1*2 genotype, present with up to 20% frequency in human 

breast cancer patients [213, 358], may be associated with a specific chemical 

vulnerability of breast carcinoma cells that can be targeted by chemotherapeutic 

intervention. Extensive drug development has aimed at developing 

bioreductively-activated chemotherapeutics including mitomycin C, the 

indoloquinone E09, beta-lapachone, and phenothiazinium-based redox cyclers 

all of which undergo NQO1-dependent activation with induction of cytotoxic 

oxidative and/or alkylating stress targeting tumor types that display NQO1 

overexpression [132, 214, 215, 267, 362]. In contrast, no progress has been 

achieved in designing experimental chemotherapeutics that are directed against 

NQO1-deficient tumors including homozygous NQO1*2 breast carcinoma. Based 

on earlier research that has demonstrated the antimelanoma activity of the 

experimental redox chemotherapeutic DCPIP that is antagonized by cellular 

NQO1 expression [20], we now present data that indicate feasibility of targeting 

experimental homozygous NQO1*2 breast carcinoma using DCPIP in vitro and in 

vivo. 

In cell culture experiments, we observed that DCPIP treatment caused 

caspase-independent cell death in human MDA-MB231 breast carcinoma cells 

displaying the homozygous NQO1*2 genotype (Figure 7.1B and C). In contrast to 
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MDA-MB231 cells displaying DCPIP-hypersensitivity (Figure 7.1, A-C and E), 

MCF7 breast carcinoma cells overexpressing NQO1 (MCF7-DT15) or MCF7 

control transfectants (MCF7-neo2) expressing appreciable endogenous levels of 

NQO1 were largely resistant to DCPIP-induced glutathione depletion and 

cytotoxicity (Figure 7.1D and E and Figure 7.4A).  

In MDA-MB231 cells, DCPIP rapidly induced oxidative and genotoxic 

stress associated with impaired genomic integrity and glutathione depletion that 

were detectable within 30 min exposure (Figs. 7.2-7.5). DCPIP also induced 

early mitochondrial dysfunction (Figure 7.3C) and energy crisis (Figure 7.3B) 

observable at time points before viability was compromised (Figure 7.4B), 

suggesting that these rapid functional changes are causatively involved in cell 

death induction and are not mere epiphenomena of necrotic cell disintegration 

and plasma membrane permeabilization.  

It has been shown earlier that PARP-1 activation in response to drug-

induced genotoxic stress may lead to rapid depletion of the cellular NAD+ and 

ATP pools initiating a PARP-dependent yet caspase-independent mode of cell 

death as observed with the NQO1-dependent redox chemotherapeutic beta-

lapachone, a prooxidant quinone targeting non-small cell lung carcinoma cells 

[362]. However, a mechanistic role of early PARP-1 activation in the causation of 

DCPIP-induced energy crisis was ruled out by demonstrating that 

pharmacological or genetic PARP-1 antagonism did not suppress DCPIP-

induced ATP depletion or cytotoxicity. It is therefore more likely that DCPIP-
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induced ATP depletion (detectable at 6 h exposure; Figure 7.3B) occurred as a 

result of mitochondrial impairment as obvious from loss of mitochondrial 

membrane potential (detectable at 3 h; Figure 7.3C) after glutathione depletion 

(detectable at 30 min; Figure 7.4A), upregulation of cellular peroxide levels 

(detectable at 1h; Figure 7.3A), and early impairment of genomic integrity 

(detectable at 30 min; Figure 7.5A). Loss of viability downstream of this 

molecular sequence is compatible with a caspase-independent mode of MDA-

MB231 cell death (as observed in Figure 7.1A-C) where cell death occurs without 

activation of the executioner caspase 3 and cannot be blocked by 

pharmacological pancaspase inhibition. Earlier research has shown that DCPIP 

can induce apoptosis in cultured human A375 and G361 melanoma cells, but 

these cells display at least moderate NQO1 specific enzymatic activity {A375: 

283 ± 37; G361: 2403 ± 215 (nmol reduced DCPIP/mg cellular protein/min) as 

published earlier [215]} that would attenuate DCPIP cytotoxicity to an extent that 

programmed apoptotic cell death can still be executed. In contrast, rapid 

depletion of cellular ATP and glutathione together with early upregulation of a 

massive heat shock response (Hsp70 and Hsp70B’; Figure 7.2, A-D), known to 

block initiation and energy-dependent execution of apoptotic cell death [370], 

may explain the different cell death mode observed in DCPIP-hypersensitive 

MDA-MB231 characterized by complete absence of NQO1 specific enzymatic 

activity.   

Consistent with pronounced induction of cellular stress, upregulated 
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expression of established oxidative (GSTM3, HMOX1, and EGR1), heat shock 

(HSPA6, HSPA1A, HMOX1, and CRYAB), and genotoxic stress response 

(GADD45A, CDKN1A) genes was detected by detailed array analysis of MDA-

MB231 cells exposed to DCPIP (Figure 7.2A). DCPIP-induced upregulation of 

gene expression was then examined by Western-analysis of HO-1, Hsp70, 

Hsp70B’, and p21 protein levels (Figure 7.2, B-G). Early activational 

phosphorylation of p53 [phospho-p53 (Ser 15)] and upregulation of p21 protein 

levels occurred within 3 h exposure to DCPIP, consistent with the early onset of a 

genotoxic stress response as detected by the comet assay (Figure 7.5A) [371]. 

However, the molecular mechanism underlying DCPIP genotoxicity and p21 

upregulation and its causative relationship to early depletion of glutathione and 

induction of oxidative stress remains unresolved at this point and awaits further 

experimentation [246].  

We also examined the effect of oxygen availability on DCPIP cytotoxicity 

comparing DCPIP-induced MDA-MB231 cell death under normoxic versus 

hypoxic conditions (Figure 7.4E). Our data indicate that DCPIP-induced 

cytotoxicity and early depletion of cellular glutathione are equally pronounced 

under normoxic as well as hypoxic conditions. Additional experiments examining 

mitochondrial integrity based on flow cytometric assessment of transmembrane 

potential suggest that glutathione depletion and cellular oxidative stress occur 

before impairment of mitochondrial function, positioning a potential mitochondrial 

impairment by DCPIP downstream of earlier events that affect the cellular 
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glutathione pool.  

Additional chemical redox experimentation using an oxygen electrode 

(Figure 7.4F) indicated that DCPIP does not undergo ascorbate-driven redox 

cycling potentially leading to reductive oxygen depletion, an activity well 

documented for the quinone-type prooxidant menadione. This differential redox 

reactivity may be related to the more positive redox potential of DCPIP versus 

menadione [E’° (menadione) = +0.14 V], and is also consistent with the 

established use of DCPIP as a photometric reagent for quantitative redox titration 

of ascorbate, an analytical use that would be incompatible with redox catalytic 

activity of DCPIP.  

Our limited structure-activity relationship study involving the 

dehalogenated DCPIP-analogue phenolindophenol [PIP, 4-(4-hydroxyphenyl)-

iminocyclohexa-2,5-dien-1-one] demonstrated that the absence of the two 

chlorine atoms from the 2- and 6-positions of the aromatic quinoneimine core 

completely abolished cytotoxic and glutathione-depleting activity of the test 

compound (Figure 7.4E-F), suggesting a crucial role of these electronegative 

substituents in thiol-directed electrophilic activation and chemotherapeutic activity 

of DCPIP. Further analysis revealed that DCPIP-induced depletion of cellular 

reduced glutathione was not a result of glutathione oxidation to the disulfide form 

(either as the glutathione dimer or protein-bound mixed disulfides), since 

reductive pretreatment using TCEP [tris(2-carboxyethyl)phosphine; as specified 

in Material and methods] did not recover appreciable levels of reduced 
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glutathione in our luminescence-based homogeneous assay performed on total 

cells (data not shown). Moreover, extracellular glutathione levels remained at an 

undetectable level (data not shown), and membrane integrity was undisturbed at 

time points at which massive DCPIP-induced glutathione depletion was 

detectable (Figure 7.4A-B), excluding an involvement of impaired membrane 

integrity or cellular export in intracellular glutathione depletion. In contrast, 

preliminary mass spectrometric analysis indicated rapid formation of DCPIP-

glutathione conjugates that may form through Michael addition and nucleophilic 

substitution reactions at the chlorine substituents, known to be involved in 

quinone-thiol conjugation reactions (data not shown) [280, 372]. These data are 

compatible with earlier chemical experimentation that has demonstrated the rapid 

formation of mono- and disubstituted S-glutathionyl-2,6-

dichlorophenolindophenols between DCPIP and glutathione under conditions of 

physiological temperature and pH [359]. Current follow-up experimentation in live 

cells aims at confirming covalent adduction of DCPIP by glutathione as the 

crucial molecular mechanism underlying rapid loss of intracellular glutathione 

observed in MDA-MB231 cells. 

Taken together, these findings strongly suggest that the absence of 

enzymatically active NQO1 may be the molecular factor that determines the 

specific chemical vulnerability of homozygous NQO1*2 MDA-MB231 breast 

carcinoma cells towards DCPIP-induced cytotoxicity (Figure 7.6). Earlier 

research strongly suggests that pharmacological induction of oxidative stress  
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Figure 7.6. DCPIP-based experimental redox chemotherapy. DCPIP-induced 
cytotoxicity is associated with ROS formation, massive GSH depletion, and 
impaired mitochondrial function (loss of transmembrane potential and ATP 
depletion) and leads to DNA damage and activation of p53 and p21. This activity 
is based on NQO1 expression and is therefore an important determinant of 
DCPIP cytotoxicity. Feasibility of redox intervention targeting NQO1*2 genotype-
specific prooxidant redox intervention in human cancer patients will be the 
subject of future studies. 
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through modulation of redox sensitive targets may provide therapeutic benefit in 

the context of tumor chemosensitization and chemotherapy [21, 373]. Future 

experiments will further explore molecular mechanism and therapeutic potential 

of the prooxidant DCPIP as a combinatorial or stand-alone genotype-directed 

redox chemotherapeutic targeting NQO1*2 breast carcinoma and other tumors 

characterized by a redox vulnerability originating from NQO1 deficiency.  
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CHAPTER 8:  CONCLUSION 

TARGETING THE REDOX ACHILLES HEEL OF MALIGNANCY  

THROUGH MODULATION OF THE CELLULAR REDOX ENVIRONMENT 

 

Redox dysregulation in cancer cells represents a chemical vulnerability 

that can be targeted by pro-oxidant redox intervention. Dietary constituents that 

contain an electrophilic Michael acceptor pharmacophore may therefore display 

promising chemopreventive and chemotherapeutic anti-cancer activity. Our 

findings support a previously unrecognized role of the cinnamon-derived Michael 

acceptor cinnamaldehyde as a dietary Michael acceptor with potential anti-

melanoma activity. A series of cinnamoyl-based electrophilic Michael acceptors 

including cinnamic aldehyde and methyl-1-cinnamoyl-5-oxo-2-pyrrolidine-

carboxylate was identified as potent Nrf2-activators. Our collaborative pilot 

studies suggest feasibility of developing cinnamoyl-based Nrf2-activators as 

novel photo-chemopreventive agents targeting skin cell photo-oxidative stress. 

Here, we have demonstrated that the redox dye 2,6-

dichlorophenolindophenol (DCPIP) may serve as a prooxidant chemotherapeutic 

targeting human melanoma cells in vitro and in vivo. DCPIP-apoptogenicity 

observed in human melanoma cell lines was inversely correlated with 

NAD(P)H:quinone oxidoreductase (NQO1) expression levels suggesting 

feasibility of targeting tumors that display low NQO1 enzymatic activity using 



234 

 

DCPIP. In a murine xenograft model of human homozygous NQO1*2-breast 

carcinoma, systemic administration of DCPIP displayed significant anti-tumour 

activity, suggesting feasibility of prooxidant chemotherapeutic intervention 

targeting the NQO1*2 genotype. 

Repurposing approved and abandoned non-oncological drugs as an 

alternative developmental strategy for the identification of anticancer therapeutics 

has recently attracted considerable attention [374, 375]. Based on a defined 

pharmacokinetic and toxicological profile and an established clinical use as redox 

antimalarials in human patients [376], our data suggest feasibility of repurposing 

dihydroartemisinin and other clinically employed artemisinin-endoperoxides as 

prooxidant chemotherapeutics targeting metastatic melanoma cells. 
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