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Although oxidative processes and mitochondrial stress have been implicated, the 

exact mechanisms by which a broad spectrum lipoxygenase (LOX) inhibitor, 

nordihydroguaiaretic acid (NDGA) and a 5-LOX activating protein (FLAP) inhibitor, 

MK886 induce apoptosis are poorly understood. The effects of NDGA on the MAP 

kinase and Akt signaling pathways were investigated. NDGA increased phosphorylation 

of extracellular signal-regulated kinase (ERK), c-jun N-terminal kinase (JNK), and p38 in 

murine pro-B lymphocytes (FL5.12 cells). Using pharmacologic inhibitors, it was found 

that only p38 was involved in the induction of apoptosis by NDGA. The antioxidant N 

acetylcysteine (NAC) attenuated NDGA-driven p38 phosphorylation, indicating 

involvement of a redox sensitive target(s) upstream of p38. NAC pretreatment also 

inhibited NDGA-induced release of cytochrome c and caspase-3 cleavage. Further 
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experimentation revealed that NDGA inhibited phosphorylation of the survival kinase 

Akt at the Ser473 and Thr308 sites in both FL5.12 cells and human Jurkat T lymphocytes. 

NDGA treatment also activated the FOXO3a transcription factor, which is usually 

maintained in an inactive state via its phosphorylation by Akt. Overexpression of 

constitutively active Akt conferred some protection against NDGA-induced apoptosis in 

FL5.12 cells. The concentration of NDGA that induced apoptosis was found to be 5 times 

lower than the IC50 for inhibiting phosphoinositide-dependent kinase 1, the primary 

activator of Akt, suggesting involvement of other kinases. These data suggest that several 

independent mechanisms including oxidative reactions, p38 kinase activation, Akt 

activation, and cytochrome c release contribute to NDGA-induced apoptosis in FL5.12 

cells.  

In contrast to its protective effects on NDGA-induced apoptosis in Jurkat cells, 

NAC enhanced apoptosis induced by MK886. This enhancement involved augmentation 

of mitochondrial membrane depolarization and significantly increased caspase-3 activity, 

implicating the mitochondrial pathway. The fact that neutralized NAC was also able to 

enhance MK886-induced apoptosis suggested that NAC might have direct effects on 

other apoptotic pathways initiated by MK886. These data support the conclusion that, in 

addition to LOX and FLAP inhibitory activities, NDGA and MK886 induce apoptosis via 

several independent mechanisms.  
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Chapter One 

Introduction 

 

Balance is a key necessity for any living system. Cells choose to live or die 

(Wagner, 2005), and that choice controls our fate. Although not as alarming or as 

simplistic as that sounds, we are faced with a variety of diseases. Many of these disease 

states are the result of the cell’s inability to maintain a proper balance between survival 

and death. This breakdown of regulatory pathways within a cell could lead to 

uncontrolled cell growth, as in the case of cancer, or massive cell death as seen in 

Alzheimer’s disease. It is important to identify these pathways to understand how this 

happens. It is equally important to explore potential drugs that could perturb these 

pathways and help restore the balance.  

 

Cells are made up of many organelles including the nucleus, mitochondria, 

endoplasmic reticulum, lysosomes etc., each functioning towards the overall well-being 

of the cell. Destruction of these cell components could threaten the functioning of the cell 

and lead to its demise (Kanduc et al., 2002). Cell death is both a boon and a bane, 

depending on the characteristics it assumes and the situation. Based on biochemical and 

morphological characteristics, cell death can be broadly classified into two categories: (1) 

unprogrammed death or necrosis (which means dead in Greek), and (2) programmed 

death or apoptosis (derived from the word meaning “falling off” in Greek). Although 

differentiated in this manner in the literature, there is a school of thought that believes 



  2 

that apoptosis and necrosis are just two extremes of a continuum, with apoptosis 

ultimately leading to necrosis once the energy sources of the cell are depleted (Kanduc et 

al., 2002). Regardless of the scheme of classification, cell death is an intrinsic function of 

the cell’s infrastructure. While programmed cell death is essential for tissue remodeling, 

adaptation, embryology and to maintain cellular homeostasis (Delhalle et al., 2003), 

necrosis is usually a response to overwhelming stress, irreversible and traditionally 

associated with inflammation. Cells that are killed by necrosis undergo a characteristic 

series of changes that are distinct from apoptosis and can be used to differentiate between 

the two processes. Although apoptosis is considered the “programmed” form of cell death, 

recent experimentation suggests that necrosis may not be as unplanned an event as 

generally concluded (Edinger and Thompson, 2004).  

 

Necrosis, as mentioned above, has always been thought to be a violent and 

accidental process. It is characterized by cell swelling, ATP depletion, breakdown of the 

plasma membrane of the cell and induction of inflammation in the area surrounding the 

dying cell, a result of uncontrolled release of cellular content and pro-inflammatory 

molecules. In recent years, there has been mounting evidence that necrosis may not be an 

accident, but rather an orchestrated event (Edinger and Thompson, 2004). Opponents of 

this theory argue that a programmed form of necrotic cell death is observed only when 

apoptosis is chemically or genetically inhibited (Edinger and Thompson, 2004). In fact, 

what may be happening when a cell dies via apoptosis rather than necrosis is that 

apoptosis activates proteases which cleave and inactivate proteins which might be 



  3 

required for a programmed form of necrosis. Our understanding of the mechanisms for 

necrotic cell death is very poor at the moment. It is very likely that a cell when faced with 

a situation where it is unable to follow the typical route of demise (apoptosis), perhaps 

due to a lack of an energy source, chooses and activates a different mechanism 

(programmed necrosis?) to die. It is evident that cells have multiple choices when it 

comes to deciding how to die, and as the data within this dissertation will support, drugs 

are able to utilize some of these very pathways to drive a cell to its death. Herein lies the 

beauty of drug design: we can use the cell’s own survival machinery against it and 

achieve the end result we require.  

 

This dissertation describes the pathways by which two drugs, NDGA and MK886, 

that perturb different components of the arachidonic acid metabolic pathway, induce cell 

death in T and B lymphocytes. Although NDGA is classified as a broad spectrum 

lipoxygenase (LOX) enzyme inhibitor and MK886 is a 5-lipoxygenase activating protein 

(FLAP) inhibitor, they induce apoptosis in the cell lines studied, independent of these 

inhibitory activities. This dissertation adds to the current knowledge of apoptotic 

pathways affected by NDGA and MK886. A thorough understanding of the multiple 

pathways by which these “lipoxygenase inhibitors” induce cell death will aid in the 

design of newer drugs belonging to this category as well as selecting the proper 

application for those drugs currently in use. 
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The following sections provide background information on topics pertinent to 

understanding the substance of this dissertation and are not meant to be all inclusive of 

the extensive literature that exists. Areas that are relevant to the rationale behind this 

dissertation and the experimental results that will be presented are highlighted in 

subsequent sections. At the heart of this dissertation is apoptosis and the following 

section describes this process. 

 

1.1 Apoptosis 

 

Apoptosis is a mechanism for programmed cell death which is critically important 

in many biological processes. The term “apoptosis” was first coined by Kerr, Wyllie, and 

Currie (1972). Although Kerr et al. described this phenomenon in 1972 the concept was 

largely ignored for more than a decade. Today, apoptosis is one of the most widely used 

terms in the field of medicine and biology. A search through December 6, 2005 using the 

National Center for Biotechnology Information medical literature database, PubMed, 

cites 107672 references on the subject of apoptosis. Therefore, apoptosis plays an equally 

important role as its counterpart mitosis in cellular physiology. It is the process which 

determines the size of cell populations under both normal and pathological conditions 

(Kerr, 2002). In fact, in an average adult human 50 to 70 billion cells undergo apoptosis 

everyday (Reed, 1999a). Although a very natural and controlled form of cell death, it can 

become equally harmful to the well-being of an organism if it goes awry. Many disease 
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states stem from dysregulation of apoptosis. The following section describes the typical 

characteristics of this process.  

 

1.1.1. Hallmarks of apoptosis  

 

Apoptosis is a well-conserved event, the result of several interconnecting 

cascades of events involving various groups of proteins (Reed, 1999a). That fact is 

evident based on data showing that these groups of proteins are evolutionarily conserved 

across different species, from the first studied nematode Caenorhabditis elegans to 

human beings. In case of Caenorhabditis elegans, 131 of its 1090 cells die during 

development (Vaux, 1993). Genetic analysis of its genes has revealed that 15 of them 

play an important role in the apoptotic process. Some are involved in the initiation 

process (ces-1, ces-2), some are part of the execution process (ced-3, ced-4, ced-9), some 

are responsible for the engulfment of the dying cells (ced-1, ced-2, ced-5) while others 

are responsible for the degradation of the corpses in the engulfing cells (nuc-1) (Liu and 

Hengartner, 1999). Apoptosis in mammalian cells follows a very similar course and we 

now know that there is homology between some of the genes in C. elegans and human 

cells. For example, ced-3 shares homology with mammalian caspase-3 (initially its 

relation to the caspase family was ascertained based on its similarity to mammalian 

interleukin-1 beta converting enzyme (ICE) or caspase 1, which was the only caspase 

known at that time) while ced-9 encodes a protein resembling mammalian bcl-2 and bcl-2 

is able to substitute for ced-9 in C. elegans (Hengartner and Horvitz, 1994). As expected, 
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ced-3 is actually a pro-apoptotic protein while ced-9 is a survival factor (comprehensively 

reviewed by Liu and Hengartner, 1999). In C. elegans, the phenotype of apoptotic cells 

includes the condensation of cytoplasm and chromatin shrinkage. However, the apoptotic 

bodies are not as apparent as those observed in mammalian apoptotic cells. Most of the 

morphologic changes accompanying apoptosis are initiated by the activation of caspases, 

a family of proteases. In C. elegans only ced-3 and a few other members have been 

identified, as opposed to the 14 caspases in humans, which might explain why apoptosis 

is simpler and accompanied by fewer morphologic changes in C. elegans. In mammalian 

cells, the hallmarks of apoptosis include cell shrinkage, chromatin condensation, plasma 

membrane blebbing, fragmentation of DNA into multiples of 180 bp, nuclear membrane 

breakage and the ultimate formation of small apoptotic bodies which are cleared by 

neighboring cells via phagocytosis. Most of these are attributed to the action of caspases 

and the next sections describe this very important group of proteins.  

 

Caspases are a family of cysteine aspartate-specific proteases that can cleave 

proteins after a conserved aspartate residue (reviewed in Ernshaw et al., 1999). They 

exist in cells as inactive zymogens and must be activated by cleavage into a heterodimer 

containing a 20kDa large subunit and a 10kDa small subunit and liberating an inactive N-

terminal prodomain. They can be classified into two types: initiator and effector caspases. 

Initiator caspases contain a larger prodomain than the effector caspases. Initiator caspases 

(e.g. caspase-8, caspase-9) cleave and activate the effector caspases (e.g. caspase-3, 

caspase-7) and these in turn cleave a variety of other proteins resulting in the apoptotic 
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phenotype. The prodomain of the initiator caspases contain domains such as a caspase 

recruitment domain (CARD) (e.g. caspases 9) or a death effector domain (DED) 

(caspases 8) that enables the caspases to interact with other molecules that regulate their 

activation. Some researchers believe that this interaction with other molecules itself is 

sufficient to activate the initiator caspases and that cleavage is a consequence of this and 

not a requirement (Bratton et al., 2001). Others  believe that there are groups of  

molecules which respond to stimuli to cause the clustering of the initiator caspases which 

allows them to autoactivate (i.e. cleave each other to produce the active enzyme) so that 

they can then proceed to activate the effector caspases (Ernshaw et al., 1999). Some of 

the known caspases are also responsible for cytokine maturation (caspase 1, caspase 4) 

(Fuentes-Prior and Salvesen, 2004). Some of the final targets of caspases include nuclear 

lamins, inhibitor of caspase activated Dnase (ICAD/DFF45), poly (ADP) ribose 

polymerase (PARP) and p21-activated kinase (PAK2), the cleavage products of which 

result in the final hallmarks of apoptosis. For example, the function of ICAD/DFF45 is to 

restrain the enzyme CAD (caspase activated DNase). The cleavage and inactivation of 

ICAD/DFF45 by a caspase allows CAD to enter the nucleus and results in DNA 

fragmentation, causing the characteristic 'DNA ladder' seen when nuclear DNA from 

apoptotic cells is analzysed by electrophoresis (Nagata, 2000). Although a huge number 

of signals, both external and internal (DNA damage, growth factor withdrawal, ultraviolet 

radiation, chemotherapeutic drugs and so on) can result in the activation of caspases and 

the induction of apoptosis, there are two well known pathways which actually relay these 
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signals to execute apoptosis: the extrinsic death receptor and the intrinsic mitochondrial 

pathways.  

 

1.1.2. Intrinsic and extrinsic pathways of apoptosis  

Apoptosis follows 2 major pathways within cells: (1) extrinsic or the death 

receptor pathway and (2) intrinsic or the mitochondrial pathway (Fig. 1.1).  

 

Death receptor signaling is initiated by ligand-induced receptor trimerization. 

Members of the death receptor family include tumor necrosis factor receptor 1 (TNFR-1), 

Fas/CD95, DR3, 4, 5 and 6. These receptors are responsive to ligands belonging to the 

TNF family including TNF-α, Fas ligand and TRAIL (TNF-related apoptosis-inducing 

ligand) (Locksley et al., 2001). Binding of these ligands to their receptors induces 

receptor trimerization and recruitment of adaptor proteins through the interaction of death 

domains (DD’s) on the receptors and adaptor proteins (Delhalle et al., 2003). Adaptor 

proteins also contain a death effector domain (DED) that can interact with the DED of 

initiator caspases such as caspase 8 or 10 and recruit them to the complex. This complex 

of receptors, adaptor proteins and caspases, is called the death inducing signaling 

complex (DISC). The inactive zymogen of the initiatory caspases is then activated to 

activate additional caspases which go on to cleave various substrates. Modulators of this 

pathway of apoptosis include FLIP, an enzymatically inactive homologue of the initiator 

caspases that competes with the initiator caspases and since FLIP cannot transmit a death  
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Figure 1.1: Schematic of the death receptor-mediated and mitochondria driven 
pathways of apoptosis. Information modified from Clarke et al. (2004) and 
http://www.genomicobject.net/member3/GONET/apoptosis.html 
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executing signal, can inhibit the death receptor induced triggering of apoptosis. The most 

well described receptors are the TNF receptor and CD95. 

 

CD95 and CD95L play roles in deletion of the active T cells following an immune 

response, in destroying virus infected cells or cancer cells, and killing of inflammatory 

cells in immune “privileged” sites such as the eye (Ashkenazi and Dixit, 1998). 

Mutations in these genes can result in accumulation of peripheral lymphoid cells leading 

to a fatal autoimmune syndrome characterized by massive enlargement of lymph nodes 

and to pathological suppression of immune surveillance. Upon stimulation with its ligand, 

CD95 receptors cluster together and then recruit an adaptor protein called FADD (Fas 

associated death domain or MORT1) through an association with its death domain. 

FADD in turn also contains a DED which binds to an analogous domain found in caspase 

8 (FLICE) leading to its cleavage and activation. Caspase-8 in turn is able to cleave 

caspase 3 committing the cell to apoptosis (Delhalle et al., 2003).  

 

TNF is produced in response to infection by macrophages and T cells (Ashkenazi 

and Dixit, 1998). In the case of TNFR, once activated by its ligand it recruits its own 

adaptor protein called TRADD (TNF receptor associated death domain). TRADD in turn 

is able to recruit a number of different proteins to this complex including TRAF (TNFR 

associated factor 2), RIP (receptor interacting protein) and FADD, each playing a unique 

role in the final execution of apoptosis.  
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In the mitochondrial signaling pathway, stress is detected by the mitochondria 

via signaling from the pro-apoptotic members of a family called Bcl-2 which includes 

proteins such as Bax and Bak. These signals can also be neutralized by other anti-

apoptotic proteins belonging to the same family such as bclxl and bcl-2 (Wang, 2001). 

The complex role of the mitochondria came into focus when it was found that, in 

response to various signals, mitochondria could release proteins normally residing in the 

inter-membrane space (Wang, 2001) to the cytosol or nucleus. These proteins include 

cytochrome c, AIF (apoptosis inducing factor), Smac, and EndoG. They act by either 

activating caspases and nucleases or neutralizing inhibitors of these proteins. Cytochrome 

c, a component of the mitochondrial electron transport chain, initiates apoptosis upon its 

release into the cytoplasm (Liu et al., 1996). Release of cytochrome c is followed by 

binding to Apaf-1 which contains a CARD, a nucleotide binding domain (its binding 

affinity for dATP/ATP increases 10-fold after it is recruited by cytochrome c) and several 

WD-40 repeats. The binding of the nucleotide to Apaf-1 triggers its oligomerization to 

form the apoptosome which is made up of Apaf-1, dATP/ATP and cytochrome c (Cain et 

al., 2002). The CARD domains of Apaf-1 remain exposed in the apoptosome thereby 

enabling it to recruit multiple caspase 9 molecules resulting in their activation. Only 

caspase 9 molecules bound to the apoptosome are able to cleave and activate downstream 

caspase 3 which then cleaves its substrates leading to apoptosis. Knockout experiments 

have revealed that eliminating Apaf-1, caspase 9 or caspase 3 leads to inhibition of cell 

death (Wang, 2001). Release of Endonuclease G from the inter-membrane space is 

implicated in DNA fragmentation while that of AIF (apoptosis-inducing factor) is 
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associated with chromatin condensation and DNA fragmentation. Release of 

SMAC/DIABLO is discussed in detail in the next section.  

 

The mechanisms of release of the inter-membrane proteins by the mitochondria 

are the focus of a lot of research. Martinou and Green (2001) review this topic and 

explain our current understanding of this subject. They summarize that there are two 

prevailing models: the formation of autonomous channels by members of the bax 

subfamily, and the non-specific rupture of the outer mitochondrial membrane (OMM) by 

swelling of the mitochondrial matrix and expansion of the inner membrane. The former 

states that large channels or pores in the OMM are responsible for conducting soluble 

proteins out of the mitochondria and this requires the presence of the bcl-2 family of 

proteins, chiefly bax and bak (Orrenius, 2004). Cytochrome c is normally bound to the 

inner mitochondrial membrane (IMM) by an association with the anionic phospholipid 

cardiolipin. Cardiolipin is unique to mitochondria and is present predominantly in the 

IMM. Evidence suggests that dissociation of cytochrome c from cardiolipin is a critical 

first step for cytochrome c release into the cytosol and the induction of apoptosis 

(Orrenius, 2004). The later model explaining the release of IMM proteins into the cytosol 

involves formation of the permeability transition pore (PTP) which is a complex of the 

voltage-dependent anion channel (VDAC), the adenine nucleotide translocator (ANT) 

and cyclophilin D among other proteins. The PTP opens under conditions of stress such 

as oxidative stress or high calcium levels allowing lower molecular weight solutes to 

move across the inner mitochondrial membrane, resulting in mitochondrial swelling and 
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eventually the breakage of the outer mitochondrial membrane releasing the inter-

membrane proteins into the cytoplasm (Martinou and Green, 2001). A transient pore 

opening can also occur, in which case a small number of mitochondria have open pores 

and release mitochondrial proteins without a corresponding drop in membrane potential 

for the entire population (Orrenius, 2004).  

 

Although it has always been considered that the caspase family of proteins 

(proteases) are responsible for the final execution of cellular death, research is now 

leading to the conclusion that other families of proteases could function similarly to 

caspases, leading to new, unique caspase-independent pathways for apoptosis (Leist 

and Jaattela, 2001). For instance, AIF and EndoG release from the mitochondria leads to 

apoptosis in a caspase-independent manner generating large chromatin fragments. Also, 

oncogenic Ras can induce caspase- and Bcl-2-independent autophagic death which 

resembles necrosis (Kitanaka and Kuchino, 1999). This ties in with the possibility that 

the prior classification of necrosis as “unprogrammed” may not be true and that there 

may be controlled forms of cell death that fit in somewhere between the two extremes of 

apoptosis and necrosis. 

 

1.1.3. Modulation of apoptosis 

 

Apoptosis is regulated by various activators or inhibitors of the apoptosis 

machinery. Some of the salient ones include IAP’s (inhibitors of apoptosis proteins), heat 
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shock proteins (HSP’s) and the bcl-2 family of proteins which including both pro- and 

anti-apoptotic molecules.  

 

The IAP family, like the caspase family, is evolutionarily conserved across 

various species (Delhalle et al., 2003). Each of the six members of the family contains a 

70 amino acid repeat (BIR – baculovirus IAP repeat) essential for its anti-apoptotic 

function. Effector caspases are inhibited by members of the IAP family such as survivin 

and XIAP (X chromosome encoded IAP). Proteins such as Smac/DIABLO, when 

released from the mitochondria, are able to bind to the BIR domain of the IAP’s, thereby 

preventing them from binding to activated caspase 9 which would inhibit its activity. 

Therefore, unlike cytochrome c, whose release results in the activation of pro-apoptotic 

molecules, the release of Smac/DIABLO assists apoptosis through inactivation of anti-

apoptotic IAP’s (Wang, 2001).  

 

The Bcl-2 family includes 20 members with pro- and anti- apoptotic behavior and 

one to several BH (Bcl-2 homology) domains (Harada and Grant, 2003). Some, like bax 

and bak, burrow themselves into the intermembrane space and facilitate release of 

cytochrome c. The ratio of anti- versus pro-apoptotic members in the cell determines the 

sensitivity of the cell towards various stimuli. One particular member of this family 

called bid resides in the cytoplasm and is one of the key links connecting the extrinsic 

pathway to the intrinsic one. When caspase 8 is activated via death receptor trimerization, 

it cleaves bid to form tbid (truncated bid) which then translocates to the mitochondria to 
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release cytochrome c (Li et al., 1998). For more information about Bcl-2 family members, 

IAP’s and their role in the apoptotic process please refer to Harada and Grant (2003).  

 

Heat shock proteins are a group of proteins, present in all cells, whose expression 

is increased when the cells that contain them are exposed to elevated temperatures. The 

expression of HSPs provides increased resistance to apoptosis induced by a variety of 

cytotoxic agents (Creagh et al., 2000). So far, the exact mechanisms by which they 

provide protection are not really known. However, HSPs are also implicated in the 

induction of apoptosis (Creagh et al., 2000). Their overexpression causes hematopoietic 

cells to exhibit increased apoptosis in response to TNF in combination with 

cycloheximide.    

 

1.1.4. Dysregulation of apoptosis 

 

Apoptosis is essential in multicellular organisms for a variety of reasons 

explained in previous sections. Cell death is an integral part of the process of 

development. Cells of the endometrium die at the site during implantation of the 

blastocyst, during development of the gut and remodeling of the limb buds, cartilage, and 

bones (Vaux, 1993). Dysregulation of apoptotic signaling can play a primary or 

secondary role in various diseases with deficiencies in apoptosis leading to cancer (cell 

accumulation, resistance to therapy, breakdown of the immune system), autoimmunity 

(failure to eliminate auto-reactive lymphocytes) or persistent infections (failure to 
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eradicate infected cells), and excessive apoptosis contributing to neurodegeneration 

(Alzheimer’s’ disease, Parkinson’s disease, Huntington’s disease), autoimmunity 

(uncontrolled apoptosis induction in specific organs), AIDS (depletion of T lymphocytes), 

or ischemia (stroke, myocardial infarction) (Reed, 2002). As described in sections 1.1.2 

and 1.1.3, the apoptotic machinery consists of various sets of proteins regulating the 

delicate balance between cell death and cell survival. Pathologic alteration in the 

expression or function of any of these components could potentially cause an imbalance 

in the cell favoring either cell death or cell survival. Triggers such as oxidative stress, 

radiation, drug therapies, bacterial, fungal or viral infections, DNA damage, gene 

mutations or knockouts and inflammation could result in defective apoptosis pathways 

(Reed, 1999a; Powis et al., 1995; Johnstone et al., 2002). The following section will 

focus on dysregulation in carcinogenesis to illustrate the effects of some of these triggers. 

 

Bcl-2 was the first apoptosis-related gene that was recognized to play a role in 

tumorigenesis and is often overexpressed in a variety of cancers, contributing to cancer 

cell survival through direct inhibition of apoptosis (Reed, 1999a). Hockenbery et al. 

(1990) demonstrated that overexpression of Bcl-2 blocks the apoptotic death of a pro-B-

lymphocyte cell line making it a unique proto-oncogene capable of interfering with 

programmed cell death. Conversely, mutated or down-regulated pro-survival Bcl-2 

family members (e.g. Bax and Bak) are observed in certain cancers (Harada and Grant, 

2003).  
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The PI3K/Akt pathway transmits an important survival signal in the cell. 

Increased activation of the Akt pathway is a factor in many human cancers and inhibition 

of this pathway at various sites is showing promise as a target for cancer chemotherapy 

(Chang et al., 2003). For example, a recent study using adenoviral-mediated expression 

of a dominant negative Akt has shown selective induction of apoptosis in tumor cells 

with high Akt activity, but not in normal cells or in tumor cells with low Akt activity 

(Jetzt et al., 2003). Further, Akt also negatively regulates proapoptotic Bad and 

procaspase-9, stimulates the NF-kB survival pathway by phosphorylation of IkB kinase 

alpha (IkK alpha) and suppresses p53 proapoptotic signaling by phosphorylation of the 

oncogene Mdm2 (Cardone et al., 1998; Datta et al.,1997; Finnberg and El-Deiry, 2004; 

Mayo and Donner, 2002); all these lead to increased cell survival.  

 

Oxidative stress is defined as an imbalance between pro-oxidants and 

antioxidants in a cell. Oxidative stress is caused by an increased production of reactive 

oxygen species (ROS), via disruption of the redox balance or failure to repair oxidative 

damage by the cell. ROS are generated in the cell via endogenous metabolic processes 

such as energy generation in the mitochondria or detoxification reactions involving the 

cytochrome P450 system. ROS can also be produced exogenously through the action of 

environmental pollutants, exposure to ionizing radiation or viral infections. Many of the 

agents that induce apoptosis are oxidants or pro-oxidants while several agents that inhibit 

apoptosis are antioxidants (Jones et al. 1995). This has led to the conclusion that redox 

regulation is a key player in apoptosis and tumorigenesis. The main damage to cells 
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results from ROS-induced alteration of macromolecules such as polyunsaturated fatty 

acids in membrane lipids, essential proteins, and DNA (Powis et al., 1995; Fiers et al., 

1999). ROS also play an important role in the signal transduction pathways involved in 

apoptosis including the mitogen activated protein kinase pathways and the PI3K/Akt 

pathways (discussed in detail in Section 1.3) (Adler et al., 1999; Bauer, 2002; Herrlich 

and Bohmer, 2000). Oxidative stress is perhaps one of the most interesting and pervasive 

triggers for the dysregulation of the apoptotic machinery. This is attributed to the fact that 

oxidative stress not only induces apoptosis but is also involved in normal cell 

proliferation and cell signaling (Martindale and Holbrook, 2002). While ROS stimulate 

cellular defenses against oxidative stress in some cases, in other cases they lead to the 

induction of apoptosis (Fiers et al., 1999). 

 

The cell has a number of built-in defense mechanisms to counter oxidative 

processes and maintain redox balance. These include, but are not limited to, glutathione 

(GSH)/glutathione reductase/glutathione peroxidase, thioredoxin /thioredoxin reductase, 

glutaredoxin, Ref-1, superoxide dismutase and catalase (Fiers et al., 1999; Powis et al, 

1995). Thioredoxin and GSH are the major redox buffers in the cell (Fiers et al., 1999). 

GSH is a tripeptide of γ-glutamate, cysteine, and glycine and is found ubiquitously in 

eukaryotic cells at a concentration ranging from 1-10mM (Powis et al., 1995). GSH is 

found almost exclusively in its reduced form, as the enzyme which reverts it from its 

oxidized form (GSSG), glutathione reductase, is constitutively active and inducible upon 

oxidative stress. GSH is critically important as it serves to protect the cell against damage 
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induced by electrophiles, reactive oxidant species, antineoplastic agents, and a variety of 

other stress-initiated conditions (Sies, 1999; Voehringer, 1999). Small variations in GSH 

can cause profound effects on redox-dependent cell signaling. While maintaining a 

reductive cytosolic environment, GSH also aids in toxicant removal through glutathione 

S-transferase-mediated conjugation (Sies, 1999). Thioredoxin reductase (TRX) is a 

selenoprotein that reduces oxidized protein substrates in an NADPH-dependent process. 

Thioredoxins are redox sensitive proteins that undergo reversible oxidation/reduction and 

help to maintain the redox state of cells. Thioredoxin also serves as a cofactor in many 

TRX catalyzed reductions in a manner similar to GSH in thioltransferase reactions 

(Biaglow and Miller, 2004). Evidence of both an antiapoptotic and a proapoptotic role for 

catalase and superoxide dismutase can be found in the literature (Kahl et al., 2004). 

 

Exogenously, treatments that supplement or enhance the cellular antioxidant 

defense against oxidative process in the cell can also be used to counter the effects of 

oxidative stress. These include treatments with exogenously added antioxidants such as N 

acetylcysteine (NAC), a GSH precursor, nordihydroguaiaretic acid (NDGA), a 

lipoxygenase enzyme inhibitor or pyrrolidine dithiocarbamate (PDTC), a metal chelator 

(Della Ragione et al., 2000, Biswal et al., 2000; La et al., 2003). However, these should 

be used with caution as there are several examples in the literature wherein an antioxidant 

exhibits pro-oxidant behavior, leading to apoptosis. In fact NDGA, the compound under 

study in this dissertation, is known to induce apoptosis in FL5.12 cells via generation of 

peroxides and depletion of glutathione (Biswal et al., 2000; La et al., 2003). We are 
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hypothesizing that the signaling mechanisms involved in NDGA-induced apoptosis are 

largely due to these oxidative processes. PDTC, a synthetic antioxidant molecule, while 

exhibiting pro-oxidant behavior, also induces apoptosis in a promyelocytic cell line HL-

60 via a mitochondria-mediated pathway (Della Ragione et al., 2000). In addition, both 

NAC and PDTC induce apoptosis in smooth muscle cells (Tsai et al., 1996). 

 

NAC is a precursor of the endogenous antioxidant gluathione. NAC is available 

under the brand name of Mucomyst (Bristol Myers Squibb) for the treatment of acute 

acetaminophen poisoning and as a mucolytic agent. It is currently undergoing clinical 

trials alone, and in combination with other agents, for the potential treatment of various 

diseases including cancer, AIDS, diabetes, cardiovascular disease, and drug dependency 

(www.clinicaltrials.gov). Several studies in animal models have demonstrated that NAC 

co-administration with chemotherapeutic agents such as doxorubicin, improves their 

efficacy (Conklin, 2000). In most cases, NAC serves to protect non-malignant cells 

against apoptosis. NAC inhibits cigarette smoke-induced apoptosis of bronchial 

epithelium as a defense mechanism against its genotoxicity as well as DNA adduct 

formation (Zafarullah et al., 2003). In contrast with these suggestions, no benefit of NAC 

supplementation (600 mg/ day) was observed in a 2-year clinical trial in patients with 

head, neck or lung cancer (Zafarullah et al., 2003). Studies have also reported that NAC 

has the ability to induce as well as enhance apoptosis in some cell types (Tsai et al., 1996, 

Qanungo et al., 2004, Rieber and Rieber, 2003; Jones et al., 1995). In murine embryonic 

fibroblasts, NAC enhanced hypoxic apoptosis via GSH-dependent suppression of NF-kB 
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transactivation (Qanungo et al., 2004). Although antioxidants such as DTT or trolox 

could not mimic this effect, glutathione monoester demonstrated a similar effect in 

hypoxic cells. NAC also enhanced UV radiation-induced apoptosis by enhancing caspase 

3 activity and fragmentation of the retinoblastoma protein; bcl-2 overexpression 

counteracted these effects (Rieber and Rieber, 2003). NAC pretreatment also enhances 

MK886-induced apoptosis in T lymphocytes (unpublished data). One of the aims of this 

dissertation is to identify the mechanisms for this effect. Recently, it has even been found 

that NAC is able to mediate structural changes in DNA (Zararullah et al., 2003). It 

therefore appears that NAC is a versatile molecule with varied functions which include 

scavenging ROS, increasing GSH levels, undergoing autooxidation (to produce H2O2), 

and serving as a reducing agent. For a more comprehensive review on the molecular 

mechanisms of the actions of NAC, refer to Zafarullah et al. (2003). 

 

Gaining insight into mechanisms of the apoptotic machinery that contribute to 

dysregulation of apoptosis and the subsequent initiation of pathogenesis will aid in the 

development of more specific and effective therapeutic approaches. Therapeutic 

strategies may include inhibition of proapoptotic key components such as the caspases in 

the case of neurodegenerative diseases such as Alzheimer’s. In the case of cancer, 

activation of proapoptotic tumor suppressors/blockade of antiapoptotic oncogenes, 

treatment with antioxidants which help to restore redox balance or improved efficacy of 

chemotherapeutic drugs targeting multiple pathways might provide therapeutic 

alternatives (Conklin, 2000; Reed, 2002). The current study of lipoxygenase pathway  
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Figure 1.2: Schematic of arachidonic acid metabolism via lipoxygenases (LOX), 
cyclooxygenases (COX), and monooxygenase cytochrome P450 (CYP450) enzymes. 
Information modified from Belton and Fitzgerald (2003). PG, prostaglandins; TX, 
thromboxanes; HPETE, hydroperoxyeicosatetraenoic acid; LT, leukotriene; HETE, 
hydroeicosatetranoic acid.  
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inhibitors NDGA and MK886, by advancing our understanding of the mechanisms by 

which these inhibitors alone, and in combination with redox modulating agents, affect 

apoptotic signaling pathways, will aid in advancing therapeutic strategies. 

 

1.2. Arachidonic acid pathway 

 

1.2.1. Location and metabolism of arachidonic acid 

 

The cell wall contains phospholipids and following stimulation by growth factors 

and cytokines, these can be hydrolyzed to generate arachidonic acid (AA) via the action 

of the enzymes phospholipase A2 (PLA2), phospholipase C (PLC) or phospholipase D 

(PLD) (Madamanchi et al., 1998). PLA2 catalyzes the hydrolysis of phospholipids at the 

sn (stereospecific numbering)-2 position and can release arachidonate in a single-step 

reaction. By contrast, PLC and PLD do not release free arachidonic acid directly. Rather, 

they generate lipid products containing arachidonate (diacylglycerol and phosphatidic 

acid, respectively), which can be released subsequently by diacylglycerol- and 

monoacylglycerol-lipases (Madamanchi et al., 1998; Poff and Balazy, 2004). 

Arachidonic acid is metabolized via three major oxidative pathways:  the cyclooxygenase 

(COX) pathway that forms prostaglandins; the lipoxygenase (LOX) pathway, which 

forms hydroxyeicosatetraenoic acids (HETEs) and leukotrienes; and thirdly, the 

cytochrome P-450 monooxygenase pathway that forms epoxides and HETEs (Fig. 1.2).  
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The LOX enzymes are mainly classified as 5-, 8-, 12- or 15-LOX, based on their 

ability to insert molecular oxygen at the corresponding carbon position of AA. The 5-

LOX enzyme catalyzes the first step in oxygenation of AA to produce 5 

hydroperoxyeicosatetraenoic acid (5-HPETE) with the subsequent production of 5(S)-

HETE and leukotrienes which include leukotrienes A4 ,B4, C4, D4, and E4 (Tong et al., 

2002). The leukotrienes are mediators in inflammation and allergic reactions. 

Additionally, the 5-LOX driven metabolic process requires the activity of 5-lipoxygenase 

activating protein (FLAP), which presents AA to 5-LOX so that it can be metabolized 

(Miller et al., 1990). 5-LOX is expressed in various tissues including the prostate, blood, 

breasts and pancreas (Ding et al., 2003a). Three forms of 12-LOX have been identified: 

leukocyte-type, platelet-type, and epidermal-type (Ding et al., 2003a). Production of 

12(S)- and 15(S)-HETE has been shown in several vascular tissues and cells, including 

cultured vascular smooth muscle cells, endothelial cells, and monocytes (Natarajan and 

Nadler, 2004). There are two 15-LOX isozymes: 15-LOX1 and 15-LOX2 (Hsi et al., 

2002). While 15-LOX1 preferentially metabolizes oleic acid, 15-LOX2 primarily 

metabolizes AA.   

 

COX-1 and COX-2 enzymes catalyze the first step in the biosynthesis of 

prostaglandins (PGs) by converting arachidonic acid to PGH2.  PGH2 is further converted 

into other PGs and eicosanoids such as PGE2, PGD2, PGF2α, PGI2 (prostacyclin), and 

thromboxanes (Natarajan and Nadler, 2004) (Fig. 1.2.). COX-1 is constitutively 

expressed in most cells and plays a role in basal physiological functions in several cells 
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and tissues. COX-2, however, is usually expressed at low or undetectable levels in most 

tissues and cells but is significantly induced by stimuli such as lipopolysaccharides, by 

cytokines such as interleukins and by growth factors.   

 

1.2.2. Arachidonic acid, LOX metabolites, and apoptosis 

 

AA and its metabolites are important second messengers and drive various 

cellular processes including cell signaling, cell proliferation, cell apoptosis/death and 

differentiation (Seufferlein et al., 2002). Lipoxygenases also play a role in cell 

proliferation, although the effect of the enzyme on cell growth is cell-type specific 

(Walker et al., 2002). Accumulating evidence suggests that the 5-LOX pathway 

influences the development and progression of human cancers and also interacts with 

multiple intracellular signaling pathways that control cancer cell proliferation (Ding et al., 

2003b). While blockage of 5-LOX inhibits prostate cancer cell proliferation, the 5-LOX 

metabolite 5-HETE stimulates prostate cancer cell growth. In fact, exogenously added 5-

HETE is able to protect prostate cancer cells from apoptosis induced by 5-LOX inhibitors 

such as MK886 confirming a critical role of 5-LOX activity in the survival of these cells 

(Ghosh and Myers, 1998). 12-LOX is involved in both cancer cell proliferation and 

apoptosis (Ding et al., 2003a). Information regarding the role of 8-LOX and its 

metabolites in cancer cell proliferation is scarce. 15-LOX appears to have a controversial 

role in carcinogenesis: some studies suggest it suppresses apoptosis; others say it has no 

effect on apoptosis (Shureiqi and Lippman, 2001). LOX enzyme metabolites and LOX 
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inhibitors are able to exert effects on various components of the apoptotic signaling 

pathways including bcl proteins, mitochondrial and protein kinase (e.g. MAPK) signaling 

(Madamanchi et al., 1998; Ghosh and Myers, 1998; Pidgeon et al., 2002). For a 

comprehensive review on fatty acid signaling and apoptosis refer to Tang et al. (2002). 

 

1.3. Apoptotic signaling pathways  

 

Cells have developed several different pathways (many redundant) to protect 

themselves from injury. When faced with stress, a cell chooses to either die via apoptosis 

or alternately, go into cycle arrest providing the cell with time to recover from the stress. 

Two of the most well characterized pathways in the cell are the mitogen activated protein 

kinase (MAPK) pathway and the phosphoinositol 3 kinase / protein kinase B (PI3K/Akt) 

pathway. While activation of the MAPK pathways can result in apoptosis or proliferation, 

activation of the PI3K pathway is a proliferative signal.  

 

1.3.1. Mitogen activated protein kinase pathways  

 

The MAPK family are a group of serine/threonine specific protein kinases 

expressed in all eukaryotic cells broadly divided into 4 subgroups: extracellular signal 

regulated kinases (ERK) that are mainly activated through growth factor signals, the 

stress activated protein kinase/c-Jun-N-terminal kinase (SAPK/JNK) and p38 kinase both 

of which are activated by various extracellular stimuli including oxidative stress, 
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xenobiotics, UV light, radiation, etc. and the redox sensitive big MAPK (ERK5) which 

shares homology with the ERK family but differs with respect to some of its upstream 

activators and downstream targets (Wada and Penninger, 2004). Activation of the MAPK 

cascade proceeds in this manner: a stimulus leads to activation of a MAPK via a 

signaling cascade composed of MAPK, MAPK kinase (MAPKK), and MAPKK kinase 

(MAPKKK). A MAPKKK that is activated by extracellular stimuli phosphorylates a 

MAPKK on its serine and threonine residues, and then this MAPKK activates a MAPK 

through phosphorylation on its serine and tyrosine residues (Fig. 1.3). This functional 

organization of signal transduction into phosphorylation cascades enhances the sensitivity 

of cellular targets to external stimuli so that a tiny change in stimulus can result in a large 

change in response (Kholodenko, 2000). Among the downstream targets activated by 

these MAPKs are transcription factors like Elk-1, ATF2, c-jun and various bcl-2 family 

members such as bad and bim (Paul et al., 1997; Zarubin and Han, 2005; Harada et al., 

2004; Eisenmann et al., 2003).  

 

Extracellular signal-regulated kinase 1 (ERK) was identified as an insulin-

stimulated protein kinase, with activity towards microtubule-associated protein, less than 

15 years ago (Boulton et al., 1990). The most extensively studied, the extracellular 

signal-regulated kinases, ERK1 and ERK2 are 44- and 42-kDa isoforms, respectively. 

ERK1 and ERK2 contribute to cellular proliferation, differentiation, cell cycle regulation, 

and cell survival. However, the ERK family consists of a total of 8 isoforms (ERK1-8) 

and these additional ERK isoforms are different in terms of their control and functioning  
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Figure 1.3: Mitogen activated protein kinase signaling pathways: extracellular 
signal-regulated kinase (ERK); c-jun N-terminal kinase (JNK); p38 kinase.  
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(reviewed by Bogoyevitch and Court, 2004). The activation of ERK1/2 signaling is 

complex and involves multitude feedback loops, scaffold proteins, and cross-talk with 

other pathways (Kolch et al., 2005; Pouyssegur and Lenormand, 2003). Binding of ligand 

to receptor tyrosine kinases is the trigger for ERK1/2 phosphorylation through activation 

of the small GTP-binding protein, Ras, and subsequent activation of Raf-1, a MAPKKK 

(Lopez-Ilasaca, 1998)). In accord with the three-kinase signaling modules, the 

downstream effector of Raf-1 is a MAPKK, known as MEK1 (Lopez-Ilasaca, 1998). 

Subsequent dual phosphorylation of ERK1/2 at Thr-183 and Tyr-185 is essential for 

activation and increases activity by >1,000-fold (Anderson et al., 1990). Substrates of 

ERK1/2 include the p90 Rsk kinase that directly phosphorylates c-Fos and indirectly 

stimulates c-Jun, thereby rapidly stimulating the transcription factor activator protein-1 

(AP-1), Elk-1, c-fos and STAT proteins (Zhu et al., 1999). Phosphorylation of Raf-1 and 

MEK1 by ERK 1/2 reduces their catalytic activity and provides a negative feedback 

mechanism for limiting ERK1/2 signaling (Marais and Marshall, 1996; Mischak et al., 

1996). 

 

In contrast to growth factor and neurotransmitter activation of the ERK subfamily, 

stress stimuli typically activate the two other MAPK subfamilies which are called the 

stress activated protein kinases and include JNK and p38. Activators of JNK include 

cytokines and a variety of cellular stress stimuli, including ultraviolet (UV) radiation, 

heat shock, free radicals, ischemia, and direct damage to DNA (Vlahopoulos and 
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Zoumpourlis, 2004). Hibi et al. (1993) identified JNK major forms (46 and 55 kDa) that 

became active following exposure to UV radiation. JNK binds to a specific region within 

the c-Jun trans-activation domain and phosphorylates serines 63 and 73. Molecular 

cloning classified JNK as a member of the MAPK group of proteins (Gupta et al., 1996). 

Corresponding to differential splicing of the three JNK genes, 10 isoforms of JNK were 

identified (Gupta et al., 1996). While JNK1 and JNK2 are ubiquitously expressed, JNK3 

is expressed mostly in the brain, heart and testes (Vlahopoulos and Zoumpourlis, 2004). 

JNKs are activated by the phosphorylation of tyrosine and threonine residues by the 

MAPKK: MKK4 and MKK7. MKK4 and MKK7, in turn, are activated by upstream 

MAPKKKs such as ASK1 and MLK-3 (Wada and Penninger, 2004). Upon activation, 

JNK phosphorylates a number of different substrates including transcription factors p53, 

Elk-1, ATF-2, c-jun and members of the bcl-2 family (Lei and Davis, 2003; Vlahopoulos 

and Zoumpourlis, 2004).  

 

The p38 kinase was isolated as a 38-kDa tyrosine-phosphorylated protein in 

response to lipopolysaccharide treatment in the murine pre-B cell line 70Z/3 and 

molecular cloning revealed p38 to be a MAPK family member (Han et al., 1994). Further 

research characterized the p38 subfamily of MAPKs as consisting of at least four 

homologous proteins: � and � (38- and 40-kDa, respectively) are ubiquitously expressed 

while � and � are differentially expressed, depending upon the tissue type (Zarubin and 

Han, 2005). Mammalian p38 is activated by cellular stress (heat shock, oxidative stress, 

hypoxia, osmotic stress), cytokines, growth factors, and GPCR activation (Ono and Han, 
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2000). Similar to ERK and JNK, the activation of p38 involves a three-kinase 

hierarchical cascade. Immediately upstream, there are two main MAPKKs that activate 

p38, MKK3 and MKK6. A diverse array of MKKKs participate in p38 activation 

including ASK1 and MEKK4 (Zarubin and Han, 2005). Despite extensive research in this 

area, little is known about the signal transduction that connects sensors of cell stress 

present on the membrane to the activation of MKK3/6 and p38. Substrates of p38 include 

MAP kinase-activated protein kinase 2, ATF-1/2/6, Elk1 and Na+/H+ exchanger isoform 

1 (Zarubin and Han, 2005).  

 

Members of the MAP kinase family are negatively regulated by protein 

phosphatases. The representative MAPK phosphatase, MKP-1, is one of nine dual-

specificity phosphatases (Ono and Han, 2000). Some members of the MKP family inhibit 

the activity of all MAPKs, whereas others are specific. Other phosphatases such as the 

serine threonine protein phosphatase PP2A are also able to negatively regulate MAPK 

activity and as in the case of cardiac myocytes, mediate crosstalk between the p38 and 

ERK MAPKs (Liu and Hofmann, 2004). 

 

Activation of ERK, JNK and p38 regulates various functions in the cell including 

apoptosis. Selective chemical inhibitors as well as transfection studies with dominant 

negative or constitutively active proteins can be used to determine the role of each of 

these kinases in the apoptotic process in response to various stimuli. Pyridinylimidazole 

inhibitors of p38, SB203580 and SB202190, bind to the ATP pocket of p38 and thereby 
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inhibit its enzymatic activity (Wilson et al., 1997). As a result of their specificity for p38 

in comparison to other MAPKs, these inhibitors have been used with great success to 

investigate the downstream substrates and biological functions attributable to p38. The 

JNK inhibitor, SP600125, is an anthrapyrazole (Bennett et al., 2001) that was found to 

have greater than a 20-fold selectivity for JNK versus a range of kinases the authors 

tested and is a reversible competitive inhibitor of ATP. PD98059 (Dudley et al., 1995) 

and U0126 (Favata et al., 1998) are selective MEK1 inhibitors which have been 

extensively used to pinpoint the role of ERK in apoptotic signaling. Several inhibitors of 

the ERK pathway, in particular, are being proposed as potential candidates for cancer 

therapy since many tumor cells exhibit a constitutively active Raf-MEK-ERK pathway 

(Lee and McCubrey, 2002). 

 

While activation of ERK is typically a pro-survival signal, activation of JNK or 

p38, transduce pro-apoptotic signals (Wu et al., 2002). However, that is not always the 

case. Several factors including the duration and time of activation of these kinases as well 

as the cell type and stimuli help to decide the fate of the cell. Some pro-apoptotic 

examples of ERK activation include: tocopherol succinate-induced apoptosis in human 

breast cancer cells mediated via activation of ERK1 and JNK1 (Yu et al., 2001); 

apoptosis in MDA-MB-231 breast cancer cells induced by PKC inhibitors requiring 

activation of ERK (Pettersson et al., 2004); ERK2 activation in IgM-mediated apoptosis 

observed in the WEHI 231 B cell line indicating that this behavior is not cell type specific 

(Lee and Koretzky, 1998). On the other hand, there is extensive literature wherein ERK 
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activation is shown to play an anti-apoptotic role (Wada and Penninger, 2004; Werlen et 

al., 2003; Johnson and Lapadat, 2002). In human leukemia cells undergoing apoptosis in 

response to the proteosome inhibitor bortezomib, expression of a constitutively active 

MEK1 construct protects against this toxicity (Yu et al., 2004). These authors also 

demonstrate that ERK inactivation contributes to JNK activation, thereby amplifying the 

cell death process. Typically inhibition of JNK and p38 activities results in protection 

against apoptosis induced via activation of these pathways. Several chemotherapeutic 

drugs are known to activate JNK and p38 pathways including taxol and etoposide (Boldt 

et al., 2002). JNK promotes apoptosis by inducing expression of the Fas ligand and by 

phosphorylating and inactivating the antiapoptotic protein bcl-2 (Boldt et al., 2002). 

Interestingly, the genetic removal of SEK-1, an immediate upstream activator kinase of 

JNK, promotes apoptosis of hepatocytes and T-cells indicating a dual role for JNK in cell 

survival (Nishina et al., 1999; Nishina et al., 1998). Induction of phosphorylated p38, 

which negatively correlated with cell survival following cisplatin, taxol or doxorubicin 

treatments, was observed in multiple transformed cell lines (Olson and Hallahan, 2004). 

On the other hand Wu et al. (2002) demonstrated an anti-apoptotic role for p38 in 

cephanranthine-induced apoptosis in human leukemia cells. Studies have also implicated 

p38 activation in the generation of inflammatory responses including synthesis of TNFα 

and induction of enzymes such as COX-2 (Paul et al., 1997). TRAIL-induced apoptosis is 

also shown to be mediated by ROS-activated p38 MAP kinase in HeLa cells (Lee et al., 

2002).  
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1.3.2. PI3K/Akt pathway  

 

The enzyme phosphatidylinositol-3-kinase (PI3K) phosphorylates the membrane 

phospholipid phosphatidylinositol in the 3-OH position of the inositol ring (Krasilnikov, 

2000). PI3K contains two subunits: a regulatory p85 and a catalytic p110 unit and 

possesses both lipid and protein kinase properties (Dhand et al., 1994). Activation of the 

PI3K molecule occurs via phosphorylation of a tyrosine residue by either receptor 

(platelet, insulin, epidermal growth factor receptors) or non-receptor tyrosine kinases 

(Krasilnikov, 2000).  

 

Akt was originally identified as an oncogene (Bellacosa et al., 1991; Staal, 1987) 

and is one of the major downstream effectors of PI3K (Franke et al., 1997). Due to its 

similarity to the protein kinases C and A, it is also known as protein kinase B (Franke et 

al., 2003). Studies using a PI3K inhibitor wortmannin, constitutively active PI3K and 

dominant negative PI3K have demonstrated that PI3K is sufficient for the activation of 

Akt (Franke et al., 1997). Akt plays an important role in the regulation of various 

biological processes including apoptosis, proliferation, differentiation, and metabolism.  

 

Activation of Akt is a multi-step processes involving translocation and 

phosphorylation (Fig. 1.4). The generation of phosphatidylinositol (3, 4, 5) triphosphate 

on the inner layer of the plasma membrane, after PI3K activation, recruits Akt (Leng, et 

al., 2003). This  is  followed  by  Akt  phosphorylation  which  activates  Akt.  Two  
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Figure 1.4: Schematic of the PI3K/Akt pathway: recruitment and activation of Akt 

 

 

 

 

 

 

 

 

 
LIGAND

PI3K

PIP3

AktAkt
P

P

Ser473

Thr308

PDK1

PP2A

mTOR Caspase 9 IKKBad Forkhead transcription factors

P

MAP kinase family members

PIP2 RECEPTOR

SURVIVAL

LIGAND

PI3K

PIP3

AktAkt
P

P

Ser473

Thr308

PDK1

PP2A

mTOR Caspase 9 IKKBad Forkhead transcription factors

P

MAP kinase family members

PIP2 RECEPTOR

SURVIVAL

LIGAND

PI3K

PIP3

AktAkt
PP

PP

Ser473

Thr308

PDK1

PP2A

mTOR Caspase 9 IKKBad Forkhead transcription factors

PP

MAP kinase family members

PIP2 RECEPTOR

SURVIVAL



  36 

 

phosphorylation sites have been identified as critical for activation of Akt induced by 

insulin or growth factors: Ser473 and Thr308 (Alessi et al., 1996). Phosphorylation of 

Thr308 in the activation loop is mediated by 3 phosphoinositide dependent kinase 1 

(PDK1) and is essential for Akt activation (Cohen et al., 1997). Phosphorylation of 

Ser473 at the C-terminal tail by either autophosphorylation or by an as yet unidentified 

“PDK2” is required for maximal activation of the Akt kinase activity. Feng et al. (2004) 

have identified DNA-dependent protein kinase as the kinase responsible for 

phosphorylating the Ser473 site. Recent studies suggest that tyrosine kinases may also 

activate Akt. Chen et al. (2001b) identified two tyrosine residues near the activation loop 

of Akt that are important for its activation. Once activated, Akt can phosphorylate various 

substrates including proapoptotic Bad, caspase-9, members of the FOXO transcription 

family, and members of the MAPK family leading to a pro-survival response (Datta et al., 

1997; Cardone et al., 1998; Radisavljevic, 2003; Zimmermann and Moelling, 1999).  

 

In mammals, three closely related isoforms of Akt have been identified: Akt (or 

Akt1), Akt2 and Akt3. Whereas Akt is ubiquitously expressed at high levels with the 

exception of the kidney, liver and spleen, Akt2 expression varies among different tissues, 

with higher expression levels in the muscle, intestinal organs and reproductive tissues, 

and Akt3 expression is highest in the brain and testis (Franke et al., 2003). Increased 

expression and activity of Akt is seen in many different kinds of tumors and inhibition of 

its activity is showing promise as a candidate for cancer therapy (Chang et al., 2003). 
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Negative regulators of Akt include the phosphatase and tensin homolog (PTEN - a tumor 

suppressor with homology to tyrosine phosphatases), and PTEN deficient mouse 

embryonic fibroblasts have elevated activity and phosphorylation of Akt (Stambolic et al., 

1998). In addition, the authors demonstrated that PTEN negatively regulates intracellular 

levels of phosphatidylinositol (3, 4, 5) trisphosphate in cells. Gottlieb et al. (2002) also 

showed a negative feedback mechanism between the Akt and p53 pathways. 

Constitutively over-expressed COX-2 down regulates Akt phosphorylation through a 

negative feedback mechanism in human epidermal cancer cells (Takeda et al., 2004).  

 

1.3.3. Modulators of the lipoxygenase pathway and PI3K-Akt / MAPK signaling  

 

AA as well as LOX enzyme metabolites are strong cellular signaling moieties. 

Although the premise of this dissertation is that the drugs under study, NDGA and 

MK886, do not act via their original functions as LOX and FLAP inhibitor in the cell 

types we have chosen to study (T and pro-B lymphocytes), this may not be the case for 

all cell types. This section will therefore describe, specifically, the involvement of LOX 

metabolites and LOX inhibitors in MAPK and PI3K/Akt signaling. We hope to add to 

this body of knowledge via the work done in this dissertation project.  

 

It appears that inhibition or activation of the LOX pathway has conflicting effects 

on the MAPK pathway. The 5-lipoxygenase enzyme product 5(S)-HETE and the 12-

lipoxygenase product 12(S)-HETE induce activation of ERK and p38 and cause 
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proliferation in pancreatic cells. While inhibitors of MEK, the kinase upstream of ERK, 

inhibit 5(S)-HETE-induced proliferation, p38 inhibitors have no effect (Ding et al., 

2003b). Contrary to that, Seufferlein et al. (2002) show that treatment with the general 

LOX inhibitor NDGA leads to a disruption of actin cytoskeleton in pancreatic and 

cervical cancer cells accompanied by activation of JNK and p38 kinases. Inhibition of 5-

LOX induces rapid activation of JNK in human prostate cancer cells which can be 

prevented by treatment with the 5-LOX metabolite, 5(S)-HETE (Ghosh, 2003). The 

enzyme 15-LOX-1 also induces “pro-neoplastic” effects in colorectal cancer 

development, by inducing ERK1/2 phosphorylation and decreased p21 expression 

(Yoshinaga et al., 2004). Madamanchi et al. (1998) demonstrated that AA, which 

typically is upregulated following treatment with LOX inhibitors, leads to JNK activation 

in smooth muscle cells.  

 

COX inhibitors such as celecoxib are able to induce apoptosis in prostate cancer 

cells by inhibiting Akt (Hsu et al., 2000). Since LOX inhibitors like their COX 

counterparts can induce apoptosis independent of their LOX inhibitory activity, it is 

likely that LOX enzyme inhibitors function in a similar manner. Studies have shown that 

5(S)-HETE, a 5-LOX metabolite, stimulates pancreatic cancer cell proliferation by 

activating the MEK/ERK and PI3K/Akt pathways (Ding et al., 2003). On the other hand, 

12-lipoxygenase enzyme inhibitors baicalein and N-benzyl-N-hydroxy-5-

phenylpentamide treatment in prostate cancer cells leads to decreased phosphorylation of 

Akt accompanied by apoptosis. Addition of 12(S)-HETE protects these cells from 
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baicalein-induced apoptosis (Pidgeon et al., 2002). Based on these findings, we 

hypothesize that NDGA-induced apoptosis also proceeds via inhibition of the Akt 

pathway.  

 

1.3.4. Cross-talk between the PI3K/Akt and MAPK signaling pathways 

 

Signaling among molecules to produce some change in the cell is a complex event 

and it involves multiple pathways acting individually, or interacting with each other. For 

example, there is evidence of cross-talk among the MAPK and PI3K/Akt pathways with 

the aim to cooperatively achieve the end result, be it apoptosis or differentiation. There 

are several papers which describe interactions between the Raf-MEK-ERK and PI3K-Akt 

pathways (Rommel et al., 1999; Moelling et al., 2002). Rommel et al. (1999) made the 

observation that these two pathways exert opposing effects on muscle cell hypertrophy. 

The differentiation state of the cell regulates the inhibition of the Raf/MEK/ERK pathway 

by the PI3K/Akt pathway. Zimmermann and Moelling (1999) demonstrated using a 

breast cancer cell line that phosphorylation of Raf by Akt inhibited activation of the ERK 

signaling pathway thereby shifting the cellular response from cell cycle arrest to 

proliferation. In a study by Sinha et al. (2004), ERK1/2 was found to co-

immunoprecipitate with Akt, along with signaling molecules Rsk and PDK1. The authors 

showed that in mouse kidney proximal tubular epithelial cells, growth factor withdrawal 

triggered apoptosis accompanied by an increase in ERK1/2 activity and a progressive 

decrease in phosphorylated Akt. Similarly, there is evidence for crosstalk between JNK 
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and Akt whereby PI3K/Akt was found to negatively regulate JNK signaling in a rat 

ischemic brain model (Hui et al., 2005). In isolated human islets, an increase in Akt 

activity correlated with suppressed ASK1 activity, a kinase acting upstream of JNK and, 

therefore, led to the suppression of the JNK pathway resulting in islet survival and 

function (Aiken et al., 2004). Similar crosstalk between p38 kinase and Akt has also been 

demonstrated in HeLa cells wherein expression of mutant PI3K or Akt suppressed 

activation of p38 and apoptosis (Berra et al., 1998).  

 

With this basic understanding of the process of apoptosis signaling mechanisms 

and AA metabolism in hand, let us shift the focus to the compounds whose signaling 

mechanisms this dissertation aims to identify.  

 

1.4 Nordihydroguaiaretic acid (NDGA) 

 

 NDGA is derived from a woody shrub called Chaparral which grows in the 

southwestern region of the U.S., northern region of Mexico and western region of South 

America. Chaparral is formally known as Larrea tridentata (formerly Larrea divaricata) 

and commonly called the creosote bush or greasewood. Historically, different 

components of this plant have been used either topically or orally to treat various 

ailments (infections, auto-immune diseases, allergies, cancer, diabetes, arthritis etc.) and 

as dietary supplements. Several components of chaparral are available in the U.S. 

marketplace. 
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The major components of chaparral are lignans which comprise up to 80% of its 

methanol extracts from the leaves or the stems. The main lignan is NDGA (Downum et 

al., 1988). NDGA is a derivative of guaiaretic acid and is a catechol having two hydroxyl 

groups on each of the two phenol rings (Fig. 1.5). In addition to NDGA, chapparal 

contains other lignans, flavonoids, triterpenes, volatile oils, esters, and other 

hydrocarbons (Arteaga et al., 2005). It   should   be noted that many of these components 

are present in the diet from other sources. Although a number of the known components 

in chaparral exhibit cytotoxic activity under various conditions, our interest lies in the 

cytotoxic and functional aspects of the lignan NDGA.  

 

Glucuronidation appears to be the main pathway of metabolism for NDGA. Di- 

and mono-glucuronide conjugates are formed following intravenous dosing of NDGA in 

mice. Monoglucuronide conjugates are also formed upon incubation of NDGA with 

hepatic microsomes suggesting that this pathway of metabolism is important in humans 

as well (Lambert et al., 2002). Further, studies in the rat by Grice et al. (1968) 

demonstrate that following a single dose of NDGA (250 mg) there is formation of an o-

quinone metabolite in the kidney. This   -quinone metabolite    might be   responsible for  

some of the toxicity of NDGA. No sign of free NDGA was found in the lymph or the 

kidneys following short- or long-term feeding of NDGA in rats (Grice et al., 1968). 
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Figure 1.5: Structure of nordihydroguaiaretic acid (NDGA) 
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Several acute, intermediate, chronic, as well as reproductive toxicity studies with 

oral as well as intravenous/intraperitoneal modes of administration of NDGA have been  

done in various animals including rats, mice and chickens (Parry, 1993; Lambert et al., 

2001; Lambert et al., 2002; Reed et al., 1999b; Goodman et al., 1970; Evan and Gardner, 

1979; Mikuni et al., 1998). A two week intraperitoneal acute dosage in mice led to foci of 

necrosis in the liver (Parry, 1993). Lambert et al. (2002) investigated the hepatotoxic 

potential of nordihydroguaiaretic acid in mice. They found that serum levels of alanine 

aminotransferase demonstrated a dose- and time-dependent increase following NDGA 

treatments suggesting there was liver damage.   

 

Reproductive toxicity studies in rats dosed with NDGA and a combination of 

NDGA and indomethacin revealed that NDGA caused a dose-dependent decrease in the 

ovulation rate which was similar to that seen with NDGA and indomethacin combined 

treatments (Mikuni et al., 1998). Chronic studies showed that NDGA fed orally to rats 

led to a decrease in glomerular filtration rates, formation of polyps and cysts in the 

kidney, tubular atrophy and necrosis (Evan and Gardner, 1979). Widespread lesions in 

the kidney, lysosomal proliferation and tubular necrosis were also reported by Goodman 

et al. (1970) following a diet of 2% NDGA in Wistar rats. In a rat model for type 2 

diabetes, NDGA treatment reduced plasma glucose, triglyceride, free fatty acid, and 

glycerol levels. Although insulin levels were not affected, NDGA enhanced the activity 

of insulin. In response to a 5-hour infusion of glucose and insulin, steady state plasma 

glucose levels were reduced 30% in NDGA treated rats compared to control animals 
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(Luo et al., 1998; Reed et al., 1999b). Lambert et al. (2001) determined the 

pharmacokinetic parameters of NDGA using female mice administered an intravenous 

dose of 50mg/kg body weight. NDGA appeared to follow a 2-compartment 

pharmacokinetic model with a half life of 30 minutes in the 1st compartment and 135 

minutes in the 2nd compartment.  

 

Until 1967, NDGA (0.02%) was used in the food industry as a food additive to 

prevent rancidity, fermentation, and decomposition. Following in vivo results in rats 

which showed that NDGA treatment induced lesions in the lymph nodes and kidneys 

(Goodman  et al., 1970), the FDA removed NDGA from its GRAS (generally recognized 

as safe) list. However, the U.S. Department of Agriculture still permits the use of NDGA 

in lard and animal shortenings (Tyler, 1987). NDGA also has the ability to inhibit 

respiration in certain types of cells (Pavani et al., 1994) and is an antioxidant. 

 

The following sections highlight lesser known activities of NDGA, some of which 

might be contributing to its ability to induce apoptosis. NDGA treatment leads to 

chromosome damage in human lymphocytes and mouse bone marrow cells, inducing 

sister chromatid exchange and decreasing the mitotic index (Madrigal-Bujaidar et al., 

1998). It is also known to inhibit hormone action: it inhibits the stimulatory effects of 

bovine prolactin (Rillema, 1984), inhibits testosterone release (Romanelli et al., 1998), 

and reduces the rate of ovulation (Mikuni et al., 1998). In addition, studies have shown 

that NDGA inhibits various enzymes including, but not limited to, LOX (Tang and Honn, 
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1997), COX (Chang et al., 1984), hormone-sensitive lipase (Gowri et al., 2000) and 

steroid 5α-reductase (Hiipakka et al., 2002) among which it is most well known for its 

role as a LOX enzyme inhibitor. NDGA reduces the generation of leukotrienes in various 

cell types (Raulf and Konig, 1990), enhances glucose transport (Reed et al., 1999b), 

inhibits platelet aggregation (Chung et al., 1997), breaks down pre-formed Alzheimer’s 

beta-amyloid fibrils in vitro (Ono et al., 2002) and activates the Ca++-dependent 

potassium channel thereby releasing calcium (Yamamura et al., 2002). In addition, 

NDGA acts as an antioxidant blocking the production of cellular oxidative metabolites 

(Dahlgren, 1991) and also binds to proteins (Mabry et al., 1977). NDGA treatment in 

human keratinocytes leads to their cell cycle arrest in the S phase (Pachernik et al., 2002) 

and to differentiation in myoblast cells (Ito et al., 2005).  

 

NDGA also mediates effects that are independent of its activity as a LOX enzyme 

inhibitor (Jeon et al., 2005; Huang et al., 2004). In human prostate cancer cells, NDGA 

induces an increase in calcium levels via releasing calcium from the endoplasmic 

reticulum and by causing calcium influx from the extracellular space (Huang et al., 2004). 

NDGA also inhibits interferon-γ-induced STAT (signal transducers and activators of 

transcription) tyrosine phosphorylation in rat brain astrocytes (Jeon et al., 2005). NDGA 

affects actin stress fibers in fibroblasts (Seufferlein et al., 2002). The authors (Seufferlein 

et al., 2002) also demonstrated that, although NDGA did not interfere with major growth 

promoting pathways such as the PI3K or the ERK cascades, NDGA inhibited cyclin D1 

and activated JNK and p38 kinases.  
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As an antioxidant, NDGA has protective effects against apoptosis mediated by a 

variety of agents (Wagenknecht et al., 1998; Uchide et al., 2005) and also protects 

against diabetes-induced nephropathy (Anjaneyulu et al., 2004). NDGA also 

demonstrates pro-oxidant effects at higher concentrations in various cell types (Tang and 

Honn, 1997; La et al., 2003). Several mechanisms have been implicated for the induction 

of apoptosis including glutathione depletion, peroxidation reactions, and mitochondrial 

stress (La et al., 2003; Tang and Honn, 1997; Biswal et al., 2000; Tong et al., 2002). Our 

lab has been interested in determining the mechanisms responsible for NDGA-mediated 

cell death. This dissertation attempts to find a link between the already identified NDGA-

induced apoptotic mechanisms such as oxidative processes and mitochondrial processes 

and at the same time seek out other novel pathways that might be involved.  

 

1.5. MK886 

 

Rouzer et al. (1990) first demonstrated that 3-[1-(p-chlorobenzyl)-5-isopropyl-3-

tert- butylthioindol-2-yl]-2, 2-dimethylpropanoic acid or MK886 (Fig. 1.6) is a highly 

potent inhibitor of leukotriene synthesis in vivo and in vitro, but has no direct effect on 5-

LOX. They also showed that MK886 interacts with an 18000 Da protein which Miller et 

al. (1990) identified and named FLAP. This group of researchers observed that MK886 

inhibits leukotriene formation in the absence of a direct effect on 5-LOX activity 
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indicating that FLAP is a key component required for the synthesis of leukotrienes. Also, 

since FLAP used AA only from the phospholipid pool but not the free lipid, they 

concluded that FLAP could play an important role in transferring AA to the 5-LOX 

enzyme.  

         

MK886, via its ability to affect AA metabolism, exhibits varied effects in 

different cells types. By virtue of its property as a FLAP inhibitor, MK886 induces 

apoptosis in neutrophils by inhibiting leukotriene synthesis (Lee et al., 1999). In human 

prostrate cancer cells, inhibition of 5-LOX by MK886 completely blocks 5-HETE 

production and induces massive apoptosis accompanied by mitochondrial permeability 

transition, externalization of phosphatidylserine and degradation of DNA (Ghosh and 

Myers, 1998). MK886 increases intracellular levels of calcium leading to apoptosis in 

U937 cells by altering AA metabolism (Anderson et al., 1996). In addition, in rat arterial 

myocytes, MK886 increases voltage-gated and calcium-gated potassium currents in a 

manner similar to those seen with AA and independent of the endogenous production of 

AA metabolites (Smirnov et al., 1998). MK886 was also found to inhibit the expression 

of intercellular adhesion molecule-1 (ICAM-1) in human melanoma cells which could 

potentially make it a suitable option for the treatment of melanoma metastasis (Wang et 

al., 2004). In vivo studies performed in rats, to investigate the role of leukotrienes in the 

pathogenesis of drug-induced acute and chronic gastritis, also found that orally 

administered MK886 (50-100 mg/kg body weight) reduces the incidence of lesions 

developed by indomethacin (Gyomber et al., 1996).  
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However, it is clear that MK886 has the ability to induce apoptosis independent of 

its role as a direct FLAP inhibitor or indirectly as a LOX enzyme inhibitor (Datta et al., 

1998, Datta et al., 1999) since apoptosis is induced in cells lacking both LOX and FLAP. 

Also, the concentration of MK886 that is required to induce apoptosis (10µM) in these 

cells is almost 100 times greater than that needed to completely inhibit LOX activity 

(Vickers, 1995). It is clear that other mechanisms are at play with respect to MK886’s 

role in apoptosis induction. Since MK886 was found to bind to FLAP, a fatty acid 

binding protein, Kehrer et al. (2001) investigated the possibility that MK886 binds to 

other such proteins. They found that MK886 inhibits peroxisome-proliferator-activated 

receptors (PPAR) alpha. PPAR’s are a group of ligand activated nuclear receptors which 

function as transcription factors and as such have been labeled as “fatty acid receptors” 

(Vanden Heuvel, 1999). Since MK886 was found to non-competitively inhibit PPARα, 

the authors speculated that this inhibition might play a role in MK886-induced Jurkat cell 

death (Kehrer et al., 2001). MK886 induced apoptosis was also associated with a 

decrease in bcl-2 and bclxl anti-apoptotic protein levels without a concomitant change in 

mRNA levels, predisposing FL5.12 cells to apoptosis (Datta et al., 1998). The 

researchers later found that this loss of bclxl was because of the involvement of various 

proteases, possibly originating from lysosomes and involved in the signaling pathways of 

MK886-induced apoptosis (Datta et al., 2001). Further, Datta et al. (1999) concluded that 

MK886 treatment leads to oxidative reactions possibly via the release of fatty acids from  
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Fig. 1.6: Structure of MK886 
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fatty acid-binding proteins and their subsequent oxidation (Datta et al., 1999). In line 

with this, Anderson et al. (1999, 2000) demonstrated that apoptosis induced by this 

compound involves a disruption of cellular redox signaling associated with an up-

regulation of redox sensitive and apoptosis-related mRNAs. La et al. (2003) later 

confirmed that in FL5.12 cells, MK886-induced apoptosis is associated with fatty acid 

release and the generation of oxidized species.  

 

Recently, based on the fact that MK886 has effects on fatty acid binding proteins 

including FLAP (Rouzer et al., 1990 and Avis et al., 1996) as well as PPARs (Kehrer et 

al., 2001), Tong et al. (2003) considered that MK886 might also have effects on 

lipocalins. Lipocalins are a family of proteins with varying functions including effects on 

cell proliferation and cancer, capable of binding to cell surface receptors as well as 

various lipophillic substances (Bratt, 2000). In fact, MK886 induced 24p3 in a dose- and 

time-dependent manner which correlated to the induction of apoptosis (Tong et al., 2003). 

Although a similar role for the lipocalin NGAL (neutrophil gelatinase-associated 

lipocalin) was also demonstrated in adenocarcinoma (A549) and human breast cancer 

(MCF7) cells, the authors concluded that unlike 24p3, NGAL induction represented a 

“pro-survival” signal (Tong et al., 2005). 

 

Inhibition of the pro-survival Akt kinase in Jurkat and FL5.12 cells is one other 

mechanism by which MK886 may induce apoptosis (unpublished data). Further, MK886 

may induce apoptosis via the mitochondria-mediated pathway as demonstrated by the 
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fact that MK886 treatment causes mitochondrial membrane depolarization in prostrate 

cancer PC3 cells (Gugliucci et al., 2002). Despite extensive research, the specific targets 

and mechanisms of MK886-induced apoptosis, independent of its known function as 

FLAP inhibitor, remain elusive. Via this dissertation, we hope to address this deficiency.  

 

1.6. Hypotheses and specific aims 

 

Different classes of compounds like flavonoids, catechins and lignans inhibit 

tumorigenesis in many organs (Wang et al., 1991; Yang et al., 2001). NDGA is a lignan 

and besides being an antioxidant and LOX inhibitor, it has anti-mutagenic and anti-

tumorigenic activities in the skin, bladder, breast, pancreas, and lung (Hausott et al., 

2003). Unfortunately, it also displays various toxic effects that resulted in its withdrawal 

from use in humans (Gardner et al., 1987). However, other lignans such as epiashantin 

and arctigenin have similar activities and hence might be useful in cancer prevention 

and/or therapy. Therefore, we have chosen to study NDGA as a model compound to 

determine the mechanistic pathways by which it induces apoptosis. Other advantages 

include its ready availability and the fact that it is well-characterized in a number of cell 

systems. Secondly, there is a dearth of information on the effect of LOX enzyme 

inhibitors on the MAP kinase and Akt signaling pathways. This dissertation seeks to 

advance knowledge in this area. These reasons justify our use of NDGA as the tool to 

broaden the current understanding of apoptotic pathways affected by lignans as well as 

LOX enzyme inhibitors.  
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The first part of this research project addresses the mechanisms leading to NDGA-

induced apoptosis in murine pro-B lymphocytes, a cell line lacking the LOX enzymes 

and detectable levels of LOX activity. The fact that NDGA, a general LOX inhibitor, is 

able to induce apoptosis in these cells suggests an apoptosis inducing mechanism for 

NDGA independent of its role as LOX enzyme inhibitor. Previous work in our lab had 

demonstrated the involvement of oxidative processes, peroxides formation, arachidonic 

acid release, and the mitochondria in NDGA-induced apoptosis. FL5.12 cells 

overexpressing the anti-apoptotic protein bclxl were also found to be resistant to NDGA-

induced apoptosis and general caspase inhibitors were able to delay apoptosis. Based on 

these findings, and evidence in the literature that suggests MAPKs are able to transmit 

extracellular stimuli such as oxidative stress to elicit differential responses, we 

hypothesize that following NDGA treatment, the MAPKs act as sensors of oxidative 

stress and transmit pro-apoptotic signals to the mitochondria resulting in cell death. 

While our primary goal will be to identify involvement of the MAPK pathway in NDGA-

induced apoptosis, we will also investigate the effects of NDGA on another critical 

survival pathway in the cell, the Akt pathway, which shows increased activation in a 

number of cancers. Since it is already known that NDGA treatment leads to 

mitochondrial membrane depolarization, we will identify another end point of the 

mitochondria-pathway of apoptosis to investigate the correlation of the oxidative stress 

signal with mitochondrial effects. We have chosen to use the antioxidants, NAC and 

dithiothreitol, to assess the effects of oxidative stress, and various chemical inhibitors of 
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ERK, JNK and p38 to determine the effects of the MAP kinase pathway, on 

mitochondrially-driven NDGA-induced apoptosis.   

 

Our lab has been involved in identifying the mechanisms by which the FLAP 

inhibitor MK886 induces apoptosis in a number of different cell types including FL5.12, 

Jurkat, A549, and MCF7 cells. A very interesting observation made early on was the fact 

that although MK886 induces apoptosis via generation of oxidative processes in the cell, 

treatment with the antioxidant NAC, enhances, rather than protects cells from apoptosis 

in FL5.12 and human Jurkat T lympocytes. Jurkat cells have been in use since the early 

1980’s when they were screened and found to produce IL-2 in large quantities when co-

stimulated with CD-3 antibodies against the T cell receptors (Abraham and Weiss, 2004). 

They have been used extensively to study, among other things, T cell receptor signaling. 

While determining the mechanisms of NDGA-induced apoptosis is the focus of this 

dissertation, the secondary objective is to gain insights into this unique behavior of NAC 

using Jurkat cells, starting by investigating two likely candidates that might mediate this 

effect: GSH and the mitochondria. The results from these two separate projects are 

presented in the following chapters.  
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Chapter Two 

Materials and Methods 

 

2.1 Materials 

 

NDGA and NAC were obtained from Sigma Chemical Company (St. Louis, MO). 

MK886 was obtained from Biomol (Plymouth Meeting, PA). RPMI-1640 medium, 

Dulbecco’s Modified Eagle’s Medium (DMEM), Trypan Blue exclusion dye, and 

penicillin/streptomycin were obtained from Gibco BRL (Grand Island, NY). Fetal bovine 

serum (FBS) was obtained from Summit Biotechnology (Fort Collins, CO). Colorimetric 

caspase-3 substrate, p-nitroaniline, and most of the other molecular biology supplies were  

obtained from Sigma Chemical Company (St. Louis, MO). Cytochrome c antibody, 

donkey anti-rabbit-HRP and goat anti-mouse-HRP were obtained from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). Phosphorylated FOXO 3a antibody was obtained 

from Upstate (Waltham, MA). The remaining primary antibodies were purchased from 

Cell Signaling (Beverly, MA). Protease inhibitor cocktail and propidium iodide (PI) were 

obtained from Roche Molecular Biochemicals (Indianapolis, IN). Protein concentrations 

were measured using the BioRad DC protein assay (BioRad Laboratories, Hercules, CA). 

 

2.2 Cell culture 

 

2.2.1 FL5.12 murine pro-B lymphocytic cells 
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FL5.12 cells are an interleukin-3 (IL-3) dependent, murine, suspension progenitor 

B lymphocytic cell line. Wild type FL5.12 cells were obtained from Dr. J. A. McCubrey, 

East Carolina University, Greenville, NC. FL5.12 cells expressing constitutively active, 

myristoylated Akt (mAkt) under the control of a tetracycline promoter were a gift from 

Dr. David Plas, University of Cincinnati, Cincinnati, OH. All FL5.12 cells were 

maintained at 37°C / 5% CO2/ 95% ambient air and cultured in complete media 

consisting of RPMI-1640 medium plus 10% (v/ v) fetal bovine serum (FBS), 10% 

WEHI-3B cell conditioned media, 100 units/ ml penicillin, and 100 µg/ ml streptomycin. 

WEHI-3B cells were grown under similar conditions (without IL-3 supplementation) to 

produce IL-3 enriched medium as described previously (Lee et al., 1982). FL5.12 cells 

were passaged every other day and refreshed with complete media in a ratio of 3X106 

cells to 10 ml media. Cell counting was carried out with a hemacytometer (VWR) and 

viability was assessed using the trypan blue exclusion assay to ensure >95% viable cells 

prior to cell treatment. Trypan Blue is a cell-impermeable dye that enters cells with leaky 

plasma membranes (i.e. dead cells). For flow cytometry studies, cells were plated at 106/ 

ml density in sterile 12-well plates (Corning, or Costar). For collection of cell lysates for 

western immunoblotting experiments, cells were plated at a density of 106/ ml in 6-well 

plates (Corning, or Costar). For studies evaluating Akt phosphorylation, cells were 

deprived of IL-3 for 5 hours to induce pAkt prior to addition of NDGA. Following 

NDGA treatment, IL-3 was added back to the medium and cells collected at the indicated 

times.  
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2.2.2 Jurkat human T lymphocytic cells 

 

 For our studies, Jurkat T lymphocytes were grown in RPMI-1640 media 

supplemented with 10% fetal bovine serum and 100 units/ ml penicillin, and 100 µg/ ml 

streptomycin. They were passaged and counted as described above for FL5.12 cells. For 

all our treatments, cells were plated at a density of 106/ml.   

 

2.2.3 A549 human lung adenocarcinoma cells 

 

A549 human, lung adenocarcinoma cells are an adherent cell line. Cells were 

incubated at 37°C/ 5% CO2/ 95% ambient air and cultured in DMEM media with 10% 

FBS (v/ v) and 100 units/ ml penicillin, and 100 µg/ ml streptomycin. Cells were split 

when confluent (approximately every 3 days) using trypsinization and refreshed media in 

a ratio of 0.5 X 106 cells to 12 ml media. Prior to treatments, cells were counted using a 

hemacytometer Cells were plated (0.1 x 106 cells/ ml) in 6-well plates, allowed to adhere 

for 24 h, and then treated with NDGA (10/20µM). Every well contained 2 ml media since 

these cells are larger in size and require more space to grow as compared to the other, 

suspension cell lines we used.   

 

2.3 Apoptosis 
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2.3.1. Annexin V FITC/Propidium iodide 

 

Treated and control cells were harvested and washed twice with cold phosphate 

buffered saline and then resuspended in 1 ml binding buffer (BD Pharmingen, San 

Jose, CA). To this, 5µl recombinant Annexin V-FITC (Caltag, Burlingame, CA) was 

added and the mixture incubated at room temperature for 10-15 minutes. Following 

this, 5 µg/ml of propidium iodide (PI) was added, and the sample run through a flow 

cytometer. A total of 10 to 20 thousand cells were analyzed with either an EPICS XL-

XL MCL flow cytometer (Coulter) or a Coulter F500 flow cytometer equipped with 

an argon laser at an excitation wavelength of 488 nm. The emission wavelengths used 

for PI and Annexin were 620 nm and 525 nm, respectively. Cells stained with PI 

alone were considered necrotic while cells stained with Annexin V were considered 

apoptotic. 

 

2.3.2. DNA content and cell cycle analysis  

 

Propidium iodide was used to stain the DNA in A549 cells following treatment 

and permeabilization of the cells. The plasma and nuclear membrane need to be 

sufficiently permeabilized to allow DNA binding of the dye. We used ethanol to achieve 

this goal. Briefly, cells were trypsinized, washed twice with cold PBS and then re-

suspended in 500µl PBS. This suspension was gradually added to 4mls of ice cold 70% 

ethanol to permeabilize and fix them. This ethanol-cell mixture was kept in the freezer 
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for 24-48h. The mixture was then centrifuged at 245 x g for 10 minutes to avoid cell loss. 

Cells were washed with PBS and then re-suspended in 200µl binding buffer (BD 

Pharmingen, San Jose, CA). 5µl of PI (250µg/ml) was added and this mixture was further 

incubated in the refrigerator for an additional 24h. Finally, the fluorescence in the cells 

was analyzed on a Coulter F500 flow cytometer equipped with an argon laser at an 

excitation wavelength of 488 nm. The emission wavelength used for PI was 620 nm. The 

apoptotic cells with degraded DNA appear as cells with hypodiploid DNA content and 

are represented in "sub-G1" peaks on DNA histograms. 10,000 events were measured in 

each case.  

 

2.3.3. Caspase activity 

 

DEVD has been identified as the consensus site for cleavage by caspase-3 as well 

as other members of the caspase family such as caspase-6 and caspase-7 (Gurtu et al., 

1997). These caspases are implicated in apoptosis and therefore quantitation of DEVD-

dependent protease activity will provide information concerning the role of caspases. 

This assay was done using colorimetric detection and DEVD-p-nitroaniline (p-NA) 

(Sigma, St. Louis, MO) as a substrate. Cells (106) were centrifuged at 200 X g for 10 min 

at 4°C and lysed in 100 µl lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 0.5 mM 

EDTA, 0.5% (v/v) Nonidet P-40). Fifty µl lysate were added to 20 µl reaction buffer (10 

mM HEPES (pH 7.5), 50 mM NaCl, 2.5 mM DTT), and 10 µl DEVD-pNA (80µM final 

concentration) in a 96 well plate and incubated at 37°C for 2 h. Excess lysate was 
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subjected to a protein assay. Absorbance of the cleaved pNA was measured at 405nM 

using a Biotek microplate reader. A standard curve of pNA absorbance was plotted using 

1, 31.25, 62.5, 125, 250 , 500 and 1000µM solutions of pNA. The increase in the OD 

values of the treated samples as compared to the control samples represented the increase 

in DEVD-dependent caspase activity. The caspase activity was normalized to protein 

concentrations and calculated as a percentage of untreated control. 

 

2.3.4. Mitochondrial membrane depolarization 

 

Mitochondrial membrane depolarization was measured using 3, 3’-

dihexylaccarbocyanine iodide (DiOC6, Molecular Probes Inc., Eugene, OR). This dye is 

retained in those mitochondria with normal membrane potential. Following treatment, 106 

cells were incubated with 50nM DiOC6 for 20 minutes at 37OC. Following this, 5µl of PI 

(500µg/ml) were added to each tube to distinguish the viable cells from the non-viable 

ones. Fluorescence in 20,000 cells per sample was measured using an argon laser at an 

excitation wavelength of 488 and a log scale emission wavelength of 525 (FL1) for the 

green fluorescence of DiOC6 and 620 (FL 3) for the red fluorescence of PI in a Coulter 

EPICS XL MCL flow cytometer. Two populations of viable cells were obtained, with 

high and low staining for DiOC6. Those with the lower staining were cells exhibiting 

depolarization of the mitochondrial membrane potential. Fifty µM of p-trifluoromethoxy 

carbonyl cyanide phenyl hydrazone (FCCP), an uncoupling agent known to abolish 

mitochondrial membrane potential, was used as a positive control in each experiment.  
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2.4. Western immunoblotting 

 

Western immunoblots were performed to qualitatively assess changes in protein 

levels following various treatments and times. Typically, following treatments, 1-10 

million cells were centrifuged at 200 X g for 10 min at 4°C. The pellet was resuspended 

in 50-100 µl lysis buffer (10 mM Tris, 10 mM NaCl, 3 mM MgCl2, 1 mM EDTA, and 

0.1% NP-40, pH 7.4 plus freshly added complete mini protease inhibitor cocktail (Roche 

Molecular Biochemicals, Indianapolis, IN)). The lysates were incubated on ice for 15-30 

minutes and centrifuged at 16,000 X g for 10 min at 4°C. The supernatant was collected, 

assayed for protein using the BioRad DC protein assay (BioRad, Hercules, CA) and 

immediately used or stored at -20°C. Protein lysate was mixed with 3X/4X sample 

loading buffer (0.05 M Tris HCl, pH 6.8; 0.1 M DTT; 2% SDS; 0.1% bromophenol blue; 

and 10% glycerol) and boiled at 100°C for 5-7 minutes. Samples were run on 10-15% 

SDS-PAGE gels [29:1 acrylamide: bisacrylamide mix; 1.5 M Tris, pH 8.8; 10% SDS; 

10% freshly made ammonium persulfate; and N,N,N’,N’- tetramethylethylenediamine 

(TEMED)] with a 5% stacking gel (29:1 acrylamide:bisacrylamide mix; 1.0 M Tris, pH 

6.8; 10% SDS; 10% ammonium persulfate; and TEMED). The samples were run for 5 

min at 5 mA per gel, followed by 2 h at 35mA in 1X running buffer (25 mM Tris, 2.5 M 

glycine, 0.1% SDS, pH 8.3). Proteins were transferred from the gel to an Immobilon-P 

0.45 µm polyvinylidene fluoride (PVDF) membrane for 1 h at 100V each in a transfer 

unit. The membrane was incubated 20-60 minutes at RT in 5% nonfat milk in TBS-T (25 
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mM Tris HCl, 0.2 M NaCl, 0.15% Tween 20) followed by an overnight incubation at 

4OC in primary antibody made in TBS-T containing 5% milk. The membrane was rinsed 

with TBS-T for 5 minutes, 3X. The membrane was then incubated in secondary antibody 

conjugated to horseradish peroxidase in TBS-T with 5% milk for 1 h, followed again by 3 

washes of 5 minutes each, in TBS-T. Following this, the membrane was incubated in 

enhanced chemiluminescence (ECL) solution for 1 min followed by exposure to 

Hyperfilm ECL (Amersham) for 30 s to overnight. Membranes were stripped using a 

stripping solution (31.5 ml water, 8 ml 10% SDS, 2.5 ml 0.5M Tris, pH 6.8 and 320µl β-

mercaptoethanol) at 50OC on a shaker for 30 minutes. After this they were washed for 30 

minutes with TBS-T, and then blocked with 5% milk and probed with the desired 

primary antibody. Blots were scanned and densitometry of bands was analyzed using 

UN-SCAN-IT v. 4 (Silk Scientific, Inc.).  

 

2.4.1. Proteins of the mitogen activated protein kinase pathways 

 

Following various treatments, 50µg of protein were loaded and samples run on a 

10% SDS-PAGE gel. Primary antibodies (phospho-ERK1/2 and total ERK1/2 

(42/44kDa), phospho-JNK1/2 (46 &54kDa) or phospho-p38 (40kDa)) were used at a 

dilution of 1:1000 in TBS-T containing 5% milk followed by either secondary donkey 

anti-rabbit (ERK and p38) or goat anti-mouse (JNK) diluted 1:2000 in TBS-T containing 

5% milk. Blots were run as described in section 2.4. 
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2.4.2. Proteins of the phosphatidylinositol 3 kinase (PI3K)/Akt pathway  

 

Following various treatments, 75-100µg of protein was loaded and samples run 

on a 10% SDS-PAGE gel. Primary antibodies (phospho-Akt Ser473), phospho-Akt 

(Thr308) ,Total Akt (60kDa) and phospho-FOXO3a (95kDa)) were used at a dilution of 

1:1000 in TBS-T containing 5% milk followed by either secondary donkey anti-rabbit 

(Akt[Thr308], total Akt, FOXO3a) or goat anti-mouse (Akt[Ser473]) diluted 1:2000 in 

TBS-T containing 5% milk. Blots were run as described in section 2.4. 

 

2.4.3. Mitochondria-associated proteins 

 

For measurement of cytochrome c release, 20X 106 cells were used for each 

treatment, pelleted, washed twice with cold PBS and then resuspended in 100µl buffer 

(75mM NaCl, 1mM NaH2PO4, 8mM Na2HPO4, 250mM sucrose, 0.025% digitonin plus 

freshly added complete mini protease inhibitor cocktail). The samples were incubated for 

15-30 seconds only and then centrifuged at 12,700xg for 1 minute. The supernatant is the 

cytosolic fraction and was used to assess release of cytochrome c. The rest of the 

procedure was the same as that for other western immunoblots. Samples (50-100µg) were 

run on a 15% SDS-PAGE gel, cytochrome c antibody (14kDa) was used at a dilution of 

either 1:200 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) or 1:1000 (Cell Signaling 

Technology, Beverly, MA) followed by a donkey anti-rabbit secondary (1:2000) in TBS-

T containing 5% milk. Western blots were done as described in section 2.4. 
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2.4.4. Cleavage of caspase-3 

 

Samples (100µg) were run on a 15% gel. A primary antibody recognizing pro-

caspase-3 (35kDa) and caspase-3 fragments (17 & 19 kDa) was used at a dilution of 

1:1000 in TBS-T containing 5% milk followed by a donkey anti-rabbit secondary 

antibody in TBS-T containing 5% milk. Western blots were done as described above in 

section 2.4.  

 

2.4.5. Actin (42kD) 

 

To assess loading, membranes were stripped and re-probed for actin with 

1:10,000 mouse monoclonal anti-actin antibody (Oncogene) in TBS-T with 5% milk and 

1:10,000 goat anti-mouse HRP secondary antibody (Oncogene) in TBST with 5% milk, 

each for 1 h. 

 

2.5. Glutathione and thiol measurements 

 

2.5.1. Glutathione assay 

 

Total glutathione was measured using spectrophotometry based on a method by 

Griffith (1980). Cells (3 X 106) were collected, rinsed with PBS, and lysed with 300 µl 
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0.1%Triton X-100/PBS. Cell lysate (200 µl) was combined with 700 µl 0.3 M NADPH, 

100 µl 6 M dithio-bis-2-nitrobenzoic acid, and 0.05 U glutathione reductase. We 

measured an average "�Abs/ min” at 412nm every 30 seconds over 5 minutes. Samples 

were normalized to protein concentrations and compared to vehicle control, as well as to 

a 0-50 nmol reduced GSH standard curve. Data are expressed as changes in nmol 

GSH/mg protein over time.  

 

2.5.2. 5-chloromethyl fluorescein diacetate assay 

 

5-Chloromethyl fluorescein diacetate (CMFDA) is a cell permeable, fluorescent 

dye that conjugates to reduced intracellular thiols via a GST-mediated mechanism (Ueha-

Ishibashi et al., 2004). Fluorescence gives an indication of the concentration of reduced 

thiols available in the cells. Following various treatments for the indicated times, 106 

cells were incubated for 15 min in 2 µM CMFDA dissolved in RPMI-1640 for 

conjugation with reduced cellular thiols. Cells were rinsed and resuspended in 1 ml PBS 

and fluorescence was measured by flow cytometry. Mean fluorescence intensity was 

compared between treatments for a semi-quantitative assessment of fluorescence 

(reduced thiol) alterations. 

 

2.6 Statistics 
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All experiments were performed independently, three times, on three separate 

days. In addition, on each day, duplicate samples for each treatment were collected for all 

flow cytometry experiments. Multiple group comparisons were performed using an 

Analysis of Variance (ANOVA) followed by Tukey-Kramer multiple comparison 

statistics to determine a mean ± SE and a p value (GB-STAT 6.5 program). Samples with 

a p < 0.05 were considered statistically significantly different from control values. 
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Chapter Three 

Nordihydroguaiaretic acid (NDGA) induced apoptosis and the Akt pathway 

 

3.1 Introduction and Rationale 

 

A number of xenobiotics that inhibit lipoxygenase (LOX) or cyclooxygenase-2 

(COX-2) enzymes have been identified that also induce apoptosis (Basler and Piazza, 

2004; Cao and Prescott, 2002; Castonguay and Rious, 1997; Duperron and Castonguay, 

1997; Romano and Claria, 2003; Anderson et al., 1996; Avis et al., 1996). Inhibition of 

these enzymes may affect the ensuing apoptosis because their eicosanoid products clearly 

have affects on this form of cell death (Agarwal et al., 2003). However, a substantial 

body of evidence exists indicating that the inhibition of COX-2 is not essential for the 

induction of apoptosis. This includes studies showing that apoptosis occurs unimpaired in 

cells lacking this enzyme, and that celecoxib analogs lacking any COX-2 inhibitory 

activity can still induce apoptosis; in fact often much more potently than related 

compounds that inhibit these enzymes (Tegeder et al., 2001; Song et al., 2002; Grösch et 

al., 2001; Totzke et al., 2003). In addition, inhibitor concentrations needed to induce 

apoptosis or decrease proliferation are well above those needed to inhibit the enzymes, 

and downregulating COX-2 with RNAi does not replicate the effects of the COX-2 

inhibitors (Denkert et al., 2003). 
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Similar comments apply to nordihydroguaiaretic acid (NDGA), a broad 

spectrum LOX inhibitor. NGDA induces apoptosis in several cell lines (Biswal et al., 

2000, Tang and Honn, 1997, Hausott et al., 2003).  However, this apoptosis is induced 

even in the absence of LOX (Datta et al., 1998; Datta et al., 1999), and the 5-LOX 

inhibitor (caffeic acid) is unable to induce apoptosis (Datta et al., 1998; Tang et al., 1996), 

suggesting that mechanisms independent of this function are responsible for the induction 

of apoptosis. 

 

The mechanisms underlying the apoptosis induced by LOX and COX-2 

inhibitors remain unclear. Non-LOX/COX-2 targets for the induction of apoptosis that 

have been implicated include cGMP, NF-ΚB, phosphodiesterases, peroxisome 

proliferator activated receptors (PPARs), and the serine/threonine survival kinase Akt 

(Tegeder et al., 2001; Song et al., 2002; Grösch et al., 2001; Zhu et al., 2002; Kehrer et 

al., 2001; Thuillier et al., 2002; Hwang et al., 2002). Akt-related pathways are of 

particular interest because of their important roles in apoptosis (Downward, 2004) and 

the discovery that COX-2 inhibitors, and related compounds that do not inhibit COX-2 

but potently induce apoptosis in prostate cancer cells, inhibit phosphoinositide-dependent 

kinase 1 (PDK1) (Hsu et al., 2000; Zhu et al., 2004). PDK1 is essential for the 

phosphorylation and activation of the AGC kinases including Akt, and recent data 

demonstrate that the inactivation of Akt has a causal role in cell death (Chang et al., 

2003; Luo et al., 2003). 
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Increased activation of the Akt pathway is a factor in many human cancers and 

inhibition of this pathway at various sites is showing promise as a target for cancer 

chemotherapy (Chang et al., 2003). For example, a recent study using adenoviral-

mediated expression of a dominant negative Akt has shown selective induction of 

apoptosis in tumor cells with high Akt activity, but not in normal cells or in tumor cells 

with low Akt activity (Jetzt et al., 2003).  Importantly, tumor cell growth in vivo in mice 

was also inhibited by this viral construct.  Similarly, a purportedly specific Akt inhibitor 

(1L-6-hydroxymethyl-chiro-inositol 2(R)-2-O-octadecylcarbonate) that enhances cellular 

susceptibility to chemotherapeutic agents has been described (Martelli et al., 2003).  

More recently, a number of phosphatidylinositol ether lipid analogs have been developed 

that specifically inhibit Akt.  These agents have substantial activity against cancer cells 

that have constitutively high Akt activities (Castillo et al., 2004). Screening of the NCI 

Diversity Set has also identified a small molecule Akt pathway inhibitor (API-2; 

triciribine) that is highly specific for Akt and, it is quite effective at killing Akt-

overexpressing cells (Yang et al., 2004). 

  

The ability of COX-2 inhibitor-related compounds to inhibit PDK1, and the 

relationships between PDK1, Akt and apoptosis suggest that, in terms of cell death, these 

compounds should be designated PDK1 inhibitors. NDGA is a direct LOX inhibitor 

which induces apoptosis and it was of interest to determine whether it has effects on the 

PDK1/Akt pathway similar to those of the COX-2 inhibitor-related compounds. For this 

study, we utilized two different cell lines: FL51.2 cells and Jurkats. Due to the differing 
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basal levels of phosphorylated Akt in these two cell lines (FL5.12 cells express low while 

Jurkat cells express high levels of phosphorylated Akt), we expected NDGA to have 

varying effects on phosphorylation of Akt in these two cell lines. The results of these 

studies demonstrate that NDGA,  a LOX inhibitor, like COX-2 inhibitor-derived 

compounds, inhibits Akt as well as PDK1, and that this may be related to its apoptosis-

inducing abilities.   

 

3.2.  Results 

 

3.2.1.  Dose dependent apoptosis induced by NDGA in FL5.12 and Jurkat cells  

  

Murine FL5.12 and human Jurkat cells were treated with the broad spectrum LOX 

inhibitor NDGA. The apoptosis induced by NDGA was dose-dependent in FL5.12 and 

Jurkat (Figs. 3.1 A & B) cells. In FL5.12 cells, a dose of at least 10µM NDGA was 

required to induce significant apoptosis at 24h. Although a dose as low at 5µM NDGA 

appeared to increase apoptosis in Jurkat cells, significant apoptosis was only achieved at 

doses of 20µM or more. Even at the higher doses, necrosis was not observed in either cell 

type. A dose of 20µM NDGA, that induced ~20% apoptosis in both FL5.12 and Jurkat 

cells, was chosen to study the effects on the Akt pathway.  
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Fig. 3.1: Dose- dependent apoptosis induced by NDGA. FL5.12 (A) or Jurkat (B) cells 
were treated with various doses of NDGA (0-50µM) and apoptosis was assessed by 
Annexin V-FITC/PI staining. Data are expressed as means ± SEM of 3 (FL5.12) or 4 
(Jurkat) independent experiments. *p<0.05 as compared to DMSO treated control as 
measured using the Newman Keul’s test. 
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3.2.2. The inhibition of PDK1 activity by NDGA  
 
 

The phosphorylation of Akt is positively regulated by PI3K/PDK and negatively 

regulated by phosphatases (Downward, 2004). Celecoxib-derived compounds that induce 

apoptosis have IC50 values for PDK1 ranging from 2 to 50 µM (Zhu et al., 2004), and 

these values generally correlate with their apoptotic potency. NDGA exhibited an IC50 

for PDK1 of about 60 µM (Table 1). This is 2 to 3 times the dose required to induce 

apoptosis suggesting inhibition of this enzyme is not the only factor involved in the 

apoptosis observed. 

 

3.2.3. Inhibition of Akt phosphorylation 

 

Diminished phosphorylation of the Akt survival kinase by COX-2 inhibitors and 

related xenobiotics that induce apoptosis has been reported (Hsu et al., 2000, Chen et al., 

2004). Fig. 3.2 (FL5.12 cells) and Fig. 3.3 (Jurkat cells) show that the LOX inhibitor 

NDGA decreases the phosphorylation of Akt at doses that induce apoptosis.  A 

significant decrease in Akt phosphorylation was seen at 1h (Ser473 and Thr308) after 

treatment with 20 µM NDGA (Fig. 3.2A&C). There was also a significant decrease in 

total Akt levels 2h following treatment with NDGA (Fig. 3.2B). However, a similar 

decrease in total Akt levels were not observed in the Thr308 set (Fig. 3.2D) suggesting 

that the change in total Akt level was not caused by NDGA treatment. Jurkat cells 

appeared to be more sensitive to NDGA (Fig. 3.3), with Akt phosphorylation being  
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Table 1 
 

PDK1 activity assay* 

 

 

 

 

 

 

 

 

*printed with permission from Dr. C-S. Chen, The Ohio State University, OH. This in 
vitro assay was performed using a PDK-1 kinase assay kit (Upstate). Details can be found 
in Section 3.3. 
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Fig. 3.2: Akt phosphorylation at Ser473 and Thr308 as a function of time after 
treatment of FL5.12 cells with 20 µM NDGA. Basal Akt phosphorylation was 
stimulated by withdrawal of IL-3 for 5h.  NDGA was then added for 1 h followed by re-
addition of IL-3. Times are after re-addition of IL-3. NDGA inhibits phosphorylation at 
the (A) Ser473 and (C) Thr308 position at 1h. The inhibition is sustained till 2h. (B), (D) 
Histogram of densitometric analysis. Data are expressed as means± SEM of three 
independent experiments. *p<0.05 as compared to DMSO treated time matched controls.   
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Fig. 3.3: Akt phosphorylation at Ser473 and Thr308 as a function of time after 
treatment of Jurkat cells with 20 µM NDGA. Jurkat cells, which lack PTEN, have high 
basal Akt phosphorylation. (A), (C) Treatment with 20 µM NDGA inhibited Akt 
phosphorylation (Ser473 and Thr308) after 15 min and this was maintained to 2h. (B), 
(D) Histogram of densitometric analysis. Data are expressed as means± SEM of three 
independent experiments. *p<0.05 as compared to DMSO treated time matched controls.   
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diminished after 15 min and lasting to at least 2h at both the Ser473 and Thr308 sites and 

total Akt being unaffected (Fig. 3.3). 

 
 
3.2.4.  The activation of Akt has limited protective effects against apoptosis induced 

by NDGA 

The contribution of the inhibition of Akt phosphorylation to the apoptosis induced 

by NDGA was examined in FL5.12 cells stably expressing doxycycline-inducible 

constitutively active Akt. As shown in Fig. 3.4, the phosphorylation of Akt at Ser473 was 

greatly induced 24h after addition of 1 µg/ml doxycycline. This induction of phospho-

Akt was maintained at least up to 48h (data not shown). The activation of Akt led to a 

modest increase in cell resistance to the toxicity of NDGA. The apoptosis induced by 

NDGA was diminished (by 20%) in FL5.12 cells with doxycycline-induced activated Akt 

compared to cells without doxycycline induction, as assessed by flow cytometry with 

Annexin V -FITC/PI staining (Fig. 3.4).   

 

3.2.5. The enhancement of NDGA-induced apoptosis by a PI3K inhibitor 

 
To further investigate the involvement of the PI3K/PDK pathway in LOX inhibitor-

induced apoptosis, FL5.12 cells were treated with the PI3K inhibitor LY294002 for 2h 

followed by 20 µM of NDGA. After 24h, NDGA treated cells were harvested and 

apoptosis measured. As shown in Fig. 3.5, LY294002 alone did not increase the 

percentage of apoptotic cells. However, enhanced apoptosis (1.5-fold) was observed  
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Fig. 3.4: Apoptosis in FL5.12 cells with constitutively active Akt. Myristoylated Akt 
under the control of a tetracycline promoter was activated by incubation with 1 µg/ml 
doxycycline for 24 h. Protein expression is shown in the inset. Cells were then treated 
with 20 µM NDGA. Apoptosis was assessed using Annexin V FITIC and flow cytometry 
after 24h. Data are expressed as means ± SEM from three independent experiments. * 
p<0.05 as compared to FL5.12 cells (-DOX) treated with NDGA and not expressing 
constitutively active Akt, † p<0.05 as compared to FL5.12 cells (-/+DOX) treated with 
DMSO. 
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Fig. 3.5: LY294002 enhances NDGA-induced apoptosis. Following a 2h pre-treatment 
with PI3K inhibitor LY294002 (10µM), FL5.12 cells were treated with 20µM NDGA for 
8h and apoptosis measured using Annexin V-FITC/PI staining. Data are expressed as 
means ± SEM of 3 independent experiments. * p<0.05 as compared to cells treated with 
NDGA alone, t <0.05 as compared to DMSO treated control 
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when cells were treated with a combination of NDGA (20 µM) and LY294002 (10 µM), 

as compared to NDGA, or LY294002 alone (Fig. 3.5). These results further support the 

fact that kinases within the PI3K/Akt pathway can affect the apoptosis induced by NDGA. 

 

3.2.6. NDGA inhibits phosphorylation of the forkhead transcription factor FOXO3a 

 

The forkhead transcription factor (FOXO3a) is usually maintained in an inactive 

state through its phosphorylation by Akt (Radisavljevic, 2003). We investigated whether 

NDGA treatment (20µM), which leads to a decrease in phosphorylation of Akt at both 

the Ser473 and Thr308 sites, had any effect on the phosphorylation of FOXO3a in 

FL5.12 cells. We found that NDGA treatment resulted in a 50% decrease in 

phosphorylated FOXO3a as early as 2h in FL5.12 cells, and that this decrease was 

maintained up to 4h (Fig. 3.6). 

 

3.3       Discussion 

 

 NDGA induces apoptosis independently of its function as LOX inhibitor (Datta et 

al., 1998; 1999). Although treatment of cultured cells with NDGA leads to mitochondrial 

membrane depolarization, cytochrome c release and caspase-3 activation (Biswal et al., 

2000, unpublished data), the exact mechanisms leading to apoptosis remain unknown.  In 

the present study we have demonstrated that the LOX-inhibitor NDGA affects the 

PI3K/Akt pathways. NDGA inhibited the phosphorylation of Akt at both the Ser473 and 
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Thr308 positions in FL5.12 and Jurkat cell lines. In addition, this xenobiotic inhibited 

PDK1. Moreover, the activation of Akt provided some protection from the LOX-

inhibitor-induced toxicity while the inhibition of PI3K enhanced its toxicity. These data 

indicate that inhibition of the PI3K/Akt pathway contributes to the extent of apoptosis 

seen after treatment with NDGA. However, these data also indicate that effects on 

PDK1/Akt are not the sole contributors to the ensuing apoptosis. 

Akt is functionally regulated by its phosphorylation at two sites: Ser473 and Thr308 

(Toker and Newton, 2000). While phosphorylation of Thr308 in the activation loop by 

PDK1 is essential for Akt activation, phosphorylation of Ser473 at the C-terminal tail is 

required for maximal activation of the kinase activity (Chen et al., 2001b). Activated Akt 

in turn can prevent apoptosis via phosphorylation of a number of substrates including 

Bad, caspase-9, and forkhead family transcription factors (Li et al., 2002). It is interesting 

that most published data have examined the phosphorylation of Akt at Ser473, even 

though phosphorylation at Thr308 is considered essential for activity of this kinase 

(Alessi et al., 1996). While we were able to detect NDGA-mediated inhibition of 

phosphorylation of Akt at Thr308 sites, the effects at Ser473 appear even more robust. 

This may indicate that NDGA affects both PDK1 and the enzyme(s) phosphorylating 

Ser473 (most likely DNA-dependent protein kinase (Feng et al., 2004)), or that other 

kinases or phosphatases play an important, but as yet, not fully defined role. This effect 

on some other kinase may be of particular importance in Jurkat cells that lack PTEN, 

although this phosphatase is considered important for regulating PI3K, not Akt directly,  
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Fig. 3.6: Inhibition of FOXO3a phosphorylation. FL5.12 cells were treated with 20µM 
NDGA and FOXO3a phosphorylation monitored 1, 2 and 4h post-treatment. NDGA 
inhibits phosphorylation of FOXO3a beginning at 2h post-treatment. The net intensity of 
p-FOXO3a expression as a percent of DMSO treated time-matched control and 
normalized to actin, are indicated above each treated sample. The blot is representative of 
three independent experiments.  
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and is supported by NDGA inhibiting phosphorylation of Thr308 at doses much lower 

than those required to inhibit PDK1. 

The serine/threonine kinase Akt plays a major role in promoting cell survival and 

blocking apoptosis induced by diverse apoptotic stimuli (Chang et al., 2003). Studies also 

show that inhibition of the PI3K/Akt pathway can induce apoptosis (Luo et al., 2003). 

This mechanism may apply to LOX inhibitor-induced apoptosis as well, as evidenced by 

the fact that NDGA treatment resulted in a remarkable reduction of Akt phosphorylation 

at doses that induced apoptosis in both FL5.12 and Jurkat cells, and that this compound 

also inhibits PDK1. Furthermore, LY294002, an inhibitor of PI3K, significantly 

increased cellular sensitivity to this LOX inhibitor. This enhancement is possibly due to a 

more complete inhibition of Akt phosphorylation at Thr308 and Ser473 sites by the 

combination of a PI3K inhibitor and LOX inhibitor. However, FL5.12 cells expressing 

constitutively active Akt exhibited limited resistance against NDGA-induced apoptosis. 

Greater protection was likely not achieved due to significant leakage of mAkt synthesis 

in cells grown without doxycycline. Together these data suggest that, although the Akt 

pathway can improve survival, other targets are likely involved in the induction of 

apoptosis. 

The forkhead transcriptional factor FKHRL1, also called FOXO3a, is a member of 

the forkhead box group O (FOXO) family within the nucleus that triggers cell cycle arrest 

and apoptosis (Radisavljevic, 2003). It is maintained in an inactive state via 

phosphorylation (Thr32, Ser315 and Ser253) at its regulatory sites by Akt and in its 
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inactive state is translocated to the cytoplasm from the nucleus, thereby preventing 

FOXO3a-mediated transcription. Once this inhibitory phosphorylation step is inactivated, 

as seen in our studies with FL5.12 cells treated with NDGA, FOXO3a is activated and is 

able to transcribe several pro-apoptotic genes including Bim and NFΚB (Sunters et al., 

2003, Su et al., 2004) that may contribute to the apoptosis seen. SGK is another kinase 

that maintains FOXO3a in an inactive state via phosphorylation at the site we examined 

(Thr32) (Brunet et al., 2001). The inhibition of SGK by NDGA, therefore, cannot be 

ruled out as a contributing factor towards the decrease in FOXO3a phosphorylation. 

Studies also show that FOXO3a can downregulate FLIP and activate the extrinsic 

pathway of apoptosis (Skurk et al., 2003). Active caspase-8, an effector caspase 

belonging to the extrinsic pathway of apoptosis, can also cleave BID protein to tBID, that 

acts as a signal on the membrane of mitochondria to facilitate the release of cytochrome c 

in the intrinsic pathway (Yin, 2000). NDGA induces the intrinsic pathway of apoptosis 

(Biswal et al., 2000, see Chapter 4) and it is likely that a target of the transcription factor 

FOXO3a is one of the triggers that activates this mode of cell death.  Inhibition of Akt 

phosphorylation by NDGA may also prevent phosphorylation of various Akt substrates 

such as Bad and caspase 9 which are pro-apoptotic and are usually maintained in an 

inactive state via phosphorylation by Akt (Datta et al.,1997; Cardone et al., 1998). Bad 

and caspase-9 are also mediators of the intrinsic form of apoptosis. Since, as mentioned 

above, NDGA treatment does lead to activation of the mitochondria-mediated pathway of 

apoptosis (Biswal et al., 2000, unpublished data), it is equally likely that activation of 

these targets is responsible for the apoptotic effects seen.    
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The mechanisms by which NDGA inhibits Akt phosphorylation remain unclear. 

The inhibition of PDK1 is clearly one factor.  However, other possibilities include effects 

on DNA-dependent protein kinase, or that the inhibition of Akt phosphorylation induced 

in cellular systems by NDGA is an indirect effect. Chen et al. (2001b) suggest that, in 

addition to phosphorylation at the Ser473 and Thr308 sites, tyrosine phosphorylation of 

Akt may be required for its functioning. It is possible that NDGA also inhibits kinase(s) 

that are responsible for phosphorylation at this site. Oxidative stress and the subsequent 

release of arachidonic acid have been reported to contribute to NDGA-induced apoptosis 

(La et al., 2003). Oxidative stress is capable of inhibiting Akt phosphorylation (Taylor et 

al., 2005) while arachidonic acid stimulates the production of ceramide (Chen et al., 

2001a), a potential inhibitor of Akt phosphorylation (Koide et al., 2003). Furthermore, 

NDGA treatment leads to an increase in arachidonic acid (La et al., 2003) and activation 

of Akt appears to be protective in the apoptosis induced by free fatty acids (Wrede et al., 

2002).  

In conclusion, NDGA inhibited phosphorylation of Akt at both the serine 473 and 

threonine 308 positions. This inhibition is partly through the inhibition of PDK1 activity. 

The inhibition of Akt phosphorylation may be part of the mechanism of the apoptosis 

induced by LOX inhibitors. LOX inhibitors, like COX-2 inhibitors, may be effective for 

cancer treatment, especially against cells with high Akt activity.  

 

3.4. Limitations  
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As expected, NDGA inhibited Akt phosphorylation in FL5.12 and Jurkat cells to 

differing extents.  NDGA had more potent, longer lasting inhibitory effects on Akt 

phosphorylation in Jurkat cells, both, at the serine 473 as well as threonine 308 positions. 

This can be attributed to the fact that Jurkat cells are a tumor derived cell line that 

expresses high levels of Akt and thereby is more sensitive to Akt inhibition. On the other 

hand, while NDGA inhibited Akt phosphorylation at the Thr308 site in FL5.12 cells, the 

effect at the Ser473 site was not as extensive. FL5.12 cells express low levels of 

phosphorylated Akt and growth factor (IL-3) deprivation followed by re-addition was 

utilized to induce basal phosphorylated Akt levels. The effect of NDGA treatment on 

induced levels of Akt were studied in these cells. Although FL5.12 cells were deprived of 

IL-3 for a short duration, one that is known not to affect any apoptotic pathways in the 

cell, it remains possible that IL-3 withdrawal may have affected the cellular response to 

NDGA treatment. 

 

The contribution of inhibition of the Akt pathway in NDGA-induced apoptosis in 

FL5.12 cells appears to be minimal as evidenced by: (1) constitutively active Akt 

provides only partial protection against NDGA-induced apoptosis, and (2) LY294002, on 

its own, does not induce apoptosis in FL5.12 cells, suggesting that inhibition of Akt is 

unlikely to induce apoptosis in these cells. During the course of these studies, 

mycoplasma infected mAkt FL5.12 cells were treated with a mycoplasma elimination 

reagent (Sigma) to free them of the contamination. While cellular changes following this 

treatment could account for the minimal protection against apoptosis observed following 
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NDGA treatment, based on our results, it is equally possible that Akt does not play a role 

in NDGA-induced apoptosis. We speculate that these experiments (Fig. 3.4 and Fig. 

3.5.) if done utilizing Jurkat cells instead of FL5.12 cells, would give more significant 

results. NDGA is more likely to play an apoptosis-inducing role via inhibiting Akt in 

cells overexpressing Akt, as is the case with tumor cell lines, rather than non-tumor cell 

lines. 

 

The involvement of PDK1 inhibition in mediating the effects of NDGA cannot be 

ascertained with certainity because the assay used to measure PDK1 activity is indirect. 

The cell-free assay is based on the ability of recombinant PDK-1, in the presence of 

DMSO or NDGA, to activate its downstream kinase serum- and glucocorticoid-regulated 

kinase (SGK) which, in turn, phosphorylates the Akt/serum- and glucocorticoid-regulated 

kinase-specific peptide substrate RPRAATF with [γ-32P]ATP (Upstate). Therefore, the 

inhibitory effects of NDGA could reflect inhibition of SGK, rather than Akt. Because 

both Akt and SGK have some common substrates, apoptosis following NDGA treatment 

could be a result of SGK inhibition.  
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Chapter Four 

NDGA generates redox imbalance in FL5.12 cells leading to activation of p38 kinase 

and induction of the mitochondrial apoptotic pathway 

 

4.1.  Introduction and Rationale 

Apoptosis is an evolutionarily conserved event and plays an essential role in 

development, adaptation, tissue remodeling and maintaining homeostasis (Delhalle et al., 

2003, Reed, 1999a, Liu and Hentgartner, 1999). Although apoptosis can be initiated by a 

variety of signals, the execution step usually involves one of two signaling pathways: the 

death receptor-mediated or the mitochondria-driven pathway (Delhalle et al., 2003). 

Activation of the death receptor pathway is via ligand binding to death receptors (e.g. 

TNF and Fas) followed by recruitment of adaptor proteins (e.g. TRADD/FADD) and 

initiator procaspases (e.g. caspase-8). This association activates the procaspases leading 

them to activate effector caspases (e.g. caspase-3) that are responsible for the breakdown 

of various substrates resulting in the typical morphological features of apoptosis 

(Ashkenazi and Dixit, 1998).  

In the mitochondria-driven pathway, apoptotic signals are typically received by 

the mitochondria via the activity of bcl-2 family members that act as sensors, leading to 

the release of various proteins from the mitochondrial inter-membrane space (Wang et 

al., 2001). These proteins include cytochrome c, Smac/DIABLO, endoG and AIF. 

Cytochrome c release is usually preceded by a fall in mitochondrial membrane potential, 
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although that may not always be the case (Petrosillo et al., 2004). Cytochrome c release 

results in the recruitment of Apaf-1 in the presence of ATP. This complex, called the 

“apoptosome”, then binds to procaspase 9 through interaction between caspase binding 

domains. In the case of mitochondria-mediated apoptosis, binding of procaspase 9 to the 

apoptosome is sufficient for its activation (Bratton et al., 2001) leading to the cleavage 

and activation of caspase-3 and apoptosis.  

Triggers for apoptosis include xenobiotics, growth factor withdrawal, ionizing 

radiation, viral infection, and oxidative injury (Delhalle et al., 2003). Oxidative stress in 

the form of reactive oxygen species formation or disruption of the redox balance in the 

cell not only induces apoptosis but is also involved in normal cell proliferation and cell 

signaling (Martindale and Holbrook, 2002). One pathway known to be a sensor for 

external stimuli including oxidative stress is the mitogen activated protein kinase 

(MAPK) cascade. The MAPK family is a group of serine/threonine specific protein 

kinases broadly divided into 4 subgroups: extracellular signal regulated kinases (ERK) 

that are mainly activated through growth factor signals, the stress activated protein 

(SAPK/JNK) and p38 kinases, both of which are activated by various extracellular 

stimuli including oxidative stress, xenobiotics, uv light, radiation, etc., and the redox 

sensitive big MAP kinase (ERK5) that shares homology with the ERK family but differs 

with respect to some of its upstream activators and downstream targets (Wada and 

Penninger, 2004).  
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Nordihydroguaiaretic acid (NDGA), derived from the creosote bush Larrea 

tridentata, induces apoptosis in many cell types (Tang and Honn, 1997; Biswal et al., 

2000). Best known as a lipoxygenase (LOX) enzyme inhibitor, NDGA is also able to 

induce apoptosis independently of this function (Datta et al., 1998). Several mechanisms 

have been implicated for its induction of apoptosis including glutathione depletion, 

peroxidation reactions, and mitochondrial stress (La et al., 2003; Tang and Honn, 1997; 

Biswal et al., 2000).  

Because NDGA treatment in FL5.12 cells induces apoptosis accompanied by an 

increase in peroxidation products and mitochondrial depolarization, we sought to 

determine whether transmission of the oxidative stress signal to the mitochondria 

involves the MAPK pathway. We conclude that (1) oxidative stress is involved in 

activating the MAPK pathway, contributing to NDGA induced apoptotic signaling, and 

(2) NDGA mediated redox imbalance is one stimulus that contributes to mitochondria-

driven apoptosis.   

4.2.  Results 

 

4.2.1. Phosphorylation of ERK, JNK, and p38 induced by NDGA 

 

 The MAPK family regulates a number of cellular processes including 

proliferation, differentiation and cell death (Wada and Penninger, 2004). Increases in 

phosphorylation of JNK1/2 and p38 by an apoptosis-inducing concentration of NDGA 
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were seen within 60min, while increased phosphorylation of ERK1/2 occurred later (2h) 

(Fig. 4.1). Based on densitometric analyses, the increases in phosphorylation typically 

peaked around 2h for all three kinases and began diminishing gradually thereafter. The 

increase was most robust with p38, where a 2.5 to 4-fold maximal increase over control 

was observed post-NDGA-treatment.  

4.2.2. Effect of chemical inhibition of ERK, JNK and p38 phosphorylation on 

NDGA-induced phosphorylation of ERK1/2, JNK1/2 and p38 and apoptosis 

 

 The involvement of the ERK, JNK and p38 signaling pathways, in the induction 

of apoptosis by NDGA was studied using chemical inhibitors to inhibit these kinase 

cascades. The MEK inhibitors PD98059 (50µM) and U0126 (10µM), both completely 

abolished the NDGA-induced phosphorylation of ERK (Fig. 4.2A). However, neither 

inhibitor affected the degree of apoptosis induced by 10µM NDGA (Fig. 4.3A). The JNK 

inhibitor SP600125 had no effect on NDGA-induced phosphorylation of JNK (Fig. 4.2B). 

Similar to the results seen with the MEK inhibitors, SP600125 (10µM) pretreatment did 

not change the extent of NDGA-induced apoptosis (Fig. 4.3B). Finally, the p38 inhibitor 

SB202190 (10µM) completely abolished NDGA-induced phosphorylation of p38 (Fig. 

4.2C). SB202190 also significantly reduced, but did not abolish, NDGA-induced 

apoptosis (~30%) (Fig. 4.3C).    
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Fig. 4.1: NDGA treatment leads to a sustained increase in phosphorylation of 
ERK1/2, JNK1/2 and p38 kinases Following treatment with DMSO or 20µM NDGA, 
FL5.12 cells were harvested at 1, 2, 4, or 8h and whole cell lysates run on a 10% SDS-
PAGE gel as described in Materials and Methods. The membrane was probed for 
antibodies recognizing phosphorylated ERK1/2, JNK1/2 and p38. Blot is representative 
of 3 independent experiments. 
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4.2.3. Antioxidants NAC and DTT attenuate NDGA-induced apoptosis 

 

 Pre-incubation of FL5.12 cells with 10mM NAC (pH 7.4) for 2h decreased the 

apoptosis induced by NDGA by 50% (Fig. 4.4). To determine whether this effect was 

related to NAC's function as a thiol or a precursor of glutathione, FL5.12 cells were 

pretreated with DTT (500µM) for 15 minutes followed by NDGA (20µM) treatment. As 

seen in Fig. 4.4, DTT exerted protective effects against NDGA-mediated apoptosis that 

were comparable (60% reduction) to those seen with NAC.  

 

4.2.4. Effect of NAC and DTT on NDGA-induced ERK, JNK, and p38 

phosphorylation 

 

Because some target(s) affected by the thiols NAC and DTT, as well as the p38 

kinase, play a role in NDGA-induced apoptosis, the possible roles of such a target in the 

activation of the MAPKs were investigated. NAC and DTT had dissimilar effects on 

NDGA-mediated activation of JNK1/2 and p38 (Fig. 4.5). NAC completely abolished 

NDGA-mediated phosphorylation of p38 (Fig. 4.5A) while DTT had no such effect (Fig. 

4.5B). While NAC caused a decrease in JNK1/2 phosphorylation (25%) (Fig. 4.5A), 

DTT did not induce any changes in JNK1/2 phosphorylation (Fig. 4.5B). NAC also 

appeared to attenuate basal levels of phosphorylated JNK1/2 (Fig. 4.5A). On the other 

hand, both NAC and DTT had no effect on the phosphorylation of ERK1/2 (Fig. 

4.5A&B).  
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Fig. 4.2: Chemical inhibitors of each of the three MAP kinases have differential 
effects on NDGA-induced phosphorylation of ERK1/2, JNK1/2 and p38. Following 
pretreatment with chemical inhibitors of ERK1/2, JNK1/2 and p38 for 2h, cells were 
treated with 20µM NDGA for 2h, harvested and cell lysates used to run a western 
immunoblot. (A) PD98059 (50µM) or U0126 (10µM) followed by NDGA and blot 
probed with phospho-specific ERK1/2 antibody; (B) SP600125 (10µM) followed by 
NDGA and blot probed with phospho-JNK1/2 antibody; (C) SB202190 (10µM) followed 
by NDGA and blot probed with phospho-p38 antibody. 
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Fig. 4.3: Inhibitors of ERK1/2, JNK1/2, and p38 phosphorylation have differential 
effects on apoptosis induced by NDGA. FL5.12 cells with pretreated with PD98059 or 
U0126 (A), SP600125 (B), or SB202190 (C) for 2h followed by treatment with 20µM 
NDGA. Apoptosis was measured 24h post-treatment using flow cytometry and the dyes 
annexin V-FITC and PI to identify apoptotic and necrotic cells respectively. Data are 
expressed as means ± SEM of 3 independent experiments. * p<0.05 compared to NDGA 
treated cells, † p<0.05 compared to DMSO treated control. 
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Fig. 4.4: Antioxidants NAC and DTT attenuate NDGA-induced apoptosis. Apoptosis 
was measured following pretreatment of FL5.12 cells with 10mM NAC (2h) or 500µM 
DTT (15 min) and 20µM NDGA treatment for 24h. Data are expressed as means ± SEM 
of 3 independent experiments. *p<0.05 as compared to NDGA treated cells, † p<0.05 as 
compared to DMSO treated control 
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Fig. 4.5: Antioxidants NAC and DTT attenuate NDGA-induced phosphorylation of 
p38 and JNK1/2 to varying degrees and do not have any effect on NDGA-induced 
ERK1/2 phosphorylation. Following pretreatment with (A) 10mM NAC (2h) or (B) 
500µM DTT (15 min), cells were treated with 20µM NDGA and harvested 2h later. 
Whole cell lysates were run on a 10% SDS-PAGE gel and probed with antibodies 
specific for phospho - ERK1/2, phospho - JNK1/2 and phospho-p38. The net intensity of 
p-JNK expression following NAC and NDGA treatment as a percent of NDGA treated 
time-matched control and normalized to actin is indicated in panel (A). 
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4.2.5. Release of cytochrome c and activation of caspase-3 after NDGA treatment 

 Previous findings in our laboratory indicated that NDGA treatment leads to a loss 

of the mitochondrial membrane potential (Biswal et al., 2000). An examination of 

downstream events showed that NDGA treatment led to release of cytochrome c 8h 

following treatment (Fig. 4.6A). Caspase-3 cleavage was observed as early as 8h (data 

not shown) and cleaved fragments were very visible at 24h (Fig. 4.6B) after NDGA 

treatment.  

4.2.6. NAC diminishes the extent of cytochrome c release and activation of caspase-

3 induced by NDGA  

 To determine if the mitochondrial effects of NDGA were subsequent to, or 

preceded oxidative signaling, FL5.12 cells were pretreated with NAC (10mM, 2h) 

followed by treatment with NDGA (20µM). NAC attenuated caspase-3 cleavage (Fig. 

4.7B) and also the release of cytochrome c compared to what was seen with NDGA alone 

(Fig. 4.7A).   

 

4.3. Discussion 
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Fig. 4.6: NDGA treatment leads to cytochrome c release and activation of caspase 3. 
FL5.12 cells were treated with 20uM NDGA for 8h or 24h, harvested and (A) cytosolic 
fractions collected and probed with cytochrome c antibody or (B) whole cell lysates 
collected and probed with caspase-3 antibody to detect cleaved caspase 3.  
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The current results support the conclusion that NDGA activates the p38 pathway 

via an intracellular target(s) that is redox-sensitive. The redox imbalance/oxidative 

processes generated by NDGA are also linked to the release of cytochrome c from the 

mitochondria and the cleavage and activation of caspase-3 that, in turn, lead to the 

observed apoptosis.  

Several stimuli activate the MAPK cascades leading to activation of substrates 

including transcription factors like Elk-1, ATF2, c-jun and various bcl-2 family members 

such as bad and bim (Wada and Penninger, 2004; Paul et al., 1997; Zarubin and Han, 

2005; Harada et al., 2004; Eisenmann et al., 2003), resulting in diverse effects ranging 

from cell survival to apoptosis. In the present study, although all three MAPKs 

demonstrated similar patterns of activation following NDGA treatment, the p38 kinase 

demonstrated the most robust activation both in terms of intensity and duration.  

However, based on the current results using a p38 inhibitor, SB202190, the activation of 

p38 in FL5.12 cells appears not to be required for the mitochondrial effects of NDGA. 

Activation of JNK/p38 is usually associated with apoptosis, while activation of ERK is 

typically protective in nature. However, a reversal of these roles has been reported 

depending on the cell type, stimuli and duration of activation (Yu et al., 2001; Arany et 

al., 2004).  

Cell permeable kinase inhibitors that exhibit a relatively high degree of specificity 

for a particular protein kinase can be used to identify the physiological roles of each of 

these kinases in response to toxic insults (Davies et al., 2000). Two inhibitors of MKK1, 
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PD98059 and U0126, were used to suppress the activation of the ERK cascade. U0126, 

unlike PD98059, acts by suppressing the activation of MKK1 and not by blocking its 

activity (Davies et al., 2000). Also, U0126, at the dose used (10µM), inhibits MKK1 five 

times more potently than p38 or PKBα, whereas PD98059 (50µM) is not as specific 

(Davies et al., 2000). The role of p38 in NDGA-induced apoptosis was assessed using 

10µM of the p38 inhibitor SB202190. Finally, SP600125 (10µM) was used to study the 

role of JNK although it is recognized that this compound is not specific for this kinase, 

showing inhibitory properties against a variety of other kinases including S6K1, SGK, 

and CDK2 (Bain et al., 2003).  

A low concentration of SB202190 (10µM), which is hypothesized to inhibit p38 

but not JNK (Davies et al., 2000), suppressed both phosphorylation of p38 as well as 

apoptosis induced by NDGA. In contrast, SP600125, PD98059, or U0126 did not affect 

the degree of apoptosis induced by NDGA. These findings suggest that NDGA activates 

apoptosis mainly via the p38 rather than the JNK or ERK pathways. Although most of the 

chemical inhibitors used in this study are fairly specific in their inhibitory capacity, one 

cannot rule out the possibility that they affect other signaling pathways (Davies et al., 

2000; Bain et al., 2003), especially in the case of SP600125. Activation of ERK seems to 

be a non-specific event unrelated to apoptotic signaling by NDGA. 

Reactive oxygen species play a critical role in apoptosis signaling (Martindale and 

Holbrook, 2002; Tohyama et al., 2004). Although damage by such species was long 

thought to be due to non-specific and extensive oxidative damage, recent literature 
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suggests that reactive oxygen species may induce apoptosis via a highly controlled and 

regulated cell signaling mechanism (Gardai et al., 2004; Lee et al., 2002). As an 

antioxidant, NDGA has protective effects against apoptosis mediated by a variety of 

agents (Wagenknecht et al., 1998; Uchide et al., 2005) and protects against diabetes-

induced nephropathy (Anjaneyulu and Chopra, 2004). NDGA also demonstrates pro-

oxidant effects at higher concentrations in various cell types (Tang and Honn, 1997; La et 

al., 2003). In addition, NDGA treatment shifts the intracellular redox balance towards 

oxidation based upon the observation of a decrease in glutathione and an increase in 

glutathione disulfide in NDGA (10µM)-treated FL5.12 cells (Biswal et al., 2000).  

To determine any relationship between the oxidative effects of NDGA and 

MAPK signaling, cells were pretreated with the glutathione precursor and oxidant 

scavenger NAC or the reducing agent DTT followed by NDGA treatment. Neither NAC, 

nor DTT changed the phosphorylation status of ERK in NDGA-treated cells, further 

confirming that activation of ERK is a non-specific response and is not a direct player in 

NDGA-induced apoptosis. NAC and DTT did yield comparable degrees of protection 

against NDGA-induced apoptosis in spite of dissimilar effects on p38 and JNK 

phosphorylation. These differing effects could be explained by NAC and DTT having 

distinct mechanisms for protection. NDGA exerts its proapoptotic effects via myriad 

oxidative events including generation of ROS, formation of peroxides and glutathione 

depletion. While NAC is able to counter the NDGA-induced redox imbalance and 

replenish the intracellular concentrations of GSH, DTT has only the former effect 

(Biswal et al., 2000). NAC-sensitive targets have essential roles in the p38/JNK pathway  
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Fig. 4.7: NAC attenuates NDGA-induced caspase 3 activation and cytochrome c 
release. To evaluate the effect of NAC (10mM, 2h) pretreatment on NDGA induced 
cytochrome c release and caspase 3 activation, cells were pretreated with NAC for 2h, 
followed by treatment with NDGA for 8h or 24h, lysed and cytosolic (A) or whole cell 
lysates collected. Lysates were run on 15% SDS-PAGE gels and probed with (A) 
cytochrome c antibody or (B) caspase 3 antibody.  
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during apoptosis. One such target is ASK1, an upstream kinase kinase of JNK and p38 

(Tobiume et al., 2001), which is required for TNF- and oxidative-stress induced sustained 

activation of p38 and JNK in embryonic fibroblasts. Thus, thioredoxin may also have a 

role in this process (Watson et al., 2004). 

The release of cytochrome c is a critical first step for the induction of 

mitochondria-driven apoptosis. Normally cytochrome c is bound to the inner 

mitochondrial membrane by an association with the anionic phospholipid cardiolipin 

(Orrenius, 2004). Its release is regulated by various stimuli including an increase in 

intracellular calcium, signaling by the bcl-2 family of proteins, mitochondrial 

permeability transition pore formation and mitochondrial membrane depolarization 

(Petrosillo et al., 2004; Wang, 2001). The current data indicate that NDGA induced the 

cleavage and activation of caspase-3 as well as the release of cytochrome c. NAC 

pretreatment blocked both events indicating they are located downstream of an oxidative 

stress-induced signal in NDGA-treated FL5.12 cells. The essential role of oxidative 

processes during the apoptotic process of NDGA suggests that NDGA utilizes the 

intrinsic signaling pathway of apoptosis and this lies downstream of the NAC/DTT 

target. 

There are several reports that show the involvement of the p38 pathway upstream 

of the mitochondrial and caspase pathways (Park and Kim, 2005; Takashiro et al., 2005). 

Candidate molecules that transmit an apoptotic signal from the p38 kinase to the 

mitochondria include members of the Bcl-2 family including Bax (Ghatan et al., 2000) 
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and Bcl-2 (Torcia et al., 2001). However, using SB202190 in conjunction with NDGA to 

track mitochondrial cytochrome c release, we could not identify a link between p38 

activation and the mitochondrial effects seen. Although a slight decrease in NDGA-

induced caspase-3 processing was observed following SB202190 pretreatment, further 

experimentation using more sensitive techniques such as HPLC quantitation (Petrosillo et 

al., 2004) is required to understand the effects of p38 kinase on the cytochrome c release 

observed following NDGA treatment. The role of p38 in NDGA-induced apoptosis could 

be either dependent or independent of a mitochondrial mechanism. Either way, the fact 

that the p38 kinase inhibitor SB202190 only caused a 30% reduction in NDGA-induced 

apoptosis suggests a minimal contribution of the p38 pathway towards apoptosis induced 

by this compound.  

Overall, these data support the concept that, in FL5.12 cells, NDGA induces 

apoptotic cell death via two signaling pathways, both originating with redox/ROS stress 

and leading to the dual effects of p38 kinase activation and mitochondria-driven 

signaling. Other mechanisms may also contribute to the apoptosis seen with NDGA 

treatment. For example, we have shown in Chapter 3 that NDGA treatment in FL5.12 

cells leads to inhibition of Akt phosphorylation, thus disrupting a powerful survival 

pathway in the cell. In conclusion, the ability of NDGA to induce apoptosis by targeting 

several signaling pathways in the cell makes it a versatile tool useful in regulating 

apoptosis especially in pathological conditions like cancer wherein a number of cell 

signaling pathways are compromised.  
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4.4. Limitations 

 

Inhibtion of p38 using the p38 inhibitor SB202190 in conjunction with NDGA 

does not prevent cytochrome c release associated with NDGA treatment. This suggests 

that, following NDGA treatment, activation of the p38 pathway may not be mediating 

mitochondria-driven apoptosis. Although p38 inhibition with SB202190 significantly 

protects against NDGA-induced apoptosis, it is likely that this effect has no biological 

relevance and that the effect of NDGA on the p38 pathway, while contributing to NDGA-

induced apoptosis, is not an important factor for the apoptosis inducing abilities of 

NDGA.    

 

The use of chemical, rather than biological, inhibition of p38 to study the effects 

of the p38 signaling pathway in NDGA-induced apoptosis is another limitation of this 

study. FL5.12 cells proved hard to transfect with dominant-negative p38 and using an 

adherent cell line that could be easily transfected (A549 lung adenocarcinoma cells) 

instead, did not lead to a similar activation of p38 following NDGA treatment. The fact 

that NDGA does not activate the p38 pathway in A549 cells further suggests that the p38 

pathway is unimportant in NDGA-induced apoptosis. 
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Chapter Five 

Mechanisms of N-acetylcysteine-driven enhancement of MK886-induced apoptosis 

in Jurkat cells 

 

5.1.  Introduction and Rationale: 

 

Apoptosis is an orchestrated sequence of events in the cell leading to its demise. It 

is essential for the normal functioning of an organism, playing important roles in diverse 

processes including embryogenesis and development, adaptation, remodeling and 

maintaining bodily homeostasis. Apoptosis is triggered by a wide array of signals, both 

external and internal, including DNA damage, growth factor withdrawal, ultraviolet 

radiation, chemotherapeutic drugs, and viral infections among others. 

 

Mitochondria play a significant role in the induction of apoptosis. The release of 

cytochrome c from the mitochondrial inner membrane is a trigger that sets off a chain of 

events culminating in cell death (Petrosillo et al., 2004). The release of cytochrome c is 

followed by binding to Apaf-1 triggering its oligomerization to form the apoptosome 

made up of Apaf-1, dATP/ATP and cytochrome c (Cain et al., 2002). Apaf-1, in turn, 

recruits multiple caspase-9 molecules resulting in their activation. Only caspase-9 

molecules bound to the apoptosome are able to cleave and activate downstream caspase-3 

that then cleaves its substrates leading to the characteristic morphological features of 
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apoptosis including cell shrinkage, chromatin condensation, plasma membrane blebbing 

and fragmentation of DNA into multiples of 180 base pairs (Segal and Beem, 2001).  

 

 MK886 is a 5-lipoxygenase (LOX) activating protein (FLAP) inhibitor known to 

induce apoptosis in a number of cell lines (Datta et al., 1999, Anderson et al., 1996, 

Anderson et al., 1999). FLAP plays an important role in the 5-LOX pathway of 

arachidonic acid metabolism enhancing 5-LOX activity by binding to arachidonic acid 

and presenting this fatty acid to the enzyme (Vickers, 1995). However, MK886 induces 

apoptosis independent of its activity as a FLAP inhibitor (Datta et al., 1998; 1999).   

 

In FL5.12 cells, MK886-induced apoptosis is associated with fatty acid release 

and the generation of oxidized species (La et al., 2003). In line with this, Anderson et al. 

(1999, 2000) demonstrated that apoptosis induced by this compound involves a 

disruption of cellular redox signaling associated with an up-regulation of redox sensitive 

and apoptosis-related mRNAs. Further, MK886 treatment causes mitochondrial 

membrane depolarization in prostrate cancer PC3 cells (Gugliucci et al., 2002). MK886 

also induces the expression of the lipocalin 24p3 in murine pro-B lymphocytes in a dose- 

and time-dependent manner (Tong et al., 2003), an effect that seems to be a "survival" 

response to this toxic insult (Tong et al., 2005). Additionally, MK886 may induce 

apoptosis by inhibition of the pro-survival Akt kinase in Jurkat and FL5.12 cells 

(unpublished data). However, specific targets and mechanisms by which MK886 is able 

to induce apoptosis in Jurkat cells remain unclear. The current study demonstrates an 
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enhancement of MK886-induced apoptosis in Jurkat cells by pretreatment with N-

acetylcysteine (NAC). The basis of this enhancement appears to involve effects on the 

mitochondrial pathway. 

 

5.2. Results 

5.2.1. NAC enhances MK886-induced apoptosis in Jurkat cells 

 

 Following pretreatment for 2 h with 10mM NAC (pH 6.6 or neutralized, pH 7.4), 

Jurkat T cells were treated with MK886 (15µM) for 18h and apoptosis measured using 

annexin V-FITC/PI staining. While MK886 induced ~16% apoptosis on its own, in 

combination with NAC apoptosis was enhanced 2.4-fold (pH 6.6) or 1.6-fold (pH 7.4) 

(Fig. 5.1). NAC, on its own, did not induce apoptosis at either pH value.  

 

5.2.2. NAC - MK886 treatment leads to depletion of mitochondrial membrane 

potential 

 

 The loss of mitochondrial membrane potential is an early event in mitochondria-

mediated apoptosis (Takahashi et al., 2004). The effect of NAC plus MK886 on 

mitochondrial membrane potential in Jurkat cells was assessed using DiOC6. NAC (non-

neutralized) plus MK886 treatment led to mitochondrial membrane depolarization 

starting as early as 2h (76% of control) and becoming statistically significant (62%) at 3 h 

after addition of MK886 (Fig. 5.2). By 4h post-treatment, the potential was down to 
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~33% of control values, very similar to that seen when Jurkat cells were treated with the 

mitochondrial un-coupler FCCP (depletion to 25% of control). Neither NAC nor MK886 

alone had any significant effect on the mitochondrial membrane potential.  

 

5.2.3. MK886 treatment induces release of cytochrome c 

 

 Typically, a loss of mitochondrial membrane potential leads to the release of 

mitochondrial inter-membrane proteins such as cytochrome c (Petrosillo et al., 2004). 

Therefore, using western immunoblotting, the release of cytochrome c was determined 8h 

after treatment with NAC and MK886 alone, and MK886 following pretreatment with 

10mM NAC (non-neutralized). While NAC treated cells did not show any release of 

cytochrome c, both MK886 and NAC-MK886 treatments resulted in a similar release of 

cytochrome c indicating that the presence of NAC did not affect MK886-induced 

cytochrome c release (Fig. 4.3). 

 

5.2.4. NAC – MK886 treatment leads to increased caspase-3 activity 

 

MK886 alone, and in combination with NAC, led to an increase in caspase-3 

activity (Fig. 5.4). There was a 2.4-fold increase in caspase-3 activity following NAC-

MK886 treatment, and a 1.6-fold increase following MK886 treatment, compared to 

untreated or NAC treated cells. However, only caspase-3 activity following NAC-MK886 

was significantly different from untreated or NAC treated cells. 
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Fig. 5.1: NAC (pH 6.6 and pH 7.4) enhances MK886-induced apoptosis. Jurkat cells 
were pre-treated with 10mM NAC at either pH 7.4 or pH 6.6 for 2h followed by 
treatment with 15µM MK886 for 18h. Apoptosis was measured using Annexin V-
FITC/PI staining. Data are expressed as means ± SEM of 3 independent experiments. 
†Significantly different from DMSO-treated control (p<0.05), *Significantly different 
from cells treated with MK886 alone (p<0.05).   
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Fig. 5.2: NAC - MK886 treatment leads to loss of mitochondrial membrane potential. 
Following pretreatment with non-neutralized NAC (2h), Jurkat cells were treated with 
MK886 (15µM) and mitochondrial membrane potential tracked using the fluorescent dye 
DiOC6 as described in Methods. Data are expressed as means ± SEM of 3 independent 
experiments. *Significantly different from time-matched untreated controls (p<0.05).   
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Fig. 5.3: MK886 treatment induces release of cytochrome c. Jurkat cells were treated 
with NAC (pH 6.6, 2h) followed by MK886 (15µM) for 8h. Cytosolic protein extracts 
were run on a 15% SDS-PAGE gel and probed with cytochrome c primary antibody. The 
blot shown is representative of  2 independent experiments 
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Fig. 5.4: NAC – MK886 treatment leads to increased caspase-3 activity. Caspase-3 
activity was monitored following a 2 h pretreatment with 10mM non-neutralized NAC 
(pH 6.6) and a subsequent 18 h treatment with MK886 (15µM). The release of p-
nitroaniline (pNA) from its conjugate with DEVD, quantitated as an increase in 
absorbance as compared to the control samples, represented the increase in DEVD-
dependent caspase activity. Caspase activity was normalized to protein concentrations. 
Data are expressed as means ± SEM of 3 independent experiments. *Significantly 
different from cells treated with either NAC or DMSO (p < 0.05). 
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5.3. Discussion  

 

The current results support a pro-apoptotic role for NAC in conjunction with 

MK886. Treatment with MK886 alone leads to the release of cytochrome c in the 

absence of mitochondrial membrane depolarization. In contrast, the combined NAC-

MK886 treatment results in a decrease in transmembrane mitochondrial potential as well 

as to a significant increase in caspase-3 activity compared to untreated or NAC treated 

cells. Although a part of this enhancement of MK886-induced apoptosis by NAC may be 

attributed to its acidity, the ability of neutralized NAC to enhance apoptosis in 

conjunction with MK886 suggests a role for NAC independent of its effects on pH.  

 

NAC is a precursor of the endogenous antioxidant glutathione and functions 

directly as an antioxidant. Several studies in animal models have demonstrated that NAC 

co-administration with chemotherapeutic agents such as doxorubicin, improves their 

efficacy (Conklin, 2000). Studies have also reported that NAC has the ability to induce as 

well as enhance apoptosis in some cell types (Tsai et al., 1996, Qanungo et al., 2004, 

Rieber and Rieber, 2003). It is speculated that NAC’s beneficial effects in cancer 

treatment are related to its function as a free radical scavenger and antioxidant.  However, 

antioxidants can play a pro-oxidant role (Biswal et al., 2000, Della Ragione et al., 2000, 

La et al., 2003), an effect that may be involved in the enhanced apoptosis observed in the 

present study. 
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Alterations in cellular and mitochondrial pH occur during apoptosis (Brooks et al., 

2005). In several cell lines, studies have shown that pH changes are required for the 

initiation and induction of apoptosis. For example, in Jurkat cells, induction of apoptosis 

by staurosporine is accompanied by acidification of the cytosol and alkalization of the 

mitochondrial matrix (Matsuyama et al., 2000; Gottlieb et al., 1996). In contrast, 

staurosporine or TNF-alpha mediated apoptosis in HeLa cells was preceded by 

intracellular alkalization followed by cytochrome c release (Tafani et al., 2002). NAC, 

while being acidic in solution, does not induce apoptosis in Jurkat cells on its own. 

Similar to our findings in Jurkat cells, NAC in conjunction with MK886 enhanced 

MK886-induced apoptosis in FL5.12 cells (La et al., 2003). This suggests that NAC 

affects some component in MK886-mediated apoptosis and this effect is not unique to 

Jurkat cells.  

 

The release of cytochrome c is an early initiator of the apoptotic cascade. The 

triggers leading to cytochrome c release include members of the Bcl-2 family such as bax 

and bid (Wang, 2001). Calcium is also an important trigger whose entry into cells results 

in the opening of the mitochondrial permeability transition pore (MTP) which, in turn, 

leads to mitochondrial membrane depolarization, swelling and rupture of the 

mitochondrial membrane and release of cytochrome c (Schild et al., 2001). There is also 

evidence that cytochrome c release may occur in an MPT-independent manner 

(Gogvadze et al., 2001). Low levels of calcium in the cell are able to induce release of 

cytochrome c without the need for mitochondrial membrane depolarization (Petrosilli et 
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al., 2004). This may happen via recruitment of certain Bcl-2 family members, including 

Bax, leading to release of cytochrome c by a mechanism that is not yet fully understood. 

There are reports asserting that Bax functions directly on the mitochondria to stimulate 

the release of cytochrome c by forming a selective pore in the outer membrane, or that 

Bax interacts with the voltage-dependent anion channel and/or the adenine nucleotide 

translocator to facilitate opening of the MTP (Gogvadze et al., 2001).  Bax is also able to 

mediate the release of cytochrome c independent of Ca2+ loading (Gogvadze et al., 2001).   

 

In the present study, while MK886 treatment led to the release of cytochrome c, 

there was no preceding loss of mitochondrial membrane potential. Studies have 

demonstrated that MK886 increases intracellular levels of calcium leading to apoptosis in 

U937 cells (Buyn et al., 1997). It is also known that MK886 treatment increases 

unesterified arachidonic acid levels in FL5.12 (murine pro-B lymphocytes) cells (La et al., 

2003). Arachidonic acid, released by activation of phospholipase A2, increases 

intracellular levels of calcium in MH1C1 cells, leading to mitochondria-driven apoptosis 

(Penzo et al., 2004). Therefore, it is possible that MK886 plays a similar role in Jurkat 

cells and triggers cytochrome c release independent of mitochondrial membrane 

depolarization either in a calcium-dependent or -independent manner. One other 

possibility is that mitochondrial depolarization could be a later event in MK886-induced 

apoptosis as seen following staurosporine treatment in HL-60 cells wherein cytochrome c 

is released after 4h while mitochondrial membrane depolarization is not observed until 
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12h after treatment (Yang et al., 1997). Yanase et al. (2000) showed similar findings 

following INF-α treatment in Daudi B lymphoma cells.  

 

NAC treatment in conjunction with MK886 resulted in a decrease in 

mitochondrial membrane potential. Because NAC is acidic in solution and there is 

evidence that an acidic microenvironment facilitates the opening of the MTP (Kristian, 

2001), it is possible that NAC pretreatment aids in the opening of the MTP, subsequently 

enhancing the mitochondrial effects seen with  MK886 treatment alone. If this were the 

case, one would expect to see an increase in the extent of cytochrome c release following 

NAC-MK886 treatment. The degree of release of cytochrome c following this treatment 

appeared comparable to that seen with MK886 treatment alone. However, western 

immnoblotting is a semi-quantitative technique that does not always give precise 

information about the amount of cytochrome c release (Petrosillo et al., 2004). The use of 

more sensitive techniques like HPLC quantitation is required in order to accurately 

compare cytochrome c release following these two sets of treatments. Therefore, the 

possibility that NAC might be enchancing MK886-induced apoptosis by enhancing the 

process of cytochrome c release by decreasing the mitocondrial transmembrane potential, 

an effect that could be attributed to its acidity in solution, cannot be ruled out. 

  

Evidence suggests that in the presence of cytochrome c, caspase activation is 

more efficient at an acidic rather than alkaline pH (Segal and Beem, 2001). Moreover, the 

dormancy of procaspase 3 by an intrinsic “safety catch” mechanism provided by an Asp–
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Asp–Asp tripeptide is disrupted by an acidic environment, thereby leading to activation 

of the executioner caspase (Roy et al., 2001). NAC, which is acidic in solution, in 

conjunction with MK886 leads to a significant increase in caspase-3 activation as 

compared to untreated or NAC treated cells. As mentioned above, cytochrome c release 

was measured 8h after treatment with MK886. Since NAC reduced the pH of the medium 

immediately upon addition, and this change was not restored by 8h, it is likely that upon 

MK886-triggered cytochrome c release, the existing acidic microenvironment enhanced 

the activity of caspase 3 leading to the enhancement of apoptosis.  

 

The current data provide a cautionary note relating to the usage of non-neutralized 

NAC in experiments examining an apoptotic endpoint. At the same time, since 

neutralized NAC also enhanced apoptosis induced by MK886, NAC is likely to have 

direct actions on apoptosis pathways. Further experimentation is required using 

neutralized NAC in conjunction with MK886 to pinpoint this novel role for NAC. 

Research in this area could isolate NAC as an important molecule, capable of 

manipulating multiple cell death cascades.  
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Chapter Six 

Summary and Future Directions 

 

NDGA, a lignan extracted from the Larrea tridentata shrub, is a versatile 

compound best known for its functions as an antioxidant and lipoxygenase enzyme 

inhibitor. NDGA induces apoptosis in a number of cell lines by virtue of its LOX 

inhibitory function, as well as independent of it. Contrary to its role as an antioxidant, 

NDGA also exhibits pro-oxidant behavior in some cell types, which contributes to its 

apoptosis-inducing ability. Previous studies in our lab have demonstrated that NDGA 

induces apoptosis in FL5.12 cells, a cell line that lacks the LOX enzyme and detectable 

levels of LOX activity. Oxidative processes including generation of peroxides and 

oxidation of glutathione as well as increased levels of arachidonic acid play a role in the 

apoptosis induced by NDGA. While bclxl overexpression confers resistance to apoptosis, 

general caspase inhibitors only manage to delay NDGA-induced apoptosis, which, based 

on data demonstrating mitochondrial membrane depolarization, proceeds via the 

mitochondrial pathway. At the start of this project, these were the known facts. Although 

these facts implicated oxidative processes and the mitochondria in NDGA-driven 

apoptosis, the exact mechanism(s) was not yet established. We studied the temporal 

relationships between the oxidative and mitochondrial processes. Based on findings in the 

literature stating that MAPKs can transmit oxidative stress signals to the mitochondria 

resulting in apoptosis as well as the fact that NDGA has the ability to regulate different 
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kinases, we hypothesized that NDGA treatment activates the MAP signaling cascade 

which transmits oxidative stress signals to the mitochondria, resulting in apoptosis.  

 

6.1 Mycoplasma and cell signaling in FL5.12 cells 

 

NDGA (1 & 10µM) induced significant levels of apoptosis as early as 4h post-

treatment, in FL5.12 cells (Appendix A). Since data from previously published papers in 

the lab utilized a 10µM dose, this was the dose selected for subsequent experiments. To 

compare the effects of NDGA between two different cell lines (murine vs. human; 

transformed vs. tumor) as well as to include a cell line that is easy to transfect, the human 

lung adenocarcinoma cell line A549 was used to determine if it responded similarly to 

NDGA treatment. NDGA (20µM) also induced significant apoptosis in A549 cells 48h 

after treatment as determined by measuring the number of cells in sub-G1 (Appendix B).  

 

 During the course of examining the changes in phosphorylation of ERK, JNK and 

p38 induced by NDGA, dramatic changes in basal levels of phospho-ERK (Appendix C), 

but not phospho-JNK or phospho-p38 in untreated cells, over time, were observed. In 

contrast, there was no time-dependent change in levels of phospho- ERK, -JNK or -p38 

in untreated or NDGA-treated A549 cells (Appendix B), therefore precluding the use of 

this cell line for studying the effects of NDGA on the MAPK pathway. The FL5.12 cell 

line is dependent on the cytokine IL-3 for survival. IL-3, by stimulating IL-3 receptors on 

the cell surface, activates multiple downstream signaling pathways including the 
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JAK/STAT, Ras/Raf/MEK/ERK, and PI3K/Akt pathways which play important roles in 

cellular proliferation and survival (Yamaguchi and Wang, 2001; de Groot et al., 1998). It 

is possible that the changes in ERK phosphorylation are in response to IL-3 stimulation. 

There are data supporting that basal ERK activity requires continuous Ras-Raf-MEK 

signaling (Black et al., 2000). It is also possible that the changes in basal levels of ERK 

are due to fluctuations in the levels of phosphatases which regulate ERK phosphorylation. 

However, the short time frame in which the basal levels of basal phospho-ERK undergo 

changes in FL5.12 cells did not support these theories. Furthermore, at this stage of work, 

dramatic decreases in FL5.12 cell growth, absence of apoptosis following IL-3 

withdrawal, adhesion of FL5.12 cells to the bottom of the plates, as well as development 

of acidic media without proportional cell number increases were observed. FL5.12 cells 

are suspension cells which do not undergo adhesion under normal circumstances and are 

highly dependent on IL-3 for survival. These irregular characteristics required further 

investigation. Feng et al. (1999) found that growth in 32D cells, an IL-3 dependent cell 

line, became independent of IL-3 if infected by different species of mycoplasma.  

 

 Mycoplasmas are a group of wall-less bacteria that can grow to very high 

concentrations in mammalian cell cultures. Although early stages of contamination 

usually display no signs, symptoms include changes in cell growth characteristics, 

inhibition of cell metabolism, disruption of nucleic acid synthesis, chromosomal 

aberrations, changes in cell membrane antigenicity, and alterations in transfection rates. 

Late stage mycoplasma contamination can cause the cell culture medium to turn acidic 
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and this is what alerted us to this idea that our cells might be infected with mycoplasma. 

We were able to confirm our suspicions following a PCR-based mycoplasma detection 

kit (Appendix D). Further investigation revealed that conditioned media from Wehi cells 

which was added to these FL5.12 cells was the source of the contamination. Using a 

different batch of mycoplasma-free conditioned media to grow FL5.12 cells eliminated 

the previously observed fluctuations in basal levels of phosphorylated ERK.  

 

Sokolova et al. (1998) have shown that mycoplasma contamination can lead to an 

increased sensitivity of cells to various inducers of apoptosis targeting different signaling 

pathways. Studies have also shown that the presence of mycoplasma in cell culture 

significantly alters gene expression profiles (Miller et al., 2003). Our data supported this 

since FL5.12 cells freed of mycoplasma failed to undergo apoptosis in the presence of 

even high doses of NDGA (100µM) or apoptosis-inducing agents such as etoposide. This 

indicated that although these cells were free of mycoplasma, their previous sensitivity to 

NDGA treatment could possibly be attributed to the presence of mycoplasma. While 

mycoplasma contamination could be one factor in modulating the sensitivity of FL5.12 

cells to apoptosis inducing agents, the potency of the added IL-3 in the medium could be 

another explanation for this variation in sensitivity. The exact composition of the 

conditioned media obtained from growing Wehi cells is unknown and these cells are 

capable of secreting factors besides IL-3 e.g. fibroblast growth factor (Pessina et al., 

2002). Variation in the levels of expression of IL-3 between different Wehi sub-lines 

could confer significant differential responses to apoptotic stimuli (Lee et al., 1982). This 
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variation and lack of control over the concentration of IL-3 in the medium or the 

concentration of other growth factors secreted by Wehi cells is a concern. That could 

possibly explain the variation in sensitivity to apoptotic-inducing agents. The current data 

provide a cautionary note to the usage of conditioned media as a source of IL-3 to grow 

FL5.12 cells. Since FL5.12 cells were displaying unusual behavior despite being free of 

mycoplasma, we acquired a fresh batch of FL5.12 cells (Dr. James McCubrey, North 

Carolina). These were found to be free of mycoplasma and displayed characteristic 

apoptosis upon IL-3 withdrawal. They were also sensitive to treatment with apoptosis-

inducing agents such as etoposide and NDGA. However, a 20µM dose of NDGA was 

required to induce apoptosis at 24h compared to the earlier dose of 1µM at 4h. Further 

experiments were performed using this cell line.  

 

6.2. NDGA and intracellular signaling pathways 

 

NDGA inhibits several kinases rather efficiently, including receptor tyrosine 

kinases such as, IGF-1R and JAK/STAT (Jeon et al., 2005; Youngren et al., 2005). There 

are little data available on the effects of NDGA on MAPK signaling pathways. A study 

by Seufferlein et al. (2002) examined the role of NDGA in pancreatic and cervical cancer 

cells. Their data demonstrated that an increase in JNK and p38 activity following NDGA 

treatment disrupts the actin cytoskeleton and leads to apoptosis. Madamanchi et al. 

(1998) showed that AA or NDGA treatment increased JNK phosphorylation in vascular 

smooth muscle cells. AA or NDGA (which increased endogenous AA levels) treatment 
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was also capable of increasing p38 activity in neutrophils (Hii et al., 1998; Chang and 

Wang, 2000). AA on its own was also able to increase ERK activity in vascular smooth 

muscle cells or neutrophils and its activation could not be attenuated by NDGA in 

vascular smooth muscle cells (Rao et al., 1994; Chang and Wang, 2001).  

 

In FL5.12 cells, NDGA treatment increased phosphorylation of JNK, p38 and 

ERK. Data gathered using the p38 inhibitor SB202190 demonstrated that p38 is the main 

MAPK involved in NDGA-induced apoptosis. The previous paragraph described the 

ability of AA to activate JNK, ERK and p38. Also, increased levels of AA can induce 

apoptosis following treatment with various agents (Cao et al., 2000). A number of serine 

residues are available at the C-terminal end of the enzyme PLA2 for phosphorylation, but 

it is the specific phosphorylation of Ser505 by members of the MAPK family which leads 

to an increase in enzymatic activity (Capper and Marshall, 2001). It has been widely 

reported that ERK or p38 directly phosphorylate cytosolic phospholipase A2 resulting in 

its activation and the release of AA from cellular phospholipids (Kramer et al., 1996). 

The release of AA by PLA2 has also been suggested to be involved in apoptosis (Capper 

and Marshall, 2001). Although FL5.12 cells lack detectable LOX activity, La et al. 

(2003) showed that NDGA treatment in these cells, by an unknown mechanism, increases 

the levels of free AA. Since NDGA also activates p38, we speculate that phospho-p38, 

via activation of its substrate PLA2, mediates this increase. A similar role for NDGA-

induced ERK or JNK cannot be ruled out. Although both AA and p38 contribute to 

NDGA-induced apoptosis, the exact sequence of events has not been determined. Future 
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studies addressing this angle should be undertaken to determine if, following NDGA 

treatment, p38 activation is a cause or effect of AA release.  

 

In FL5.12 cells, the antioxidant and glutathione precursor NAC completely 

blocked p38 phosphorylation induced by NDGA. This suggested that NDGA-induced 

p38 phosphorylation occurs via a thiol-sensitive target(s). Protein kinase C (PKC), are a 

group of redox sensitive enzymes that can be activated to initiate intracellular signaling 

events (Domenicotti et al., 2003). PKC mediates increased p38 activation in response to 

AA (Madamanchi et al., 1998; Hii et al., 1998; Rao et al., 1994). Secondly, gluathione 

depletion, as seen with NDGA treatment (Biswal et al., 2000) can also induce apoptosis 

via activation of PKC (Domenicotti et al., 2000). PKC could be the elusive thiol-sensitive 

target and its role in NDGA-induced apoptosis needs to be investigated.    

 

Inhibition of the PI 3-kinase or Akt pathways also stimulates p38-dependent 

apoptosis in endothelial and HeLa cells (Gratton et al., 2001; Berra et al., 1998). In 

addition, there are data supporting the involvement of the Akt pathway in COX inhibitor-

induced apoptosis (Hsu et al., 2000; Honjo et al., 2005). We decided to investigate if the 

LOX inhibitor NDGA might show similar effects. At the start of this work, no data were 

available correlating the effects of NDGA on Akt with apoptosis. NDGA was found to 

potently inhibit Akt phosphorylation at both the Ser473 and Thr308 sites in FL5.12 cells. 

To confirm that inhibition is not restricted to FL5.12 cells, we repeated the experiments 

in human T lymphocytes (Jurkat cells). NDGA inhibited phosphorylation of Akt at both 
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sites in these cells too. To the best of our knowledge, this is the first study that identifies 

NDGA as a potent Akt inhibitor. Using FL5.12 cells expressing a constitutively active 

form of Akt (mAkt), we demonstrated that these cells were less sensitive to NDGA 

treatment.  

 

Several hematopoietic growth factors including IL-3 activate the SAPK/JNK 

pathway (Foltz and Schrader, 1997). Using BAF3, a cell line dependent on IL-3 for its 

growth, Smith et al. (1997) demonstrated that ceramide-induced apoptosis results in JNK 

activation. Inhibition of JNK using a dual specificity phosphatase M3/6 attenuated 

ceramide stimulation of JNK activity but did not affect apoptosis following ceramide 

treatment. Therefore, JNK activation is likely involved in the proliferative rather than 

apoptotic response in these cells. In FL5.12 cells, SP600125, an inhibitor of JNK, 

induced apoptosis, thereby supporting this reasoning. The lack of change in NDGA-

induced JNK phosphorylation following treatment with SP600125 also suggests a lack of 

involvement of JNK in the apoptosis induced by NDGA. It is possible that, like BAF3 

cells, the increase in phospho-JNK in FL5.12 cells in response to NDGA treatment is a 

pro-survival response.  

 

Crosstalk and overlap between pathways occurs frequently in cell signaling. The 

MAPK and the Akt pathways are no different. These pathways depend on 

phosphorylation/dephosphorylation steps to regulate their functioning. It is not surprising, 

considering the redundancy in signaling pathways observed in the cell, that various 
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regulatory proteins in each of these cascades cross-talk, and/or are regulated, by members 

of the other cascade. Literature provides us with ample evidence of this fact. For example, 

Akt phosphorylation of Raf at Ser259 suppresses Raf activity (Moelling et al., 2002), 

ERK1/2, via intermediary effects of scaffolding or adaptor proteins, downregulates Akt 

activity (Sinha et al., 2004), Ras stimulates the PI3K/Akt as well as the Raf/MEK/ERK 

pathways (Rodriguez-Viciana et al., 1997) and Akt activation phosphorylates and 

inactivates ERK1 leading to suppression of JNK phosphorylation (Murakami et al., 2005). 

Studies have shown constitutive association of p38 MAPK and Akt via the recruitment of 

MAPKAPK-2 thereby resulting in activation of Akt by p38 (Taniyama et al., 2004). 

Furthermore, El-Remessy et al. (2005) demonstrated that the anti-apoptotic effect of 

constitutively active Akt was associated with significant inhibition of p38 MAP kinase 

phosphorylation and the protective effect of inhibition of p38 was associated with 

significant increases in Akt-1 phosphorylation. One area, with respect to this project, that 

has not been addressed and requires further work is the possibility of cross-talk between 

the p38 and Akt signaling pathways in FL5.12 cells in response to NDGA treatment.  

 

6.3. Therapeutic significance of NDGA   

 

NDGA has been studied extensively as a possible treatment for a variety of 

conditions including diabetes, cancer, Alzheimer’s disease, allergies, and inflammation. 

While toxicity associated with NDGA treatment resulted in its withdrawal from clinical 

trials several decades ago, a new study by Youngren et al. (2005) states that NDGA has 
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passed pre-clinical trials and will soon be tested in human subjects for the treatment of 

cancer. Analogs of NDGA, other LOX inhibitors, as well as lignans are likely to display 

apoptotic properties similar to NDGA. Therefore, using NDGA as a prototype drug, it is 

important to identify its apoptosis-inducing mechanisms in a variety of model systems. 

Based on our current results, there is potential applicability of this compound in the 

treatment of two disease conditions: Alzheimer’s disease and cancer. 

Alzheimer's disease (AD) is characterized by excessive accumulation of 

extracellular β -amyloid -containing plaques, and intraneuronal neurofibrillary tangles, 

composed predominantly of abnormally hyper-phosphorylated tau protein. A majority of 

studies indicate that activation of Akt inhibits the toxicity of β-amyloid and formation of 

neurofibrillary tangles, leading to protection against AD (Chong et al., 2005). However, a 

recent paper by Griffin et al. (2005) indicates that increased Akt activation, and 

hyperphosphorylation of critical Akt substrates such as GSK3 and tau, seen in the brain 

of AD, link Akt activation to AD pathogenesis. NDGA, as an antioxidant, protects 

hippocampal neurons against β-amyloid toxicity (Goodman et al., 1994). NDGA also 

breaks down pre-formed β-amyloid fibrils in vitro (Ono et al., 2002) and prevents 

protofibril associations (Moss et al., 2004). In addition to the aforementioned effects, 

NDGA, by virtue of inhibiting Akt phosphorylation in two different cell lines as well as 

Akt-mediated phosphorylation of the transcription factor FOXO3a, could potentially be 

useful in the development of therapeutics for AD. Therefore, a more thorough 

understanding of role of NDGA in mediating apoptosis and identification of the 
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downstream effects/targets of inhibition of Akt is important. Inhibition of FOXO3a 

activates pro-apoptotic substrates such as Bim. Like Akt targets, determining the targets 

of FOXO3a involved in NDGA-induced apoptosis, is equally important (Sunters et al., 

2003).  

In AD, six developmental stages can be distinguished characterized by the 

neurofibrillary changes spread across the cerebral cortex (Braak et al., 1996). Excessive 

and non-selective phosphorylation of Akt substrates is very pronounced at Braak stage V-

VI of AD, contributing to the pathogenesis of the disease. Inhibition of Akt by NDGA at 

this stage could prove to have therapeutic benefits. While our data suggest a minimal 

contribution of the p38 pathway towards apoptosis induced NDGA, the substrates of 

phosphorylated p38 include tau, a component of neurofibrillary tangles, whose 

hyperphosphorylation is a hallmark of late AD. Use of NDGA in late AD could, as a 

result, prove to be deleterious. These opposing effects of NDGA require careful 

deliberation. Stage-specific consideration in the use of NDGA, for the inhibition of 

pathologies of AD, is advised.  

 

AA and its metabolites are growth promoting factors in various cancers (Avis et 

al., 1996; Seufferlein et al., 2002; Ghosh and Myers, 1998). Additionally, COX and LOX 

inhibitors suppress growth and induce apoptosis (Avis et al., 1996; Basler and Piazza, 

2004; 1997; Romano and Claria, 2003). COX and LOX inhibitors also have apoptotic 

effects independent of their primary functions. Whereas there is a lot of information 
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about COX inhibitors, there is a dearth of information about LOX inhibitors and their 

effects on major apoptotic signaling pathways in the cell. Cellular processes regulated by 

Akt include cell proliferation and survival, metabolism, angiogenesis, and tissue invasion, 

all processes that are hallmarks of cancer (Bellacosa et al., 2005). Since Akt is 

constitutively active in many different kinds of tumors (e.g. breast, lung, lymphocytes), 

the use of NDGA, which inhibits Akt phosphorylation effectively, may have therapeutic 

potential for cancer treatment, especially against cells with high Akt activity. The ability 

of p38 to regulate tumor suppressor pathways such as the p53 pathway as well as 

attenuate oncogenic signals has highlighted the concept of p38 as a potential tumor 

suppressor (Bulavin and Fornace, 2004). NDGA-induced phosphorylation and activation 

of p38 further supports its potential for use in chemotherapy.  

 

6.4. Role of NAC as an apoptosis-enhancer  

 

The literature is full of evidence of antioxidants such as beta-carotene, ascorbic 

acid and alpha-tocopherol exhibiting prooxidant behavior, depending upon the redox 

state of the molecules and the biological environment in which they act (Palozza et al., 

2003; Zhang and Omaye, 2001). NAC also enhances apoptosis in various cell types 

including smooth muscle cells, fibroblasts and melanoma cells (Tsai et al., 1996, 

Qanungo et al., 2004, Rieber and Rieber, 2003). While NAC partially protects against 

NDGA-induced apoptosis, its effects on the apoptosis induced by the FLAP inhibitor 

MK886 in both FL5.12 (La et al., 2003), and Jurkat cells are very different. Based on 
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evidence in the literature, although MK886 generates oxidative processes in the cell, the 

antioxidant NAC, while not having any pro-apoptotic effects of its own, enhances, rather 

than protects against, MK886-induced apoptosis in FL5.12 (La et al., 2003) and Jurkat 

cells. Other antioxidants such as vitamin E and DTT had no such effect on MK886-

induced apoptosis (data not shown). At the time we began this study, there were very few 

papers in the literature investigating the mechanisms by which NAC induces apoptosis. 

Jones et al. (1995), using T-cell hybridomas, demonstrated that NAC enhances 6-α-

methylprednisolone-induced apoptosis. While the study speculated that NAC exerts its 

effect via a generalized effect on the thiol/disulfide status, the exact mechanism was not 

explained. Another paper by Tsai et al. (1996) showed that NAC induces apoptosis in 

smooth muscle cells, but not endothelial cells via an unknown mechanism and that bcl-2 

overexpression renders smooth muscle cells resistant to apoptosis by NAC. Liu et al. 

(1998) showed that NAC-mediated death occurs only in transformed cell lines and 

transformed primary cultures, but not in normal cells and NAC-induced death was 

dependent on expression of mutant H-ras and functional p53 protein. Jurkat cells have a 

mutated form of p53 and therefore the involvement of this transcription factor in NAC-

induced cell death could be ruled out.  

 

Based on results by Jones et al. (1995) that NAC could enhance apoptosis 

independent of its effects as a GSH precursor, we decide to investigate whether 

enhancement of apoptosis by NAC in our system was dependent on GSH. The effects of 

NAC and MK886 alone, and in combination, on total GSH as well as total thiol levels in 
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the cell were determined. Total thiols in the cell were measured using the dye CMFDA, 

while total GSH was measured using the Griffith assay (Griffith et al., 1980) 

(Appendices E & F). Using both these methods, no significant changes in total GSH or 

total thiols levels were observed following treatment with NAC. The Griffith assay is 

based on the GSH recycling system by DTNB and glutathione reductase. However, 

Ikebuchi et al. (1993) showed that both glutathione peroxidase and glutathione reductase 

activities decreased as a function of a decrease in pH from 7.4 to 4. The acidic NAC used 

for this assay, thus, might have compromised the sensitivity of the assay. To determine if 

the effects of NAC are mediated through generalized effects on cellular thiols, we 

employed CMFDA, which binds to various thiols in the cell including GSH (Tauskela et 

al., 2000). However, since GSH is one of the major thiols in the cell, changes in thiol 

levels using CMFDA are often correlated to changes in GSH (Lantz et al., 2001). Again, 

a recent study reported CMFDA as a pH sensitive dye, which can also track changes in 

pH inside the cell (Salvi et al., 2002). Since NAC is acidic in solution, only the data 

collected in the absence of NAC could be analyzed in both cases (Griffith and CMFDA). 

We concluded that MK886 treatment does not significantly decrease total thiols or total 

GSH levels in the cell. The possibility of disruption of the redox state by MK886, 

through formation of GSSG, cannot be ruled out. Further experimentation, using a 

different, pH insensitive technique, to measure total GSH and also GSSG levels in the 

cells, needs to be employed. This will aid in separating the thiol effects of NAC from 

possible pH-driven effects. An indirect way to examine the potential role of GSH as a 

mediator of the NAC-enhancing effects could be via  (1) using D-NAC in place of NAC 
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(increases thiol content in the cell but cannot increase GSH since D-cysteine cannot be 

incorporated in glutathione synthesis), and (2) using the γ-glutamylcysteine synthetase 

inhibitor BSO pretreatment prior to NAC. Both these treatments followed by MK886 

would shed light on the involvement, or lack thereof, of GSH in the NAC-mediated 

enhancement of MK886-induced apoptosis.   

 

The mechanisms by which MK886 induces apoptosis are not entirely clear. 

Although Gugliucci et al. (2002) demonstrated that the mitochondria are direct targets of 

MK886 this is the first study that implicates cytochrome c release in the absence of a 

change in mitochondrial membrane potential as a mechanism for MK886-induced 

apoptosis. In FL5.12 cells, MK886 generates oxidative processes including the release of 

AA (La et al., 2003). These processes could also potentially be responsible for mediating 

the mitochondrial effects observed. Our results with NAC and MK886 treatment showing 

that combined treatment leads to mitochondrial membrane depolarization, cytochrome c 

release and a significant increase in caspase-3 activity suggest that the acidity of NAC at 

least partly is responsible for enhancing MK886-induced, mitochondria-driven, apoptosis. 

However, since neutral NAC also was able to mediate an increase in MK886-induced 

apoptosis, future work should be done using neutralized NAC. Other antioxidants like 

beta-carotene are able to mediate apoptosis via the mitochondrial pathway by causing 

mitochondrial membrane depolarization, caspase-3 activation, bcl-2 depletion, and NFkB 

activation (Palozza et al., 2003). The role of Bcl-2 family members, in particular, should 
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be investigated, since Bcl-2 was identified as a possible target for the apoptotic activity of 

NAC in other studies (Rieber and Rieber, 2003; Qanungo et al., 2004; Liu et al., 1998) 

 

This study, examining the mechanisms responsible for the enhancement in 

MK886-induced apoptosis by NAC, raises more questions than it answers and the data 

are difficult to interpret. A closer examination of the effects of neutralized NAC and 

thiol-independent pH on MK886-induced apoptosis could expand our knowledge of 

pathways affected by NAC. The utility of NAC to enhance mitochondrial effects of 

apoptosis has potential therapeutic application as an adjuvant in chemotherapy.  

 

6.5. Concluding remarks 

 

 An intense interest in apoptosis has developed in recent years due to the 

widespread involvement of this process in the pathogenesis of conditions such as AIDS, 

inflammation, autoimmune diseases, neurodegenerative diseases, and cancer. 

Development of therapeutic means to specifically inhibit or activate apoptosis therefore 

has great clinical importance. Sometimes, as in the case of malignancies, where several 

survival as well as apoptotic pathways have been compromised, the usage of drugs which 

target multiple pathways can be an advantage. FL5.12 cells are growth-factor dependent 

cells which depend on IL-3 receptor-mediated MAPK and PI3K/Akt signaling for their 

survival. NDGA, in addition to its function as a LOX inhibitor, modulates these very 

pathways, suppresses proliferative signals, and induces apoptosis in FL5.12 cells. Fig. 6.1 
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is a schematic representation of the pathways that NDGA affects. Modulation of different 

signal transduction pathways, leading to inhibition of cell proliferation, transformation, 

and differentiation as well as to the induction of apoptosis, has been proposed by many 

investigators as mechanisms for the chemopreventive activities of many polyphenolic 

compounds. Similarly, the utility of NDGA, a bi-phenolic compound, lies in its ability to 

modulate multiple pathways.  
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Fig. 6.1: Schematic of signaling pathways involved in NDGA-induced apoptosis in 
FL5.12 cells. DTT, dithiothreitol; NAC, N acetylcysteine; ROS, reactive oxygen species; 
GSH, glutathione; AA, arachidonic acid.  
 
 
 
 

 

 

 

 
 
 
 

SB202190

Phospho-Akt 
(Ser473/Thr308)  

PI3K

SURVIVAL

p - P38

NORDIHYDROGUAIARETIC ACID

Redox imbalance/ROS/Peroxides

DTT

Akt

LY294002

P38

APOPTOSIS

GSH ↓↓↓↓

NAC

Phosphorylation
Various substrates

(e.g. Elk-1)

Other 
signaling 
pathways↑↑↑↑ AA

Caspase 3

Cytochrome c release

MITOCHONDRIAL 
STRESS

?

?

Various 
substrates

e.g. FOXO3a

p-Various 
substrates 

e.g. FOXO3a

SB202190

Phospho-Akt 
(Ser473/Thr308)  

PI3K

SURVIVAL

p - P38

NORDIHYDROGUAIARETIC ACID

Redox imbalance/ROS/Peroxides

DTT

Akt

LY294002

P38

APOPTOSIS

GSH ↓↓↓↓

NAC

Phosphorylation
Various substrates

(e.g. Elk-1)

Other 
signaling 
pathways↑↑↑↑ AA

Other 
signaling 
pathways↑↑↑↑ AA

Caspase 3

Cytochrome c release

MITOCHONDRIAL 
STRESS

Caspase 3

Cytochrome c release

MITOCHONDRIAL 
STRESS

?

?

Various 
substrates

e.g. FOXO3a

p-Various 
substrates 

e.g. FOXO3a



  136 

Appendices 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 



  137 

Appendix A 
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NDGA induces apoptosis in FL5.12 (murine pro-B lymphocytes) cells contaminated 
with an unknown mycoplasma strain in a dose- and time- dependent manner. The 
dose required to induce significant apoptosis is 20-fold lower than in the case of 
FL5.12 cells free of mycoplasma (Fig. 3.1a) Significant apoptosis is induced as early 
as 4h post-treatment unlike that in FL5.12 cells free of mycoplasma, wherein 
treatments up to 24h are required. Cells (1 x 106) were treated either with DMSO as a 
vehicle control, or with 1 and 10 µM NDGA for 4, 8 or 24h. Apoptosis was measured by 
Annexin V-FITC/PI staining using flow cytometry. Results are expressed as means± 
SEM from three independent experiments. * p<0.05 compared with time-matched 
DMSO treated sample.  
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Appendix B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NDGA (20µM) induces significant apoptosis in A549 cells at 48h but does not 
activate the MAP kinases: ERK, JNK, or p38. Cells (1 x 106) were plated and treated 
either with DMSO as a vehicle control, or with 10 & 20 µM NDGA for 24 or 48h. 
Apoptosis was measured by measuring the number of cells in sub-G1 using flow 
cytometry. Results are expressed as means± SEM from three independent experiments. * 
p<0.05 compared with DMSO control. Also shown are western immunoblots of A549 
cells treated with 20µM NDGA for 2, 4 and 8h. Blots probed with phospho-ERK1/2, 
phospho-JNK1/2 and phospho p38 antibodies.  
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Appendix C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comparison of phospho-ERK levels in untreated and DMSO-treated cells in 
mycoplasma contaminated FL5.12 cells. There is variation in the basal levels of 
phospho-ERK in cells treated with only the vehicle as compared to untreated cells. 
These variations are not observed when FL5.12 cells free of mycoplasma are used 
(Fig. 4.1). Cells (1 x 106) were treated either with DMSO as a vehicle control, or with 10 
µM NDGA for 1, 2, 3 and 4h. Western immunoblots were run as described in Chapter 2. 
20µg protein was loaded on a 10% SDS-PAGE gel. Total ERK was used as a loading 
control. These blots are representative of three individual experiments. 
.  
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Appendix D 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FL5.12 cells (#1) and conditioned medium from WEHI cells (IL-3) contaminated 
with mycoplasma. RPMI medium, WEHI cells, and FL5.12 cells (# 2) are free of 
contamination 
 
FL5.12 cells were grown in RPMI medium without any antibiotics for at least 3 days and 
the medium minus the cells was collected and tested for contamination. A PCR-based 
mycoplasma detection kit (VenorGeM, Sigma, St. Louis, MO) was used to test the 
medium for contamination.  
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Appendix E 
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NAC or MK886 alone, or combined NAC-MK886 treatments, do not have any 
effects on total GSH levels 
Following pretreatment with non-neutralized NAC (2h), Jurkat cells were treated with 
MK886 (15µM) and GSH measured using the Griffith assay at 2, 4, and 6h post-
treatment as described in Chapter 2. Data are expressed as means ± SEM of 3 
independent experiments.  
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Appendix F 
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NAC or MK886 alone, or combined NAC-MK886 treatments, do not have any effect 
on total thiol levels 
Following pretreatment with non-neutralized NAC (2h), Jurkat cells were treated with 
MK886 (15µM) and total thiols measured 1.5, 2.5, 3.5, 4.5h post-treatment as described 
in Methods. 1µM Diamide treatment for 1.5h was used as a positive control. Data are 
expressed as means ± SEM of 3 independent experiments. *significantly different from 
time matched NAC, MK886, or NAC-MK886 treated cells (p<0.05). 
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