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ABSTRACT 

 

Glucocorticoids are exploited for the treatment of hematological malignancies due 

to their ability to cause apoptosis in lymphoid cells. Innate and acquired resistance, 

however, limits their efficacy in the clinic. The mechanisms contributing to resistance are 

poorly understood. A better understanding of the critical events during glucocorticoid-

induced apoptosis are needed in order to develop novel agents that will exploit these 

critical targets and improve the response to glucocorticoid-based therapies. Previously, 

using WEHI7.2 murine thymic lymphoma cells, our laboratory demonstrated that the 

levels of reactive oxygen species (ROS) increase during glucocorticoid-induced apoptosis 

signaling. WEHI7.2 cell variants with increased catalase exhibit increased resistance to 

glucocorticoids, suggesting that oxidative stress plays a role in glucocorticoid-induced 

apoptosis and that increasing the intracellular production of ROS may be a potential 

strategy for sensitizing lymphoma cells to glucocorticoid treatment. The following 

studies demonstrate that an increase in H2O2 is essential for lymphoma cells to undergo 

apoptosis and that the ability to remove cellular H2O2 protects the cells from 

glucocorticoid-mediated cell death. The redox-cycling agent, Mn(III) meso-tetrakis(N-

ethylpyridinium-2-yl) porphyrin, increased glucocorticoid-induced oxidative stress in 

WEHI7.2 cells and sensitized the cells to glucocorticoid treatment. MnTE-2-PyP
5+

 

glutathionylated NF-κB and inhibited its activity. Collectively, these findings suggest that 

manipulating the redox environment with MnTE-2-PyP
5+ 

is a promising approach for 

lymphoma therapy.  
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CHAPTER ONE: INTRODUCTION 

 

Hematological Malignancies 

Hematological malignancies are a diverse group of neoplasms that arise as a result 

of the malignant transformation of bone marrow or lymphatic cells (1). Currently, over 

fifty different hematological malignancies have been identified (2;3). Due to the large 

and growing number of hematological malignancies, the World Health Organization 

(WHO) recently classified hematological malignancies into groups according to their 

immunotype, morphology and genotype (2). The major types of hematological 

malignancies include: leukemia, lymphoma, and myeloma. According to the American 

Cancer Society over 137,260 people in the United States are expected to be diagnosed 

with leukemia, lymphoma or myeloma in 2010, accounting for nine percent of the 

expected new cancer cases in the United States (http://www.cancer.org.docroot.asp).  

Leukemia is a cancer of the blood or bone marrow (2). It is generally classified as 

either acute or chronic depending on how quickly the cancer progresses. Acute leukemia 

is fast-growing and occurs most frequently in children. The most common type of 

leukemia in children is acute lymphocytic leukemia (ALL). On the other hand, chronic 

leukemia grows slowly and occurs more frequently in adults. The most common type of 

leukemia in adults is chronic lymphocytic leukemia (CLL). According to the American 

Cancer Society, an estimated 43,050 new cases of leukemia will be diagnosed in the 

United States in 2010 (http:///www/cancer.org.docroot.asp).  
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Lymphoma is the most common type of hematological malignancy in the United 

States (2). Lymphomas are cancers that originate in lymphocytes. There are two major 

classes of lymphoma: Hodgkin and non-Hodgkin lymphoma (NHL). In the United States, 

there has been a general decline in the incidence of Hodgkin lymphoma in the last three 

decades; the disease now accounts for only 1% of all cancers. By contrast, rates of NHL 

have increased by 70% during this same period of time [Based upon findings from the 

National Cancer Institute's SEER (Surveillance, Epidemiology, and End Results) 

program, 1987 to 1991]. According to the American Cancer Society over 65,000 

individuals will be diagnosed with NHL in 2010 (http://www.cancer.org). NHL is the 

fifth most common type of cancer and accounts for approximately 4% of all cancers in 

the United States.  

NHL is a heterogeneous group of more than thirty lymphoid neoplasms, varying 

from indolent to aggressive disease. Two of the most frequently diagnosed NHLs are 

diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma. DLBCL is an 

aggressive lymphoma of B cells that accounts for approximately forty percent of 

lymphomas among adults; whereas, follicular lymphoma is a slow-growing, indolent B-

cell lymphoma (4). Follicular lymphoma accounts for approximately twenty percent of 

the NHLs diagnosed each year (4). 

Multiple myeloma is caused by the proliferation and accumulation of malignant 

plasma cells. It is the second most common hematological malignancy in the United 

States (2). It accounts for two percent of the overall number of hematological 
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malignancies in the United States. The American Cancer Society predicts that in 2010 

there will be over 14,400 new cases of multiple myeloma (http://www.cancer.org).  

This year, leukemia, lymphoma and myeloma are expected to cause the death of 

more than 54,020 people in the United States, accounting for nearly ten percent of the 

expected deaths from cancer in 2010 (http://www.cancer.org.docroot.asp). The 

heterogeneous nature of hematological malignancies is perhaps the biggest clinical 

challenge. While existing therapies improve patient survival for some types of 

hematological malignancies, not all respond well to treatment. To improve patient 

survival it is important to identify the subtypes that respond poorly to current therapies, 

determine potential targets to improve treatment, and ultimately develop novel agents to 

improve patient survival. 

 

Barriers in the Effective Treatment of Hematological Malignancies 

Hematological malignancies are most commonly treated with chemotherapy. 

There are currently over fifty different chemotherapeutic agents used to treat individuals 

suffering with hematological malignancies. The major obstacles limiting the success of 

these agents are the heterogeneous treatment response and the development of resistance.  

The standard treatment for DLBCL is cyclophosphamide, doxorubicin, vincristine 

and prednisone (a glucocorticoid), a combination chemotherapy referred to as CHOP 

(5;6). Recently, rituximab was added, and is now considered part of the standard therapy 

(5;7). DLBCL patients show a heterogeneous response to CHOP; 50% respond, 25% 

initially respond then relapse, while 25% show no response at all. CHOP is also used to 



17 

 

 

 

treat follicular lymphoma (8). The response to CHOP in follicular lymphoma is also poor; 

less than 40% of patients treated with CHOP respond to treatment and of the 40% that do 

respond, over 60% subsequently develop resistance. Multiple myeloma is currently 

treated with glucocorticoids (9). Although glucocorticoids prolong the survival of 

patients with multiple myeloma, they also become refractory to glucocorticoid treatment 

and eventually die of their disease (10). Bortezomib, a proteasome inhibitor recently 

emerged as a promising therapeutic agent for multiple myeloma and is being used in 

combination with the standard therapy for a growing number of multiple myeloma 

patients (11;12).  

 

Strategies to Improve the Standard Treatment for Hematological Malignancies 

In the clinic, there is a push for the development of new drugs that will work 

synergistically with existing therapies to improve patient survival. Rituximab and 

Bortezomib are just two examples of agents that have recently been introduced in the 

clinic and improved survival (7;11;12). Rituximab, a monoclonal antibody directed at 

CD-20, has been one of the most successful additions to the treatment of patients with B-

cell lymphomas in the last several decades. Rituximab increased the 5-year survival rate 

from 45% to 58% in patients with DLBCL (13). Bortezomib, a proteasome inhibitor, has 

improved treatment for patients with multiple myeloma. Using bortezomib in 

combination with other agents, improved the response rate and survival of multiple 

myeloma patients from 35% to 42% (14).  
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Rituximab and Bortezomib exert their anti-cancer effects primarily by inducing 

apoptosis, or programmed cell death, in cancer cells. Several studies have shown that 

Rituximab induces apoptosis of CD-20 positive cells (15;16). And while multiple 

mechanisms are likely to be involved, Bortezomib has been shown to prevent the 

degradation of pro-apoptotic factors, thereby pushing cancer cells that are dependent 

upon the suppression of pro-apoptotic pathways, to undergo apoptosis (17). These 

findings suggest that apoptosis is an important target in the treatment of hematological 

malignancies. 

 

Apoptosis as a Target in Hematological Malignancies 

A spectrum of chemotherapeutic agents in the clinic promote tumor cell death by 

inducing apoptosis, suggesting that the programmed cell death pathway is a central 

mechanism of the cytotoxic effects of many types of current cancer therapy. Apoptosis is 

also physiologically important in immune system development and homeostasis (18;19). 

During lymphocyte development, cells go through the processes of positive and negative 

selection, to generate cells that can react to foreign insults, without being auto-reactive to 

the body. Apoptosis keeps the developed immune system in homeostasis, balancing 

newly matured cells with cell death (18). Following an immune response, cell death 

removes excess lymphocytes which have expanded in response to the immune attack 

(19). A controlled deletion of cells is critical; at any time, too much lymphocyte apoptosis 

can lead to immunodeficiencies, while too little may lead to autoimmune proliferative 

disorders or lymphoma (18-21). Some types of hematological malignancies, such as B-
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cell chronic lymphocytic leukemia (CLL), follicular lymphoma, and tumors infected by 

human T-cell leukemia/lymphoma virus-1, are characterized by defects in apoptosis 

leading to immortal clones of cells (22;23).  

There are two pathways that lead to apoptosis, an extrinsic and intrinsic pathway 

(24;25). Both pathways are characterized by the activation of a family of intracellular 

cysteine proteases, called caspases (26). Caspases are divided into two groups, initiator 

and effector caspases. Initiator caspases (caspase-2, 8, 9 and 10) are activated in response 

to pro-apoptotic stimuli and are responsible for the activation of effector caspases 

(caspase-3, 6 and 7). Effector caspases cleave substrates after aspartic acid residues (Asp-

Xxx). This cleavage triggers a proteolytic cascade that contributes to cell death (26;27). 

The extrinsic apoptotic pathway, initiated through the engagement of certain 

members of the tumor necrosis factor receptor family, leads to the activation of caspase-8 

(reviewed in 27). Upon ligand binding, death receptors, such as CD95, aggregate and 

form membrane-bound signaling complexes. These complexes recruit procaspase-8 

molecules via adapter molecules, such as the Fas-associated protein with death domain 

(FADD) and/or the tumor necrosis receptor associated protein with death domain 

(TRADD). High local concentrations of procaspase-8 result in its autoactivation. Under 

such crowded conditions, the intrinsic protease activity of procaspase-8 is sufficient to 

allow the proenzyme molecules to cleave and activate each other and other downstream 

caspases, including caspase-3.  

The intrinsic or mitochondrial pathway of apoptosis is activated in response to 

diverse forms of cellular stress, including DNA damage, growth factor withdrawal, cell-



20 

 

 

 

cycle perturbation, and exposure to cytotoxic drugs (reviewed in 27). These stressors 

promote release of cytochrome c from the mitochondria. The release of cytochrome c is 

often referred to as the commitment step in apoptosis because it marks the point of no 

return; since the cell is destined to die (28;29). Once released into the cytosol, 

cytochrome c associates with apoptotic protease-activating factor 1 (Apaf-1) and 

procaspase-9, which together are known as the apoptosome. Both Apaf-1 and cytochrome 

c are required for caspase-9 activation (reviewed in 27). Caspase-9 then processes 

procaspase-3 into an active caspase that executes the downstream cleavage of cellular 

substrates. 

Bcl-2 family members are important regulators of the mitochondrial apoptotic 

pathway. Bcl-2 family members include both anti-apoptotic proteins (Bcl-2, Bcl-XL, Mcl-

1, Bcl-w, A-1) and pro-apoptotic proteins (Bax, Bak, Bid, Bad, Bik) (24;30). The family 

was named after its founding member B-cell lymphoma /leukemia 2 (Bcl-2). Bcl-2 was 

isolated as a gene involved in follicular lymphoma, where it is commonly overexpressed 

due to a chromosomal translocation (31;32). It has been suggested that the ratio of Bcl-2 

family members controls the life-or-death decision of the cell (29;33). Apoptosis is 

determined by whether the anti- or the pro-apoptotic members prove dominant (33). The 

prevailing model is that Bcl-2 family members modulate apoptosis by controlling the 

release of apoptogenic factors, such as cytochrome c, from the mitochondria into the 

cytosol (29).  

There is evidence for cross-talk and integration of the extrinsic and intrinsic 

pathways. In some cell types, death receptor-associated caspase-8 activation is 
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insufficient to activate downstream caspases (reviewed in 27). In these cells, caspase-8 

can propagate the death signal by engaging the mitochondrial pathway through 

proteolytic processing of Bid, a pro-apoptotic member of the Bcl-2 family. The truncated 

Bid translocates to the mitochondria where it causes cytochrome c release.  

Ultimately, both processes converge at a highly conserved sequence of events that 

involves the activation of caspase-3 (reviewed in 26;27). This effector caspase can cleave 

the cell’s DNA and specific protein substrates. Cleavage of these cellular substrates 

causes the cell: 1) to shrink; 2) loose contact to its neighboring cells; 3) it may cause 

chromatin condensation; and 4) blebbing or budding of the plasma membrane, which 

ultimately leads to the formation of apoptotic bodies (reviewed in 34). Apoptotic bodies 

are compact membrane-enclosed structures that contain cytosol, condensed chromatin, 

and organelles. The apoptotic bodies are engulfed and degraded rapidly by phagocytes 

such as macrophages (reviewed in 34).  

 

Glucocorticoids Induce Apoptosis in Lymphoid Cells 

Glucocorticoids are steroid hormones that are used pharmacologically for a 

variety of indications, from autoimmune and inflammatory disorders to cancer therapy 

(21;35). Glucocorticoids are used extensively to treat hematological malignancies, due to 

their ability to induce apoptosis in hematopoietic cells (36). Synthetic glucocorticoids, 

such as prednisone and dexamethasone are currently included in all chemotherapy 

regimens for lymphoid cancers. The use of glucocorticoids as part of the treatment for 
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hematological malignancies has been shown to be optimal for event-free survival, and a 

delayed inclusion of glucocorticoids is associated with reduced survival (28).  

Glucocorticoids exert their apoptotic effects through the intrinsic mitochondrial 

apoptotic pathway (21;37-39). Although the specific mechanisms of glucocorticoid-

induced apoptosis remain to be elucidated, the basic pathway through the mitochondria 

has been described. Apoptosis through the intrinsic pathway consists of three phases: the 

initiation or signaling phase that involves the activation of the glucocorticoid receptor and 

regulation of gene transcription; the decision phase, which includes the release of 

cytochrome c; and the execution phase, which involves caspase activation (28;29).  

The initiation stage begins in the cytosol, with the binding of glucocorticoid to the 

glucocorticoid receptor. The glucocorticoid receptor is a member of the nuclear hormone 

receptor super family of ligand-activated transcription factors, and is essential for 

glucocorticoid-induced apoptosis (40). Studies done in hematological cell lines and 

animal models have shown that the receptor must be intact and that the steroid hormone 

must be able to interact with the receptor in order for apoptosis to occur (20;21). These 

studies also suggest that glucocorticoid-induced apoptosis is dependent on levels of the 

glucocorticoid receptor. Other studies have also shown that the amount of the 

glucocorticoid receptor above a threshold does not matter (41;42). 

In an inactive state, the glucocorticoid receptor is retained in the cytoplasm in 

association with chaperones (immunophillins such as FKBP51, and FKBP52) and heat 

shock proteins (hsp90, hsp70, hsp56 and hsp40) (21;28;37;39). Once the steroid hormone 

diffuses through the cell membrane and binds the glucocorticoid receptor, the heat shock 
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protein/glucocorticoid-receptor complex dissociates. The release of these inhibitory 

molecules allows the glucocorticoid receptor to translocate to the nucleus. The 

glucocorticoid receptor functions as a homodimer in the nucleus to modulate downstream 

transcriptional events via several different mechanisms (21;28;37;38). It may bind 

directly to glucocorticoid response element (GRE) sites in the promoter region of certain 

genes and drive transactivation. It may also indirectly cause transrepression via binding 

through other transcription factors. Additionally, the glucocorticoid receptor may act 

through non-genomic mechanisms, although these are less well understood.  

It is widely agreed that changes in gene expression are a critical component of 

glucocorticoid-induced apoptosis, but the identification of the target genes remains 

incomplete (21;28;37;38). Only some of the genes involved in glucocorticoid-induced 

apoptosis signaling have been identified with expression profiling and model systems. 

Glucocorticoid treatment has been shown to upregulate Bim (43), a pro-apoptotic protein 

and glucocorticoid-induced leucine zipper containing protein (GILZ) (44). Similarly, 

activation of the glucocorticoid receptor can also result in the repression of target genes, 

through repression of the transcription factors NF-κB (45), and activating protein-1 (AP-

1) (46). In the case of NF-κB, when the glucocorticoid receptor binds to the GRE it 

blocks a known binding site for NF-κB (45). NF-κB is a transcription factor that regulates 

the expression of many anti-apoptotic genes (47). Competition between the 

glucocorticoid receptor and NF-κB for the same responsive element inhibits the ability of 

NF-κB to upregulate the expression of anti-apoptotic genes and thus may promote cell 

death.  
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Glucocorticoids may also enhance cell-death by interfering with survival 

pathways, such as the mitogen activated protein kinase (MAPK) pathway (48). RAFTK, 

a member of the focal adhesion kinase subfamily, and STAT3 have also been shown to 

facilitate the glucocorticoid-apoptotic signaling cascade. Glucocorticoids also affect the 

intracellular levels of sodium and potassium. Additionally, glucocorticoids may produce 

effects via generalized distress or damage, by affecting metabolism via increased 

sphingomyelinase production (49), and by increasing calcium flux (50). The varied 

effects of glucocorticoids on multiple pathways are cell- and context-dependent. In most 

cases however, they modulate the release of cytochrome c and other apoptogenic factors 

from the mitochondria, an event that marks the commitment step and heralds the 

beginning of the execution phase of glucocorticoid-induced apoptosis. 

 

Obstacles Limiting the Efficacy of Glucocorticoid Treatment 

Although glucocorticoid-induced apoptosis is one of the earliest recognized forms 

of apoptosis, the mechanism by which glucocorticoids induce apoptosis is only partially 

understood. Due to a lack of complete understanding of the pathway(s) of glucocorticoid-

induced apoptosis, the mechanism(s) of resistance to glucocorticoids also remains poorly 

understood (28;38). De novo and acquired resistance are major obstacles in lymphoma 

therapy. Many parts of the pathway could be points of resistance. The points of resistance 

can generally be divided into upstream resistance and downstream resistance (38). 

Upstream resistance encompasses dysregulation of the glucocorticoid receptor. The 

glucocorticoid receptor must be present, able to bind glucocorticoid, and able to 
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translocate to the nucleus in order to induce glucocorticoid-induced apoptosis; thus, 

upstream resistance cannot be overcome (35;38). Downstream resistance comprises 

dysregulation of any of the steps that follow receptor binding and the release of 

cytochrome c. Unfortunately, the events occurring during this phase of glucocorticoid-

induced apoptosis are poorly understood. Identifying the critical steps during the 

signaling phase of glucocorticoid-induced apoptosis may be important targets that could 

potentially be manipulated to improve the survival of patients treated with 

glucocorticoids.  

 

The Role of Reactive Oxygen Species in Apoptosis 

Reactive Oxygen Species and Redox Equilibrium 

Reactive oxygen species (ROS) have been shown to play a role in apoptosis 

signaling (51-53). ROS are synthesized by enzymes such as nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase and myeloperoxidase in cells involved in the 

immune system (54;55). ROS are also formed as byproducts of the electron transport 

chain in the mitochondria. Approximately 1-4% of oxygen reacting with the electron 

transport chain leads to the formation of ROS, mainly at the level of complex I and 

complex III of the electron transport chain (reviewed in 56;57). An electron leak in the 

electron transport chain produces superoxide (O2
•-
). Superoxide is a short-lived ROS that 

acts primarily close to the source of generation. The primary antioxidant defense 

enzymes, superoxide dismutase 1 and 2 (manganese superoxide dismutase and copper, 

zinc superoxide dismutase, respectively) are responsible for removing O2
•- 

from the cells. 
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The dismutation of the O2
•-
 radical by the SODs results in the production of another ROS, 

hydrogen peroxide (H2O2). Unlike O2
•-
, H2O2 is diffusible, which allows it to act as a 

chemical messenger. The antioxidant defense enzymes responsible for removing H2O2 

are catalase and glutathione peroxidase. These enzymes convert H2O2 to H2O. 

When the activity of the antioxidant defense enzymes is equal to the levels of 

ROS, the cellular redox environment is said to be at redox equilibrium. However, if there 

is an increase in ROS production or a decrease in the antioxidant defense enzyme 

activity, the redox equilibrium is disturbed and the cell experiences oxidative stress. The 

redox environment is composed of redox-sensitive proteins and pathways that can affect 

cell fate. At high levels, oxidative stress can cause oxidative damage to many vital 

components of the cell, including DNA and proteins, and may cause lipid peroxidation, 

resulting in cell death (reviewed in 51;52). Besides their role as destructive agents, 

however, there is growing evidence that small increases in oxidative stress act as signals 

for apoptosis by oxidizing the intracellular redox environment and modulating signal 

transduction pathways and redox-sensitive transcription factors important for apoptosis 

(reviewed in 51;52). 

 

Reactive Oxygen Species as Signaling Molecules 

Of all the major ROS produced in cells, H2O2 is thought to be the primary ROS 

signaling molecule; H2O2 meets the important criteria for an intracellular messenger (58). 

To be considered a signaling molecule, H2O2 must influence the activity of H2O2 

sensitive signaling proteins. Thus, the reaction must be favored kinetically and occur with 
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high specificity. H2O2 can diffuse through membranes and it reacts quickly with its 

cellular substrates (59). H2O2 affects cell-signaling pathways through oxidation of 

cysteine residues on target molecules (58). Any protein containing a deprotonated 

cysteine residue is susceptible to oxidation by H2O2. The cysteine residues of most 

cytosolic proteins; however, are protonated, due to the low pKa of cysteines relative to 

the local pH near the cysteine, and therefore are unable to sense H2O2 (58). Several 

studies have proposed that the microenvironment of the catalytic cysteine has an 

important role in determining whether the cysteine is oxidized (60). This is critical for 

H2O2 to act as a signaling molecule, as it enables specific targeting of proteins containing 

deprotonated cysteine residues. In the case of proteins that are susceptible to oxidation by 

H2O2, the deprotonated cysteine residue is oxidized and acts as a sensor. If the 

concentration of H2O2 is high, then it may lead to irreversible oxidation and damage; 

however, at lower concentrations H2O2 can reversibly oxidize the cysteines to regulate 

damage signaling processes, including apoptosis. 

 

Reactive Oxygen Species in Apoptosis 

 Several lines of evidence implicate ROS as putative mediators of lymphoid cell 

apoptosis. One of the first observations that oxygen and oxygen-containing molecules 

such as ROS could modulate apoptosis came about when studies identified that the 

depletion of molecular oxygen inhibited apoptosis in hematological cell lines (reviewed 

in 51;61). Since then, several groups have reported that ROS increase and/or that 

antioxidant levels decrease during apoptosis. Treatment with ROS such as H2O2 has been 
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shown to induce apoptosis in a wide variety of cell types, whereas treating cells with 

intracellular antioxidants, such as catalase inhibits apoptosis induced by pro-oxidants 

(reviewed in 51;61). Additionally, overexpressing antioxidants in cells inhibits apoptosis 

(62). Others have also shown that various cellular antioxidants like catalase and N-

acetylcysteine (NAC) can also block apoptosis induced by diverse agents other than 

oxidants (reviewed in 42;61). Depletion of glutathione, a small molecule antioxidant and 

a major regulator of the cellular redox environment, has also been suggested to be part of 

the cell death effector machinery, and accompanies ROS production during apoptosis 

(63). Reciprocally, anti-apoptotic proteins like Bcl-2 have been ascribed an antioxidant 

function, again indicating that ROS may be a requisite apoptotic event (64). Taken 

together these findings suggest that oxidative stress influences cellular susceptibility to 

apoptosis. 

 There is evidence that ROS act both as early signals in apoptosis (during the 

signaling phase) and post-cytochrome c release (in the execution phase). Specifically, 

ROS in the execution phase, increase after cytochrome c is released from the 

mitochondria and once caspases are active in lymphoid cells (reviewed in 65). The 

increase in ROS during the late phase of apoptosis is thought to act as a second signal for 

cells that have undergone or are undergoing apoptosis. This second signal triggers those 

cells to undergo phagocytosis (reviewed in 65). Phagocytosis is the process through 

which phagocytes, such as macrophages, get rid of apoptotic cells. Thus, ROS may be 

playing multiple signaling roles in glucocorticoid-induced apoptosis-both early on and 

after caspase activation. 
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Reactive Oxygen Species in Glucocorticoid-Induced Apoptosis 

The results of several studies are consistent with a role for ROS in glucocorticoid-

induced lymphocyte apoptosis. Thymocytes treated with antioxidant defense enzymes or 

chemical antioxidants are protected from undergoing glucocorticoid-induced apoptosis 

(66-72). Other studies have shown that growing thymocytes under hypoxic conditions 

also inhibits glucocorticoid-induced apoptosis (66;71;73). And lastly, overexpression of 

catalase, thioredoxin or selecting cells for H2O2 resistance is also protective in these cells 

(62;74). In thymocytes, glucocorticoid treatment increases ROS or lipid peroxidation, a 

measure of oxidative damage, prior to cytochrome c release and caspase-3 activation 

(70;71;75;76), suggesting that the increase occurs early on, within the signaling phase of 

glucocorticoid-induced apoptosis. This finding is consistent with ROS acting as signaling 

molecules in glucocorticoid-induced apoptosis. 

Although these studies provide valuable information on the role of ROS in 

glucocorticoid-induced apoptosis, the vast majority of these studies were done in an 

immature mouse thymocyte model; thus, several questions remain unanswered in tumor 

cells. First, numerous studies suggest that tumor cells metabolize ROS differently than 

normal cells (77). Thus, a tumor cell model is necessary for determining the potential 

clinical relevance of ROS signaling in hematological malignancies. Additionally, 

immature thymocytes die in culture and glucocorticoid treatment accelerates the death 

(76;78). By using an immortal cell line it may be possible to better test the role of ROS in 

tumor cells. 
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Redox Regulation of Glucocorticoid-Induced Apoptosis in Lymphoma 

Our laboratory is studying the role of ROS in glucocorticoid-induced apoptosis 

using a murine thymic lymphoma cell model, known as WEHI7.2 cells. WEHI7.2 cells 

are a subclone of the mouse lymphoma cell line WEHI7. Treatment with dexamethasone, 

a synthetic glucocorticoid, causes WEHI7.2 cells to undergo apoptosis. Early work in our 

laboratory demonstrates a role for alterations in the redox balance of the cell after 

glucocorticoid treatment. Treatment with dexamethasone increases ROS before the 

release of cytochrome c and caspase-3 activation in WEHI7.2 cells (62;74). 

Dexamethasone also induces GST, an enzyme important for detoxifying peroxides in 

the cell, and decreases the GSH pool in the WEHI7.2 cells, potentially as a cellular 

response to oxidative stress (Margaret Tome, unpublished data). Addition of exogenous 

antioxidants or hypoxic conditions also protects WEHI7.2 cells against dexamethasone-

induced apoptosis (79). Overexpressing catalase or selecting WEHI7.2 cells for resistance 

to hydrogen peroxide makes the cells resistant to apoptosis induced by glucocorticoids 

(62;74). These findings suggest that ROS play an important role in glucocorticoid-

induced lymphocyte apoptosis. 

Based on our knowledge of the role of ROS in glucocorticoid-induced apoptosis, 

our laboratory made use of DNA tissue microarray data from DLBCL patients to test 

whether there is a correlation between antioxidant defense enzyme expression and how 

well a patient responds to treatment. Our analysis indicates that the expression of 

manganese superoxide dismutase (MnSOD), a mitochondrial enzyme that metabolizes 

superoxide to form hydrogen peroxide (80;81), is decreased in patients with a poor 
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prognosis (82). In multiple myeloma and WEHI7.2 cells, increasing the expression of 

MnSOD sensitizes the cells to dexamethasone treatment (83;84). Overexpression of 

MnSOD increases intracellular H2O2 in multiple myeloma cells (85), suggesting that 

ROS are important signals for the cell to undergo apoptosis. Collectively, the data 

suggest that modulating the redox environment of cancer cells may be a strategy to 

improve the chemotherapeutic response in patients treated with glucocorticoids and those 

suffering with hematological malignancies.  

 

Modulation of the Redox Environment may be a Therapeutic Approach for 

Hematological Malignancies  

Mounting evidence suggests that, compared with their normal counterparts, many 

types of cancer cells have increased levels of ROS. For example, leukemia cells isolated 

from blood samples from patients showed increased ROS production compared with 

normal lymphocytes (86;87). A moderate increase in ROS is associated with increased 

proliferation in normal cells (88;89). However, normal cells have the appropriate checks 

and balances to control and regulate the effects of increased proliferation due to increased 

ROS. Consequently, several groups have proposed that cancer cells with increased 

oxidative stress are likely to be more vulnerable to damage by further ROS insults 

(reviewed in 90). Developing novel agents that can alter the redox environment may 

improve therapy by effectively killing more cancer cells, without causing significant 

toxicity to normal cells. 
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Manganese Porphyrins 

The increased understanding that cancer cells can be targeted by ROS-mediated 

mechanisms, has been accompanied by an increased search for synthetic compounds that 

are capable of modulating the cellular redox environment. One class of redox-modulating 

compounds being extensively studied is the manganese porphyrins. The pioneering work 

on metalloporphyrins was done in the late 1970s and early 1980s by Fridovich and 

Hambright. The work done by these groups suggests that these compounds are potent 

superoxide dismutase (SOD) mimetics, because of their ability to scavenge superoxide 

(91;92).  

The physical and chemical properties of manganese porphyrins contribute to their 

ability to scavenge superoxide and to act as SOD mimetics. The distinguishing physical 

feature of manganese porphyrins is the presence of a redox-sensitive manganese that is 

surrounded by porphyrin rings. The positively charged amino acid residues on the rings 

facilitate the ability of superoxide to reach the active site of the manganese porphyrin 

(93;94). The reduction potential of manganese porphyrins also facilitates their ability to 

scavenge superoxide. The reduction potential of these compounds is similar to the 

reduction potential of MnSOD, the mitochondrial isoform of SOD (95). These properties 

assist with the porphyrin’s ability to scavenge superoxide. The same redox properties that 

allow manganese porphyrins to eliminate superoxide also make them efficient scavengers 

of other radicals, such as peroxynitrite, CO3
∙-
 and

 ∙
NO2 radicals (96). 

 

 



33 

 

 

 

Manganese Porphyrins Act as Redox Cycling Agents 

Studies done in cell-free systems suggest that the ability of manganese porphyrins 

to scavenge radicals is just one of many effects the porphyrins are likely to have. These 

studies have shown that the manganese at the center of the porphyrin rings is redox 

sensitive. In the test tube, the manganese can achieve four oxidation states: Mn(II), 

Mn(III), Mn(IV), and Mn(V) (reviewed in 97). In cell-free systems, manganese 

porphyrins are most stable in the Mn(III) oxidation state. In this state, the porphyrin 

donates electrons, acts as a reducing agent, and scavenges radicals. When the porphyrin 

donates electrons, the redox-potential of the manganese becomes highly positive and it 

increases the porphyrins’ affinity for electrons. Thus, manganese porphyrins are easily 

reduced to Mn(II), but equally oxidized to Mn(IV). In these other states, manganese 

porphyrins lose their reducing abilities and instead accepts electrons and act as oxidizing 

agents.  

The above studies have also shown that the manganese, although surrounded by 

porphyrin rings, is still exposed and accessible to other cellular components (98). In cell-

free systems, manganese porphyrins have been shown to interact and redox cycle with 

flavin oxidoreductases, such as complex I in the mitochondria and the cytochrome P450 

complex (99;100). They will also interact with and deplete the reducing power of small 

molecule reductants such as ascorbate, tetrahydrobiopterin, and glutathione (98;99;101). 

Manganese porphyrins depend on these small molecule reductants to reduce the active 

site manganese from the Mn(IV) to the Mn(III) and Mn(II) state. Collectively, the studies 
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done in cell free systems, suggest that manganese porphyrins can also function as redox-

cycling agents. 

 

Manganese Porphyrins Modulate Redox Sensitive Signaling 

The ability of manganese porphyrins to act as redox-cycling agents in a test tube 

suggests that manganese porphyrins may also be able to act as such in cell and animal 

models. In vitro, manganese porphyrins are able to modulate ROS-based signaling 

pathways, such as AP-1, HIF1α and NF-κB (102-105). In skin and lung carcinoma 

animal models, manganese porphyrins inhibit the transcription factors AP-1 and HIF1α 

(105;106). Manganese porphyrins have also been shown to inhibit DNA binding of NF-

κB in an animal model of immune response (103). These pathways are important for cell 

survival and proliferation and are implicated in cancer, including lymphoma.  

Pharmacokinetic studies in mouse models have also demonstrated that manganese 

porphyrins can reach multiple tissues at concentrations high enough to be catalytically 

active without causing toxic side effects (107). Data from a clinical trial with a 

manganese porphyrin in amyotrophic lateral sclerosis patients did not report any side 

effects (108). The efficacy and safety of manganese porphyrins, as well as their ability to 

modulate redox-sensitive signaling processes in vitro and in vivo suggests that they may 

be capable of manipulating the redox environment in lymphoma cells. In combination 

with other ROS-generating drugs, such as glucocorticoids, manganese porphyrins may 

help sensitize lymphoma cells to glucocorticoid treatment and improve the efficacy of 

standard therapy. 
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Statement of the Problem 

Using current chemotherapy protocols, over 50% of patients suffering from 

hematological malignancies fail treatment. One of the major factors limiting the success 

of the current treatment is the heterogeneous nature of the disease. Progress has been 

made identifying the molecular profile of various types of hematological malignancies to 

determine the molecular differences that contribute to the variable treatment response 

(reviewed in 90). Novel agents are needed that will exploit these newly found targets, and 

will synergize with existing therapies to improve patient survival. In order to develop 

novel agents that can act synergistically with current treatments, a better understanding of 

the molecular mechanisms of existing drugs is needed. 

Glucocorticoids are a central component of the therapeutic regimen from many 

hematological malignancies. Glucocorticoids have been used extensively in the clinic 

because of their ability to induce apoptosis in lymphoid cells. Progress has been made 

identifying events that occur during glucocorticoid-induced apoptosis. Results from a 

number of studies are consistent with a role for ROS; however, the specific ROS species 

and the necessity and targets of these signals in glucocorticoid-induced apoptosis are 

unknown. 

The increased understanding that ROS are important signals in many pathological 

conditions, including hematological malignancies, has been accompanied by an increased 

search for compounds that are capable of modulating the cellular redox environment. The 

manganese porphyrin, Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin (MnTE-

2-PyP
5+

) (Figure 1.1), has been shown to act as a redox-cycling agent in cell-free 
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systems. In a lymphoma cell model, MnTE-2-PyP
5+

 sensitizes the cells to glucocorticoid 

treatment, suggesting that it has potential to be used in synergy with glucocorticoids to 

improve treatment and patient survival (83). 

In the following studies, I investigated: 1) the role of specific ROS in 

glucocorticoid-induced apoptosis; 2) the molecular mechanisms that allow MnTE-2-

PyP
5+

 to synergize with glucocorticoid therapy; and 3) potential MnTE-2-PyP
5+

 targets. 

The findings from these studies will help identify the molecular profile of patients likely 

to benefit from treatment with MnTE-2-PyP
5+

. 
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CHAPTER TWO: METHODS 

 

Reagents and drug treatments- All drugs and chemicals were purchased from 

Sigma Aldrich Co. (St. Louis, MO) unless otherwise noted. Response to dexamethasone 

was determined by incubating cells in a final concentration of 1 μM dexamethasone in an 

ethanol vehicle (final concentration of ethanol = 0.01%) or an equivalent amount of 

vehicle alone. Dexamethasone treatment was continuous unless otherwise stated. MnTE-

2-PyP
5+

 was a generous gift from Dr. James D. Crapo (National Jewish Medical and 

Research Center, Denver, CO). To test the effect of MnTE-2-PyP
5+

 on the 

dexamethasone response, cells were pretreated with 50 nM MnTE-2-PyP
5+

 2 hours prior 

to the addition of dexamethasone.  

Cell culture 

WEHI7.2 cells- The mouse thymic lymphoma WEHI7.2 parental cell line (109) 

and variants overexpressing human Bcl-2 (Hb12) (62), rat catalase (CAT38 - 1.4-fold 

increase; CAT2 - 2-fold increase) (62), vector only (Neo3) (62) or selected for resistance 

to 200 μM H2O2 (200R) (74) were maintained in suspension cultures, as described in the 

indicated references. Any variant normally grown in the presence of drug was cultured in 

the absence of drug one week prior to each experiment. 

DB cells- DB cells, a generous gift from Dr. Lisa Rimsza (University of Arizona), 

are a human diffuse large B-cell lymphoma cell line. DB cells were maintained in 

suspension in RPMI (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine 
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serum (Gemini Bio-Products, Woodland, CA), 2 mmol/L L-glutamine (Invitrogen), 1% 

penicillin-streptomycin (Invitrogen), at 37ºC in a 5% CO2 humidified environment. 

H9c2 cells- H9c2 cells, a generous gift from Dr. Qin Chen (University of 

Arizona) are an immortalized cell line derived from BD1X rat embryonic heart tissue 

(110). They do not beat in culture but retain certain electrophysiologic and biochemical 

properties of cardiac cells and can form myotubes upon confluency (110;111). H9c2 cells 

were chosen because of their frequent use as a doxorubicin cardiotoxicity model (112). 

H9c2 cells were maintained in DMEM-high glucose (Invitrogen) supplemented with 10% 

fetal bovine serum (Gemini Bio-Products) and 2 mmol/L L-glutamine (Invitrogen), at 

37ºC in a 5% CO2 humidified environment until 60-85% confluence.  

Primary follicular lymphoma cells- Two primary human tumor samples with a 

diagnosis of follicular lymphoma (FL) were obtained from the Arizona Lymphoma 

Tissue Repository in accordance with University of Arizona regulations for the use of 

primary human tissue. The cells were thawed and resuspended in Iscove’s modified 

Dulbecco’s medium (Invitrogen) with 20% fetal bovine serum (Gemini Bio-Products, 

Woodland, CA) in the presence or absence of MnTE-2-PyP
5+

 and one of the following 

doses of dexamethasone: 250, 500, or 750 µmol/L dexamethasone. These drug 

concentrations were chosen based on the response in a human lymphoma-derived cell 

line. Viable B-cell content was analyzed before the addition of drugs and after incubation 

at 37ºC in 5% CO2 humidified environment for 24 hours in the presence or absence of 

drugs. Cells were labeled with phycoerythrin-labeled anti-CD20 to identify B-cells (AbD 

Serotec, Raleigh, NC) and 7.5 µg/mL propidium iodide, which stains dead cells, for 20 
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minutes. CD20 positive/propidium iodide negative cells were considered viable B-cells 

and measured by flow cytometry (EPICS XL-MCL, Beckman Coulter, Inc., Brea, CA). 

An isotype control was used for each run to gate out CD20-negative cells; debris was also 

gated out. At thaw, samples from patient 1 and patient 2 contained 40% and 49% viable 

B-cells, respectively. A minimum of 10,000 events were analyzed per sample. The 

percentage of viable B-cells in the sample containing no drug was set to 100%.  

Protein measurements- Cellular protein was measured in clarified lysates using 

the BCA Protein Assay Kit (Pierce, Rockford, IL) according to manufacturer’s 

instructions. 

Cell viability and Apoptosis Measurements 

EC50 measurements- To determine the number of viable cells and the EC50, the 

relative cell number following treatment was measured using the Non-radioactive Cell 

Proliferation Assay (MTS) according to the manufacturer’s instructions (Promega Corp., 

Madison, WI). Absorbances were read at 490 nm using a Synergy HT plate reader (Bio 

Tek Instruments, Winooski, VT). The EC50 is defined as the concentration at which the 

absorbance is 50% of the control.  

Annexin V binding measurements- The percentage of apoptotic cells following 

treatment was determined using the apoptosis detection kit (R & D Systems, Inc., 

Minneapolis, MN) according to the manufacturer’s specifications. For some 

measurements, Alexa Fluor 488-labeled annexin (Molecular Probes) was substituted for 

the FITC-labeled annexin that is supplied with the kit. Cellular fluorescence was 

measured and analyzed using a FACscan flow cytometer with CELLQuest software 
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(Beckton Dickenson, San Jose, CA). Cells that were positive for annexin V staining and 

negative for propidium iodide staining were considered apoptotic. Ten thousand cells 

were analyzed per sample. 

Caspase 3 activity- Caspase 3 activity was measured using a colorimetric assay 

dependent on the enzymatic cleavage of a synthetic caspase 3 specific substrate, Ac-

DEVD-p-nitroanilide (pNA) (BIOMOL International LTD, Bangkok, Thailand). Briefly, 

cells were lysed in 10 mmol/L Tris-HCl (pH 7.5), 100 mmol/L NaCl, 1 mmol/L EDTA, 

and 0.01% Triton X-100 by sonication. The samples were clarified by centrifugation at 

10,000 x g for 10 minutes. An aliquot of the supernatant was first incubated in 10 

mmol/L PIPES (pH 7.4), 2 mmol/L EDTA, 0.01% 3-[(3-cholamidopropyl) 

dimethylammonio]-1-propanesulfonate hydrate, 5 mmol/L DTT, 200 µmol/L Ac-DEVD-

pNA for 2 hours, and then the absorbance at 405 nm was measured using a Synergy HT 

plate reader (Bio Tek Instruments, Inc.). Caspase 3 activity was normalized to cellular 

protein.  

Phagocytosis Assay- WEHI7.2 cells were treated with either a vehicle-control or 

dexamethasone for 24 hours. The cells were then co-cultured with THP-1 cells, a human 

acute monocytic leukemia cell line that has been shown to phagocytose cells. The cells 

were co-cultured for 4 hours. Cells were stained with Eosin Y to determine the percent of 

cells that had been engulfed by the THP-1 cells. 

MEK inhibitor studies- WEHI7.2 variant cells treated with either a vehicle-

control or dexamethasone were simultaneously treated with 50 µM PD98059 (Cell 
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Signaling, Danvers, MA), a MEK1/2 inhibitor, for 24 or 36 hours. The percent apoptosis 

was measured by staining cells with annexin V/propidium iodide, as described above.  

ROS Measurements 

DCF Measurements- The overall intracellular levels of ROS were measured 

using the fluorescent probes 5-(and-6)-carboxy-2’7’dichlorofluorescin diacetate (cDCFH-

DA) and 2’7’dichlorodihydrofluorescin diacetate (DCFH-DA) (Invitrogen). Both dyes 

are transported across the cell membrane and are deacetylated by esterases. cDCFH will 

fluoresce once the acetate groups are removed, but DCFH forms the non-fluorescent 

2’,7’-dichlorfluorescein (DCFH). This compound is trapped inside the cell and will 

fluoresce only in the presence of ROS. Cells were washed with DMEM containing 0.5% 

calf serum, then incubated 2 hours at 37°C in a 5% CO2 humidified environment in 0.5% 

DMEM supplemented with 20 µM cDCFH-DA or DCFH-DA. Thirty minutes before 

analysis, 5 µg/ml propidium iodide was added to the medium. DCF fluorescence was 

measured using a FACScan flow cytometer with Cell Quest software (Becton Dickinson, 

Franklin Lakes, NJ). Ten thousand cells were analyzed per sample. Cells that stained 

positive for propidium iodide were excluded from the analysis. The DCF fluorescence 

was corrected for the relative cDCFH fluorescence to account for differences in dye 

uptake between dexamethasone and control-treated cells. 

Steady state [H2O2] concentration- The steady state H2O2 concentrations were 

measured by determining the rate of catalase inactivation (113). Following treatment, 20 

mM 3-amino-2,4,5-triazole was added to the cell cultures. In the presence of H2O2, 20 

mM was sufficient to inactivate catalase in a 6 hour time course, suggesting that 20 mM 
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aminotriazole is saturating. Samples were harvested at intervals over a 6 hour time 

course. Catalase activity was measured in each sample as previously described (62). 

Activity was normalized for cellular protein. The rate of catalase inactivation was used to 

calculate the steady state H2O2 concentrations.  

Amplex Red
TM

 measurements- The rate of H2O2 efflux was determined by 

measuring the rate of oxidation of the fluorogenic indicator Amplex Red
TM

 (Invitrogen) 

in the presence of horseradish peroxidase. Briefly, cells were resuspended in phenol red-

free DMEM (Invitrogen) with 10% calf serum (Hyclone Laboratories) containing 50 μM 

Amplex Red
TM

 and 0.1 unit/ml horseradish peroxidase. The rate of increase in 

fluorescence (Ex: 485/Em: 510) was measured using a SynergyHT plate reader (Bio Tek 

Instruments, Inc.) over a 4 hour period. Rates were normalized to cellular protein 

measured as described above. 

MitoSOX measurements- Cells were incubated in suspension in a final 

concentration of 5 μM MitoSOX (Molecular Probes, Eugene, OR) in DMEM with 10% 

calf serum at 37°C for 3 hours. The rate of increase in MitoSOX fluorescence (Ex: 

530/Em: 590) was measured using a Synergy HT plate reader (BioTek Instruments, Inc.). 

Rates were normalized to sample protein measured as described above. 

roGFP2 measurements- The redox sensitive GFP plasmid, p-EGFP-N1/roGFP2 

(a gift from Dr. S. James Remmington, Eugene, OR) was electroporated into WEHI7.2 

and variant cells using the Amaxa Nucleofactor™ II (Amaxa GmbH, Germany). Cells 

were grown in phenol-red free DMEM (Invitrogen) supplemented with 10% calf serum 

for 24 hours, then treated with 1 μM dexamethasone or vehicle control for 12 hours. For 
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cells treated with MnTE-2-PyP
5+

 and dexamethasone cells were pretreated with 50 nM 

MnTE-2-PyP
5+

 followed by 1 µM dexamethasone for 8 hours. Cells were imaged using 

the DeltaVision Restoration Microscopy System (Applied Presicion, Inc., Issaquah, WA) 

using excitation lines at 407 nm and 488 nm and a 510/21 nm emission filter. Data were 

collected and processed using Scion Image (Scion, Frederick, MD). Images were 

corrected for background fluorescence by subtracting the intensity of a nearby cell-free 

region. Fluorescence excitation ratios were then calculated by dividing the integrated 

intensities of the cells at the different excitation wavelengths using the formulas 

described in Hanson et al (114). Between 20 and 35 cells were analyzed per cell variant 

per treatment. 

Glutathione and Glutathione Disulfide measurements- Glutathione (GSH) and 

glutathione disulfide (GSSG) were measured using the Bioxytech GSH/GSSG 412 kit 

(Oxis Research, Portland, OR) according to the manufacturer’s protocol. Values were 

normalized for cellular protein. To deplete glutathione levels, cells were pretreated with 

60 µM buthionine sulphoximine (BSO) for 4 hours. Values were normalized for cellular 

protein. 

Immunoblots- To measure the protein expression of extracellular pERK, ERK, 

catalase, glutathione peroxidase 1 (GPX1), and actin, clarified total cell lysates were 

separated by SDS-PAGE. Blots were probed using the following primary antibodies: a 

1:2,000 dilution of anti-phospho-p44/42 (Erk1/2)(Thr202/Tyr204) (Cell Signaling 

Technology), a 1:20,000 dilution of anti-p44/42 MAPK (Erk1/2) (Cell Signaling 

Technology), a 1:2,500 dilution of anti-catalase (AbCam, Cambridge, MA), a 1:1,000 
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dilution of anti-GPX1 (Lab Frontiers, Seoul, Korea), and a 1:10,000 dilution of anti-β-

actin (AbCam). Proteins were detected by incubating with a 1:2,000 dilution of 

horseradish peroxidase linked goat anti-rabbit Ig (GE Healthcare, Piscataway, NJ), or a 

1:1,000 dilution of anti-mouse Ig (Millipore, Billerica, MA or Cell Signaling 

Technology), as appropriate, and visualized by chemiluminescence. To visualize multiple 

bands on the same blot, blots were stripped with Restore Western Blot Stripping Buffer 

(Pierce) before being probed with a new antibody. 

Mitochondria isolation- The mitochondria of cells were isolated using the 

Mitochondria Isolation Kit for Cultured Cells (Pierce) following the manufacturer’s 

instructions. Briefly, cells were harvested by centrifugation, washed in PBS, and 

resuspended in mitochondrial isolation buffer (MIB): 10 mM 3-(N-

morpholino)propanesulfonic acid (MOPS), 1 mM EDTA, 4 mM KH2PO4 (final 

concentration after sucrose addition) at 120 μL/10
8
 cells. The cells were lysed and nuclei, 

large debris, and intact cells were removed by centrifugation at 750 x g for 10 min. The 

resulting supernatant was centrifuged at 21,000 x g for 15 min. The resulting 

mitochondrial pellet was resuspended in MIB including sucrose at 40-50 μL/10
8
 cells, 

and BSA was added (final BSA concentration = 1 mg/mL). 

Protein glutathionylation- To determine the overall and mitochondrial protein 

glutathionylation clarified total cell lysates or mitochondrial lysates, respectively, were 

separated by SDS-PAGE. Blots were probed for glutathionylation using a 1:2,500 

dilution of the anti-GSH antibody (Virogen, Watertown, MA) followed by a 1:2,000 

dilution of the horseradish peroxidase-linked goat anti-mouse Ig secondary antibody (GE 
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Healthcare). Blots were also probed with a 1:10,000 dilution of anti-β actin (AbCam) and 

a 1:5,000 dilution of anti-Hsp60 (AbCam) as controls. To visualize multiple bands on the 

same blot, blots were stripped with Restore Western Blot Stripping Buffer (Pierce) before 

being probed with a new antibody. Proteins were normalized to actin to correct for 

loading differences. 

2-D gel electrophoresis and proteomic analysis- For two-dimensional gel 

electrophoresis (2-D Gel), mitochondrial pellets were isolated and resuspended in SDS 

Boiling Buffer from the MK-1 Kit (Kendrick Labs, Madison, WI) at 50 μL/9 x 10
7
 cells. 

Beta-mercaptoethanol was added to 5% final concentration and the sample was diluted 

1:1 in Urea Buffer from the MK-1 Kit. Samples were sent to Kendrick Labs. Kendrick 

Labs performed the 2-D gel using the carrier ampholine method of isoelectric focusing. 

The spots of interest were identified using the original gel and excised by Kendrick Labs. 

The proteins from the excised spots were identified by nanoLC-MS/MS and SEQUEST 

database searching. 

NF-κB glutathionylation- Following treatment, 500 µg of protein from cellular 

extracts were incubated overnight at 4°C with 1 µg of anti-p65 NF-κB (AbCam) or anti-

p50 NF-κB (Upstate, Lake Placid, NY). Protein A-agarose beads (Invitrogen) were added 

and the solution was incubated at 4°C for 1 hour on a rocker platform. The pellets were 

collected by centrifugation at 600 x g for 2 minutes at 4°C and washed three times in 

CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; 1M Tris-HCl, 

pH 7.5; 1M NaCl) buffer. After a final wash, the pellets were resuspended in SDS lysis 

buffer and loaded onto an SDS-PAGE gel for immunoblot analysis. Blots were probed 
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with an anti-GSH antibody (Virogen) to determine the protein expression of 

glutathionylated NF-κB.  

Reporter assay for NF-κB activity- Cells were transiently transfected with 2 µg 

of plasmid containing the NF-κB promoter fused to the firefly luciferase gene (Promega, 

Madison, WI) or 2 µg of empty luciferase construct (Promega) using the Amaxa 

Nucleofactor
TM

 II kit (Amaxa Gmbh). Cells were allowed to recover for 24 hours and 

then treated with 50 nM MnTE-2-PyP
5+

, 1 µM dexamethasone, or the combination (50 

nM MnTE-2-PyP
5+ 

and 1 µM dexamethasone) for 8 hours and then harvested. Relative 

luciferase activity was measured with a luciferase assay system (Promega) using a 

Synergy HT plate reader (Bio Tek Instruments, Inc.). Luciferase activity was normalized 

for transfection efficiency using β-galactosidase activity, which was measured using a 

FluoReporter
R
 LacZ/β-galactosidase quantitation kit (Molecular Probes) according to the 

manufacturer’s instructions, and normalized for cellular protein. Luciferase activity was 

assessed as relative light units and used as an indicator of transcriptional induction of NF-

κB.  

Statistics- Means were compared using ANOVA or student’s t-tests, where 

appropriate, with the algorithms in Excel (Microsoft Corp., Redmond, WA). Means were 

considered significantly different when p≤ 0.05. 
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CHAPTER THREE: REDOX REGULATION OF GLUCOCORTICOID-

INDUCED APOPTOSIS IN LYMPHOMA CELLS 

 

INTRODUCTION 

Glucocorticoids are the cornerstone of treatments for a number of hematological 

malignancies, including leukemia, lymphoma and myeloma (28;37). The efficacy of 

glucocorticoids stems from their ability to cause apoptosis in lymphoid cells. Although 

glucocorticoids have long been used to treat hematological malignancies, the mechanism 

by which they induce apoptosis in lymphocytes is still not completely understood. It is 

important to understand the critical steps in glucocorticoid-induced apoptosis to identify 

key steps and potential targets that can be exploited therapeutically. 

Studies have shown that glucocorticoids exert their actions via the intrinsic 

mitochondrial apoptosis pathway (37). To induce apoptosis, the steroid must bind to a 

cytosolic receptor. The steroid/receptor complex must translocate to the nucleus were it 

affects transcription (46;115). The signaling events that follow are not well understood. 

There is some evidence that ROS may act as signals during glucocorticoid-induced 

apoptosis of lymphocytes. Treating thymocytes with chemical antioxidants or antioxidant 

enzymes protects the cells against steroid-induced apoptosis (67-72). Thymocytes 

cultured under hypoxic conditions are also protected from glucocorticoids (66;71;73). 

Glucocorticoid treatment also causes lipid peroxidation in thymocytes (75).  

Our laboratory previously showed that glucocorticoid treatment increases ROS 

levels during the signaling phase of glucocorticoid-induced lymphoma cell death (74). To 
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determine the importance of ROS in glucocorticoid-induced apoptosis signaling our 

laboratory generated oxidative stress resistant variants that overexpress catalase or are 

selected for 200 μM H2O2 resistance (62;74). The variant cells are resistant to 

glucocorticoid treatment, suggesting that ROS are important for glucocorticoid-induced 

apoptosis (62;74). However, the ROS species involved in glucocorticoid-mediated cell 

death are unknown. I made use of new tools for more sensitive ROS measurements to 

discriminate among ROS types. I used the variant cells as tools to determine whether 

H2O2, specifically, is important for glucocorticoid-induced apoptosis. It is important to 

identify critical ROS species and what role they play during glucocorticoid-induced 

apoptosis. This may suggest potential mechanisms that can be exploited to find other 

agents that can take advantage of these critical processes and act in synergy with 

glucocorticoids.  
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RESULTS 

 

Dexamethasone treatment increases intracellular H2O2. In the previous 

experiments done in our laboratory, DCF fluorescence was used to measure ROS; 

however, DCF is not specific for a particular ROS (116-118). Previous studies have 

suggested that H2O2, a specific type of ROS, can act as a signaling molecule in other 

systems. To determine whether dexamethasone treatment increased H2O2, I used a 

catalase inactivation assay. This assay uses aminotriazole, a catalase inhibitor, to 

indirectly measure the amount of H2O2 in the cell. Under normal conditions, catalase 

metabolizes H2O2 by binding to one molecule of H2O2, forming a complex known as 

compound I; a second molecule of H2O2 then binds compound I resulting in the 

production of 2H2O + O2 and the generation of native catalase (119). In the assay, 

aminotriazole binds to and irreversibly inactivates catalase after the formation of 

compound I (113). Due to the equimolar ratio of catalase and H2O2, when aminotriazole 

is present at saturating levels, the steady state H2O2 concentration in the cell can be 

calculated from the rate of catalase inactivation (113).  

I first identified a concentration of aminotriazole that was saturating in the 

WEHI7.2 cells. Addition of 20 mM aminotriazole was able to reduce the catalase activity 

to undetectable levels in 6 hours under conditions where H2O2 was produced. This 

indicated that 20 mM aminotriazole was sufficient for these experiments. The next step 

was to measure the steady state H2O2 concentration ([H2O2]ss) in the presence and 

absence of dexamethasone 12 hours after the addition of drug. I chose to measure the 
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[H2O2]ss at 12 hours because previous research from our laboratory has shown that ROS 

increase after 12 hours of dexamethasone treatment. This timepoint is also before the 

release of cytochrome c, which suggests it is within the signaling phase of glucocorticoid-

induced apoptosis. As shown in Figure 3.1A, dexamethasone treatment increased the rate 

of catalase inactivation. In the absence of dexamethasone, the [H2O2]ss was 20.5 pM. 

Twelve hours after the addition of dexamethasone, the [H2O2]ss was 55.5 pM.  

I also measured H2O2 using Amplex Red
TM

, a fluorescent dye that is oxidized 

specifically by H2O2. Amplex Red
TM

 cannot enter the cell; however, H2O2 easily diffuses 

across the cell membrane, so the extracellular measurement of H2O2 is a good indication 

of the concentration of the intracellular H2O2 (81;120). Twelve hours of dexamethasone 

treatment increased the rate of H2O2 efflux compared to vehicle-treated WEHI7.2 cells 

(Figure 3.1B). Taken together, these data indicate that dexamethasone treatment increases 

the intracellular H2O2 levels in WEHI7.2 cells.  
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Dexamethasone treatment oxidizes the cellular redox environment of 

lymphoma cells. To determine whether the H2O2 produced after dexamethasone 

treatment alters the redox environment, I used a redox-sensitive green fluorescent protein 

(GFP) probe. The roGFP2 probe contains GFP with redox active cysteines (121). The 

oxidized and reduced GFP excite at different wavelengths depending on the oxidation 

state of the roGFP2. This allows the calculation of the relative percent oxidized and 

reduced GFP for each cell, and thus, the overall redox conditions of the cell (114). Figure 

3.2 shows an image of the relative amount of oxidized and reduced GFP in a 

representative control cell and a cell treated for 12 hours with dexamethasone. In the 

control cell, 90.97 ± 0.05% of the GFP was reduced and 9.03 ± 0.05% was oxidized. In 

contrast, in the presence of dexamethasone, only 10.51 ± 2.08% of the GFP molecules 

were reduced while the majority, 89.49 ± 2.08%, were oxidized. These data indicate that 

treating the cells with dexamethasone for 12 hours can oxidize the cellular redox 

environment of lymphoma cells. 
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Mitochondria are a source of the increased ROS following dexamethasone 

treatment in lymphoma cells. The source of the increased H2O2 is unknown. In 

dexamethasone-treated thymocytes there is an increase in ROS from the mitochondria 

(76). Although these studies provide valuable information in normal cells, several 

questions remain unanswered in tumor cells. To determine whether dexamethasone 

treatment increases ROS from the mitochondria in the WEHI7.2 cells, I measured the 

oxidation of MitoSOX, a fluorescent probe that localizes in the mitochondrial matrix and 

fluoresces after it is oxidized (122;123). As shown in Figure 3.3A, mitochondrial ROS 

increased significantly in WEHI7.2 cells that had been treated with dexamethasone 

compared to vehicle-treated control cells. To confirm that MitoSOX was, in fact, entering 

the mitochondria and measuring mitochondrial ROS, I calculated the percent 

colocalization of MitoSOX with JC-1, a mitochondria tracking agent (Figure 3.3B). The 

MitoSOX and JC-1 signals colocalized 97.21 ± 0.24% of the time. The data suggests that 

dexamethasone treatment increases mitochondrial ROS in WEHI7.2 cells.  
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Dexamethasone treatment oxidizes the mitochondrial redox environment. 

The previous findings suggested the possibility that dexamethasone treatment is oxidizing 

the redox environment in the mitochondria. I used a redox sensitive GFP probe with a 

mitochondria localization signal to measure the percent GFP oxidized and reduced in the 

mitochondria (114). The redox environment in the mitochondria was oxidized as early as 

6 hours after dexamethasone treatment (Figure 3.4A). The percent GFP oxidized was 

significantly higher in dexamethasone treated cells 6, 8 and 12 hours after dexamethasone 

treatment. The green signal emitted by the mitochondria-targeted roGFP2 colocalized 

with the JC-1 signal 95.97 ± 0.45% of the time (Figure 3.4B). The findings provide 

evidence that the mitochondrial redox environment in WEHI7.2 cells is oxidized by 

dexamethasone treatment. 
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H2O2 generation is similar in the WEHI7.2 cells, catalase overexpressing and 

hydrogen peroxide resistant WEHI7.2 variants. To determine whether H2O2 is an 

important signaling molecule for glucocorticoid-induced apoptosis, I utilized WEHI7.2 

variant cells that overexpress catalase (CAT2 and CAT38 cells) or cells selected for H2O2 

resistance (200R cells) that were previously generated in our laboratory by Dr. Margaret 

Tome. Previously our laboratory showed that the variant cells are resistant to 

dexamethasone treatment, suggesting that H2O2 may be a key signal in glucocorticoid-

induced apoptosis. I used the variant cells to directly test the necessity of increased H2O2 

for glucocorticoid-induced apoptosis signaling.  

To determine the role of H2O2 in glucocorticoid-induced apoptosis, it was 

important to understand H2O2 metabolism due to dexamethasone treatment in the variant 

cells. I measured the steady state H2O2 levels ([H2O2]ss) after 12 hours of dexamethasone 

treatment to determine whether dexamethasone increases H2O2 in the oxidative stress 

resistant WEHI7.2 variants. In all the cells, the [H2O2]ss, in the presence of 

dexamethasone, was significantly higher than in the absence of dexamethasone (Table 

3.1). The [H2O2]ss in the variants after dexamethasone treatment was similar to that in the 

WEHI7.2 cells.  

The overall [H2O2]ss in a cell is a measure of the H2O2 generated minus its 

removal, a combination of metabolism and efflux. However, when I measure the [H2O2]ss 

using the catalase inactivation assay, aminotriazole irreversibly inactivates the catalase 

once catalase binds to one molecule of H2O2. Therefore, catalase is not available to 

catalytically remove H2O2, its usual function. Under these conditions, the increased 
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catalase in the variants will contribute minimally to increased removal. Thus, the [H2O2]ss 

I obtained, using the catalase inactivation assay, reflects what the cell would experience 

in the absence of catalase. Therefore, the findings suggest that it is not a decrease in 

generation of H2O2 that protects the WEHI7.2 variants from dexamethasone-induced 

apoptosis. 
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Table 3.1. Steady state H2O2 levels in WEHI7.2 variants after 12 hours of 

dexamethasone treatment. 

Cell Variant Steady state H2O2  (pM) 

 Control Dexamethasone 

WEHI7.2 20.5 ± 5.5 55.5 ± 4.7* 

Neo3 19.6 ± 3.4 51.2 ± 4.4* 

CAT2 21.5 ± 3.4 54.1 ± 3.7* 

CAT38 20.4 ± 5.6 50.0 ± 3.2* 

200R 21.0 ± 1.7 51.4 ± 3.9* 

Values are mean ± S.E.M. (n = 3-7). 

* denotes significantly different from Control values (p≤0.05). 
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Mitochondrial ROS does not increase in WEHI7.2 variants treated with 

dexamethasone. To determine whether dexamethasone treatment increases 

mitochondrial ROS in the WEHI7.2 variant cells, I measured MitoSOX fluorescence 

after 12 hours of dexamethasone treatment. As shown in Figure 3.5, mitochondrial ROS 

in the variant cells did not increase after dexamethasone treatment compared to those 

treated with a vehicle-control. 
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WEHI7.2 variants remove H2O2 more efficiently than WEHI7.2 cells. Next, I 

tested whether the variants were removing H2O2 more efficiently than the WEHI7.2 cells. 

For this purpose, I used Amplex Red
TM

. Unlike the catalase inactivation assay, Amplex 

Red
TM

 fluorescence measures the H2O2 levels when catalase is present in the cells (Figure 

3.6). Compared to the vehicle-treated cells the WEHI7.2, Neo3 and 200R cells treated 

with dexamethasone had significantly increased H2O2 efflux levels. There was no 

difference in H2O2 efflux between the control and dexamethasone-treated cells for the 

CAT2, and CAT38 cells. The WEHI7.2 and Neo3 cells had the greatest difference in 

H2O2 efflux between the control and dexamethasone-treated samples. H2O2 efflux was 

intermediate in the 200R cells; it was significantly less than in the WEHI7.2 cells, but 

greater than in the CAT2 and CAT38 cells. These data indicate that the increased catalase 

in the CAT2, CAT38 and 200R cells completely or partially removes the H2O2 generated 

by dexamethasone treatment.  
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Increased removal of H2O2 protects variant cells from dexamethasone-

induced apoptosis. To determine whether the redox environment in the variants is 

altered in response to dexamethasone treatment, I used the roGFP2 probe to detect redox 

changes. As shown in Figure 3.7, the redox environment became more oxidized in the 

Neo3 cells after dexamethasone treatment. However, the redox environment did not 

change in response to dexamethasone in the CAT2, CAT38, and 200R cells. These data 

indicate that the oxidative stress resistant variants are removing enough of the H2O2 

generated by dexamethasone treatment such that there is no change in the redox 

environment and diminished or no ROS signaling due to dexamethasone. 
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Dexamethasone treatment does not oxidize the 2GSH:GSSG ratio in the 

WEHI7.2 variant cells. The roGFP measurements most closely reflect the relative 

oxidation of the glutathione/glutathione disulfide redox couple (124). This redox couple 

is the major component in maintaining the overall redox environment of the cell and thus 

is a good indication of the oxidation status of the cell (89;125). In the WEHI7.2 and Neo3 

cells treatment with dexamethasone for 12 hours depleted glutathione (GSH) (Figure 

3.8). In the CAT2, CAT38 or 200R cells the GSH levels did not change after 

dexamethasone treatment. Similarly, the redox potential in the WEHI7.2 and Neo3 cells 

was oxidized following dexamethasone treatment, whereas it did not change in the 

variant cells (Table 3.2). Taken together the data suggest that: 1) H2O2 is a key signal for 

glucocorticoid-induced apoptosis; 2) the oxidative stress resistant variants remove the 

H2O2 generated by dexamethasone treatment; and 3) the increased removal of H2O2 is 

protecting the variants from glucocorticoid-induced apoptosis. 
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Table 3.2: Glutathione disulfide (GSSG) and the GSSG/2GSH redox potential (Eh) 

after a 12 hour treatment with dexamethasone. 

 

Cell Variant GSSG (nmol/mg prot) Eh (mV) 

 Control Dexamethasone Control Dexamethasone 

WEHI7.2 0.14 ± 0.02 0.20 ± 0.01 -254.5 ± 0.9   -241.7 ± 1.0* 

Neo3 0.17 ± 0.01 0.18 ± 0.03 -250.2 ± 0.5   -236.8 ± 2.7* 

CAT2 0.17 ± 0.01 0.16 ± 0.01 -248.9 ± 1.0 -249.9 ± 1.3 

CAT38 0.15 ± 0.01 0.17 ± 0.01 -252.0 ± 0.6 -250.6 ± 1.4 

200R 0.14 ± 0.01 0.16 ± 0.01 -254.0 ± 0.8 -250.4 ± 0.8 

* denotes  significantly different p ≤ 0.05. 

Values are the mean ± SEM (n=3). 
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Figure 3.8. Glutathione depletion after a 12 hour treatment with dexamethasone in 

WEHI7.2 and Neo3 cells. Glutathione levels in WEHI7.2 and variant cells that were 

treated with dexamethasone or a vehicle control for 12 hours. * denotes significantly 

different from vehicle-treated control cells, (p≤0.05). 
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Dysregulation of MAPK signaling due to dexamethasone treatment in 

WEHI7.2 variant cells. The mitogen activated protein kinase (MAPK) signaling 

pathway is redox sensitive and is an important regulator of cell proliferation and survival. 

MAPKs are serine/threonine kinases that, upon stimulation, phosphorylate their specific 

substrates at serine/threonine residues. One of the members of the MAPK family is the 

extracellular signal-regulated kinase (ERK). We measured phophorylated ERK protein 

levels following dexamethasone treatment in the WEHI7.2 and variant cells (Figure 

3.9A). The levels of phosphorylated ERK decreased in WEHI7.2 and Neo3 cells treated 

with dexamethasone for 12 hours. Phosphorylated ERK in the CAT2, CAT38 or 200R 

did not change after dexamethasone treatment. The change in phosphorylated ERK due to 

dexamethasone treatment was quantitated by normalizing the protein levels to actin 

(loading control; Figure 3.9B). Dexamethasone treatment did not alter the overall levels 

of ERK in the WEHI7.2 or variant cells. These findings suggest that the H2O2 generated 

by dexamethasone may be acting through this signaling pathway and triggering the 

WEHI7.2 and Neo3 cells to undergo apoptosis. In the variant cells, however, the H2O2 is 

removed by catalase and the phosphorylated ERK signal is maintained. The difference 

between the WEHI7.2 and variant cells suggests that the MAPK signaling pathway may 

contribute to the resistance seen in the variant cells. 
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Figure 3.9. Dysregulation of MAPK signaling due to dexamethasone treatment in 

WEHI7.2 cells. A. Representative immunoblots of the protein expression of p-ERK1/2 

and ERK1/2 in WEHI7.2 and variant cells. Actin immunoblot is a loading control. B. 

Quantification of the change in p-ERK1/2 due to dexamethasone treatment in WEHI7.2 

(W) and variant cells. Values were normalized to actin. * denotes significantly different 

from variant cells, (p≤0.05). Courtesy of Dr. Margaret E. Tome. 
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MEK inhibitor sensitizes WEHI7.2 variant cells to dexamethasone treatment. 

The previous findings suggested that the ERK signaling pathway is important for 

glucocorticoid-induced apoptosis. I used a MEK inhibitor, PD98059, to test whether we 

could sensitize the variant cells to dexamethasone treatment. As shown in Figure 3.10, 

PD98059 decreased the phosphorylated ERK protein levels in dexamethasone-treated and 

control cells, as early as 1 hour after PD98059 treatment in the 200R cells and by 12 

hours in the CAT2 and CAT38 cells. 200R cells treated with PD98059 were sensitized to 

dexamethasone by 24 hours (Figure 3.10). Both caspase 3 activity and annexin V positive 

cells increased following PD98059 combined with dexamethasone treatment in these 

cells. The percentage of CAT2 and CAT38 cells that underwent apoptosis, measured by 

annexin V, increased following 36 hours of PD98059 combined with dexamethasone 

treatment. The caspase 3 activity also increased after 36 hours in these cells. These 

findings suggest that inhibiting ERK signaling may sensitize oxidative stress resistant 

cells to glucocorticoid treatment. 
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Figure 3.10. MEK inhibitor sensitizes WEHI7.2 variant cells to dexamethasone 

treatment. 200R, CAT2 and CAT38 cells were treated with 50 μM PD98059, A MEK 

1/2 inhibitor, dexamethasone, or the combination for 24 or 36 hours in 200R and CAT2 

and CAT38 cells, respectively. PD98059 decreased pERK and sensitized 200R, CAT2 

and CAT38 cells to dexamethasone treatment. * denotes significantly different from 

control cells; ** denotes significantly different from Dex-treated cells, (p≤0.05). 
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Mitochondrial ROS increases post-cytochrome c release in WEHI7.2 and 

variant cells. Previous studies have shown that ROS can also increase during the 

execution phase, after the release of cytochrome c (65) In WEHI7.2 cells, cytochrome c 

is released 24 hours-post dexamethasone treatment (62;74). The WEHI7.2 variant cells, 

including the 200R and CAT38 cells release cytochrome c 30 hours after dexamethasone 

treatment, and the CAT2 cells do not release cytochrome c even after 40 hours of 

dexamethasone treatment (62;74). To determine whether ROS increases in these cells 

during the later phases of glucocorticoid-induced apoptosis, I measured the mitochondrial 

ROS using MitoSOX. MitoSOX fluorescence increased in the WEHI7.2 and Neo3 cells 

following 24 hours of dexamethasone treatment (Figure 3.11A), suggesting that there is a 

dramatic increase in ROS occurring in the late stages of glucocorticoid-induced 

apoptosis. None of the variant cells experience an increase in mitochondrial ROS after 24 

hours of dexamethasone treatment. Thirty six hours after dexamethasone treatment, 

however, the mitochondrial ROS in the 200R cells increased significantly (Figure 3.11B). 

However, the MitoSOX fluorescence did not increase in the CAT2 or CAT38 cells after 

36 hours of dexamethasone treatment. These studies support the hypothesis that ROS 

increase following cytochrome c release in the WEHI7.2, Neo3 and 200R cells. This 

would lead us to predict that a further increase in H2O2 would occur at a later timepoint, 

as H2O2 diffuses out of the mitochondria and into the cytosol.  
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Hydrogen peroxide increases post-cytochrome c release in WEHI7.2 and 

variant cells. I specifically measured the [H2O2]ss post cytochrome c release in the 

WEHI7.2 and variant cells. I measured the [H2O2]ss using the catalase inactivation assay. 

The [H2O2]ss was higher in the dexamethasone treated cells compared to the control cells 

at 24 hours (Table 3.3). The [H2O2]ss in the 200R and CAT38 cells was also higher after 

36 hours of dexamethasone treatment (Table 3.4). At 36 hours, the [H2O2]ss in 

dexamethasone-treated CAT2 cells was the same as in cells treated with a vehicle control. 

These findings suggest that the variant cells, with the exception of the CAT2 cells at 36 

hours, are generating H2O2 after 24 and 36 hours of dexamethasone treatment.  
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Table 3.3. Steady state H2O2 levels in WEHI7.2 variants after 24 hours of 

dexamethasone treatment. 
 

 

 

 

 

 

 

 

 

* denotes significantly different from control treated cells. (p≤0.05) 

Values are mean ± S.E.M. (n = 3-7). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Variant Steady state H2O2  (pM) 

 Control Dexamethasone 

WEHI7.2 11.2 ± 2.6 25.2 ± 3.5* 

Neo3 10.7 ± 1.2 25.8 ± 0.6* 

CAT2 17.3 ± 1.2 25.7 ± 1.2* 

CAT38 14.5 ± 5.4 20.2 ± 3.6* 

200R 14.7 ± 2.4 20.4 ± 5.1* 
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Table 3.4. Steady state H2O2 levels in WEHI7.2 variants after 36 hours of 

dexamethasone treatment. 

Cell Variant Steady state H2O2  (pM) 

 Control Dexamethasone 

CAT2 17.1 ± 3.4 17.6 ± 3.6 

CAT38 16.5 ± 1.7 20.5 ± 1.1* 

200R 16.1 ± 2.5 22.3 ± 2.2* 

*denotes significantly different from control treated cells. (p≤0.05) 

Values are mean ± S.E.M. (n = 3-7). 
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Hydrogen peroxide efflux increases in variant cells after prolonged exposure 

to dexamethasone treatment. I measured H2O2 efflux in the WEHI7.2 and variant cells 

after 24 and 36 hours of dexamethasone treatment using Amplex Red
TM

. By using 

Amplex Red
TM

, I was able to measure the H2O2 in the cell in the presence of catalase. 

The H2O2 efflux increased in the WEHI7.2, Neo3 and 200R cells following 24 hours of 

dexamethasone treatment, but not in the CAT38 or CAT2 cells (Figure 3.12A). The H2O2 

levels increased in the CAT38 and 200R cells after 36 hours of dexamethasone treatment 

(Figure 3.12B). The H2O2 levels did not increase in the CAT2 cells, even after 36 hours 

of dexamethasone treatment. The increase in H2O2 efflux in the variant cells correlates 

with how resistant the cells are to dexamethasone treatment. After cytochrome c is 

released in the 200R and CAT38 cells, the H2O2 load increases even in the presence of 

catalase. 
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Increased H2O2 signals WEHI7.2 cells to undergo phagocytosis after 

prolonged exposure to dexamethasone. The higher ROS in cells already committed to 

undergo apoptosis may trigger phagocytosis of the apoptotic cells (126;127). 

Phagocytosis is the process through which phagocytes (macrophages) engulf apoptotic 

cells and remove them from the culture/tissue. I determined whether the increase in H2O2 

in the late phases of glucocorticoid-induced apoptosis could signal the WEHI7.2 cells to 

undergo phagocytosis. To do this, WEHI7.2 cells treated with dexamethasone for 24 

hours were co-cultured with THP-1 macrophage cells for 4 hours; the percent of 

WEHI7.2 cells that were engulfed by the macrophage cells was measured. Preliminary 

data suggests that in the presence of dexamethasone there is an increase in the percentage 

of WEHI7.2 cells that were engulfed following dexamethasone treatment (Figure 3.13). 

Thus, the increase in extracellular H2O2 may also be signaling the cells to undergo 

phagocytosis.  
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DISCUSSION 

 

Previously, our laboratory demonstrated that dexamethasone treatment increases 

ROS in WEHI7.2 lymphoma cells. However, the exact ROS species and when the ROS 

increase during glucocorticoid-induced apoptosis were previously unknown. In these 

studies, I show that H2O2 specifically, increases both during the signaling phase and 

execution phase of glucocorticoid-induced apoptosis. H2O2 is a critical signal for 

glucocorticoid-induced apoptosis of lymphoma cells. Increasing the ability of WEHI7.2 

cells to remove H2O2, by overexpressing catalase or selecting them for H2O2 resistance, 

protected the cells from glucocorticoid-induced apoptosis.  

In the signaling phase, treatment with dexamethasone increases H2O2 in the 

WEHI7.2 and Neo3 control cells. The inability to remove the excess H2O2 generated by 

dexamethasone in these cells results in an oxidized redox environment and apoptosis. 

Cells with an increase in catalase (CAT2, CAT38) or selected for H2O2 resistance (200R) 

are able to completely or partially remove the H2O2 produced after dexamethasone 

treatment. These cell variants do not show the oxidation of the intracellular environment 

or alterations in the GSH:GSSG ratio that occur in the control cells. The ability to remove 

H2O2 protects the cells from undergoing cell death after dexamethasone treatment. In a 

colony formation assay, only 20-30% of WEHI7.2 and Neo3 cells treated with 

dexamethasone were able to form colonies after dexamethasone was washed out, whereas 

CAT2, CAT38 and 200R cells treated with dexamethasone were able to form colonies at 

a rate similar to the vehicle treated cells (Dr. Margaret Tome; unpublished data). The 
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ability of the variant cells to form colonies indicates that H2O2 is required during the 

signaling phase of glucocorticoid-induced apoptosis.  

There are several ways in which elevated H2O2 during the signaling phase could 

participate in glucocorticoid-induced apoptosis signaling. A number of proteins 

implicated in glucocorticoid-induced apoptosis are redox sensitive, including NF-κB and 

members of the MAPK signaling pathway. Glucocorticoids repress NF-κB activity 

resulting in the loss of critical survival signals (21). NF-κB has a redox sensitive cysteine 

in the DNA binding domain (128). When it is oxidized, NF-κB no longer binds DNA 

(103). In data not shown, the NF-κB activity decreased in the WEHI7.2 variant cells 

treated with dexamethasone to the same extent as in dexamethasone treated WEHI7.2 and 

Neo3 cells, suggesting that the H2O2 is not signaling through this pathway. Our studies 

suggest that the MAPK signaling pathway is affected in the WEHI7.2 variant cells treated 

with dexamethasone. In the WEHI7.2 and Neo3 control cells, a 12 hour treatment with 

dexamethasone decreased the amount of phosphorylated ERK; whereas, in the catalase 

overexpressing cells and cells selected for H2O2 resistance, dexamethasone treatment did 

not alter phosphorylated ERK protein levels. Treating the variant cells with PD98059, a 

MEK1/2 inhibitor, sensitized the cells to dexamethasone treatment. Thus, it is likely that 

the H2O2 generated by dexamethasone treatment may signal the cells to undergo 

apoptosis in these cells by signaling through the ERK signaling pathway. These data also 

suggest that inhibiting the ERK signaling pathway in lymphomas with an oxidative stress 

resistant phenotype may sensitize them to glucocorticoid-based therapy and improve 

patient survival. 
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In the WEHI7.2, CAT38 and 200R cells the levels of H2O2 are higher after the 

release of cytochrome c, during the execution phase of glucocorticoid-induced apoptosis. 

Several studies have demonstrated that there are distinct phases of ROS production 

during apoptosis and that there is feedback amplification of ROS production after the 

depletion of cytochrome c (65). The increased ROS has been shown to oxidize 

phosphatidylserine, a phospholipid on the outer plasma membrane of apoptotic cells 

(127). In other cell systems, the presence of oxidized phosphatidylserine on the cell 

surface is an important signal for the removal of apoptotic cells (127). Studies have 

shown that glucocorticoids can potentiate the clearance of apoptotic leukocytes via 

phagocytosis (129). The percentage of WEHI7.2 cells phagocytosed after 28 hours of 

dexamethasone treatment is greater than in cells treated with the vehicle control. Thus, 

H2O2 may be oxidizing phosphatidylserine and acting as a signal for phagocytosis in the 

WEHI7.2 cells. Previous studies from our laboratory have shown that dexamethasone 

treatment oxidizes phosphatidylcholine (Dr. Margaret Tome; unpublished data), another 

phospholipid that is a major component of biological membranes. Collectively, these 

findings suggest that H2O2 can also act as a signal for phagocytosis of apoptotic tumor 

cells. 

The [H2O2]ss during the signaling phase and post-cytochrome c release increased 

over 2-fold in all the cell types; the change represents a substantial increase in H2O2. Our 

studies suggest the mitochondria likely contribute to the H2O2 increase after 

dexamethasone treatment. Our laboratory previously showed that glucocorticoids 

decrease glucose uptake in the WEHI7.2 cells (130). In other cell types, glucose 
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deprivation results in a release of ROS from the electron transport chain due to a back 

flow of electrons (131;132). Leak from the electron transport chain occurs in the form of 

superoxide; however, superoxide dismutases in the mitochondrial matrix and 

intermembrane space will readily form H2O2 from the available superoxide (132). 

Preliminary data from our lab suggests that the levels of manganese and copper, zinc 

superoxide dismutase do not change with dexamethasone treatment, indicating that there 

is enough of these enzymes to form H2O2 in the WEHI7.2 cells. Mitochondria can also 

produce H2O2 directly via activation of p66shc (133). In healthy cells, p66shc is bound in 

a protein complex in the mitochondrial intermembrane space (133). In cells undergoing 

apoptosis, p66shc is released into the intermembrane space where it is free to redox cycle 

with cytochrome c and produce H2O2 (133). Mitochondria are likely just one source of 

the H2O2. Cytosolic enzymes including xanthine oxidase, cyclooxygenase and 

lipoxygenase produce superoxide. With the availability of cytosolic superoxide 

dismutase, these enzymes can contribute to the H2O2 load. 

The protection from glucocorticoids seen in cells that are able to remove H2O2 has 

implications for glucocorticoid chemotherapy. In our model system, very modest 

increases in catalase protect the cells from physiological levels of dexamethasone. Taken 

together, our findings suggest that: 1) tumor cells with increased catalase are likely to 

exhibit glucocorticoid resistance, and that 2) H2O2 is a key signal for glucocorticoid-

induced apoptosis as well as for promoting the phagocytosis of apoptotic cells. Therefore, 

inhibiting catalase or increasing the [H2O2]ss in these cells could potentially improve the 

glucocorticoid response in the treatment for lymphoma.   
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CHAPTER FOUR: MANGANESE PORPHYRIN ACTS AS A PRO-

OXIDANT TO SENSITIZE LYMPHOMA CELLS TO GLUCOCORTICOID-

INDUCED APOPTOSIS 

 

INTRODUCTION 

The redox environment has emerged as a promising target for anti-cancer drug 

discovery. Cancer cells have constitutively elevated levels of reactive oxygen species 

(ROS) compared to non-transformed normal cells, which represents a specific 

vulnerability in cancer cells that can be targeted by redox modulating drugs (134). The 

concept is that oxidation of the redox environment of a cancer cell will induce a redox 

shift that pushes the cell to die without compromising the viability of the untransformed 

cells based on the differential between normal and tumor cells. Much attention, therefore, 

has focused on the identification and development of experimental chemotherapeutics 

that oxidize the cellular redox environment.  

Superoxide dismutase is a first-line-of defense enzyme that removes superoxide 

but simultaneously generates H2O2 (80;81). Manganese superoxide dismutase (MnSOD) 

is the mitochondrial isoform. In myeloma and other cell types, increasing MnSOD has 

been shown to elevate intracellular H2O2 (81;85). There is evidence from IM-9 multiple 

myeloma cells and WEHI7.2 murine thymic lymphoma cells that overexpressing 

MnSOD increases sensitivity to glucocorticoids (83;84). Thus, manipulating MnSOD to 

increase glucocorticoid sensitivity could be exploited clinically to improve therapy. The 

manganese porphyrin, Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin (MnTE-
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2-PyP
5+

) has been shown to act as a manganese superoxide dismutase (MnSOD) mimetic 

in cell-free systems (91;135;136). Previous data from our laboratory shows that MnTE-2-

PyP
5+

 sensitizes WEHI7.2 lymphoma cells to glucocorticoid treatment (83). In the 

following studies, I investigated the molecular mechanism that allows MnTE-2-PyP
5+

 to 

synergize with glucocorticoids to enhance apoptosis. 
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RESULTS 

 

New preparation of MnTE-2-PyP
5+

 potentiates dexamethasone-induced 

apoptosis in lymphoma cells at much lower doses. Previously, our laboratory reported 

that 0.75 μM MnTE-2-PyP
5+

 inhibits WEHI7.2 cell proliferation, and enhances apoptosis 

induced by dexamethasone treatment (83). After these findings were published, our 

laboratory obtained a new preparation of MnTE-2-PyP
5+

 with a higher specific activity. I 

measured cell growth and apoptosis following treatment with the new preparation of 

MnTE-2-PyP
5+

 to determine the dose that would give equivalent results to our previous 

studies. Treatment with 50 nM MnTE-2-PyP
5+

 inhibited WEHI7.2 cell growth, but did 

not by itself increase WEHI7.2 cell apoptosis (Figure 4.1A). In combination with 

dexamethasone, 50 nM MnTE-2-PyP
5+

 increased caspase 3 activity in WEHI7.2 cells 

(Figure 4.1B). The findings suggest that the new preparation of MnTE-2-PyP
5+

 inhibits 

WEHI7.2 cell proliferation and potentiates dexamethasone-induced apoptosis at a dose 

fifteen times lower than before. 
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MnTE-2-PyP
5+

 augments dexamethasone-induced ROS. In WEHI7.2 cells, 

dexamethasone treatment increases intracellular H2O2 and oxidizes the cells’ redox 

environment. H2O2 is an essential signal for dexamethasone-induced apoptosis in 

WEHI7.2 cells (Chapter III). I tested whether MnTE-2-PyP
5+

 enhances dexamethasone-

induced apoptosis by acting as a pro-oxidant and augmenting dexamethasone-induced 

oxidative stress in WEHI7.2 cells. I used DCF fluorescence to measure the ability of 

MnTE-2-PyP
5+

, in combination with dexamethasone, to increase the overall levels of 

ROS. As shown in Figure 4.2, treatment with MnTE-2-PyP
5+

 alone did not increase ROS 

in the cells. Dexamethasone treatment increased the overall levels of ROS. The 

combination of MnTE-2-PyP
5+

 and dexamethasone caused the greatest increase in ROS.  
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MnTE-2-PyP
5+

 augments dexamethasone-induced oxidation of the redox 

environment. I used a redox-sensitive green fluorescent protein (GFP) probe, roGFP2 

(114) to determine whether MnTE-2-PyP
5+

 enhances dexamethasone-induced oxidation 

of the redox environment. The roGFP2 probe contains redox active cysteines that excite 

at different wavelengths depending on the oxidation state. Figure 4.3 shows images of the 

relative amount of oxidized and reduced roGFP2 in representative cells for each 

treatment. In control cells treated with vehicle alone, 14.03 ± 1.46% of the roGFP2 was 

oxidized. MnTE-2-PyP
5+

 treatment alone did not oxidize the redox environment; 16.11 ± 

1.31% of the roGFP2 was oxidized. In the presence of dexamethasone, the amount of 

oxidized roGFP2 increased to 54.05 ± 1.04%. Combining dexamethasone with MnTE-2-

PyP
5+

 increased the relative amount of roGFP2 in the oxidized state to 61.39 ± 1.55%. 

Overall, these data indicate that in combination with dexamethasone, MnTE-2-PyP
5+

 acts 

as a pro-oxidant and increases oxidative stress over that caused by dexamethasone alone. 
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MnTE-2-PyP
5+

 does not increase H2O2 levels in WEHI7.2 cells treated with 

dexamethasone. If MnTE-2-PyP
5+

 is acting as an MnSOD mimetic to increase oxidative 

stress in the WEHI7.2 cells, we would predict that MnTE-2-PyP
5+

 increases the H2O2 

above that in cells treated with dexamethasone. I measured H2O2 levels due to MnTE-2-

PyP
5+

 and dexamethasone treatment in WEHI7.2 cells using two different approaches. I 

first measured the efflux of H2O2 using the fluorescent probe Amplex Red
TM

. This 

compound is impermeable to the cell membrane (120) and fluoresces when oxidized by 

extracellular H2O2. Since H2O2 readily diffuses across cell membranes, Amplex Red
TM

 

fluorescence is a good indicator of the H2O2 inside the cells (120). Compared to control 

cells, MnTE-2-PyP
5+

 alone did not augment H2O2 levels (Figure 4.4A). Consistent with 

our previous data, dexamethasone treatment for 8 hours enhanced the H2O2 efflux in 

WEHI7.2 cells. However, there was not a difference in H2O2 efflux between 

dexamethasone-treated cells and cells treated with the combination of MnTE-2-PyP
5+

 and 

dexamethasone.  

I next measured the steady state H2O2 levels ([H2O2]ss) following treatment, using 

the catalase inactivation assay described by Royall et al. (113). The [H2O2]ss of control 

cells was 21.8 ± 3.5 pM (Table 4.1). Eight hours of MnTE-2-PyP
5+

 treatment did not 

change the [H2O2]ss. Dexamethasone treatment for 8 hours increased the [H2O2]ss. 

However, the combination treatment did not augment dexamethasone-induced [H2O2]ss.  

The overall level of H2O2 in a cell depends on generation and removal. Catalase 

and glutathione peroxidase (GPX) remove H2O2, thereby altering the amount of H2O2 in 

the cell (137). Thus, MnTE-2-PyP
5+

 may be increasing H2O2 levels. However, the 
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increase may go unnoticed because MnTE-2-PyP
5+

 may also be increasing the levels of 

catalase and GPX in WEHI7.2 cells. Neither MnTE-2-PyP
5+

, dexamethasone, nor the 

combination treatment altered catalase or GPX1 protein levels compared to vehicle-

treated cells (Figure 4.4C). Taken together, these findings indicate that MnTE-2-PyP
5+

 

does not potentiate dexamethasone-induced apoptosis by acting as an MnSOD mimetic 

and increasing intracellular H2O2. 
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Table 4.1: Steady state H2O2 levels in WEHI7.2 cells after treatment with 

MnTE-2-PyP
5+

, dexamethasone, or MnTE-2-PyP
5+

 in combination with 

dexamethasone. 

Treatment Steady state H2O2  (pM) 

Control 21.8 ± 3.5 

MnTE-2-PyP
5+

 21.7 ± 2.1 

Dex 50.6 ± 2.2 

MnTE-2-PyP
5+

 + Dex 53.3 ± 1.8 

* denotes significantly different from control-treated cells (p≤0.05) 

Values are mean ± S.E.M. (n = 3-7). 
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Hydrogen peroxide generation is essential for MnTE-2-PyP
5+

 to cause 

apoptosis. To determine whether the H2O2 generated by dexamethasone is important for 

the ability of MnTE-2-PyP
5+

 to enhance apoptosis in lymphoma cells, I substituted 25 nM 

H2O2 for the dexamethasone treatment and determined whether MnTE-2-PyP
5+

 was able 

to potentiate H2O2-induced apoptosis in WEHI7.2 cells. Treatment with 25 nM H2O2 

increased caspase 3 activity compared to control-treated cells (Figure 4.5A). In 

combination with H2O2, MnTE-2-PyP
5+

 was able to augment caspase 3 activity. Caspase 

3 activity in the H2O2 treated cells was comparable to that in cells treated with 

dexamethasone alone. Caspase 3 activity in the H2O2/MnTE-2-PyP
5+

 treated cells was 

similar to that in dexamethasone/MnTE-2-PyP
5+

 treated cells. In the presence of H2O2, 

MnTE-2-PyP
5+

 also decreased the percentage of viable cells to the same extent as MnTE-

2-PyP
5+

 combined with dexamethasone. The percentage of viable WEHI7.2 cells treated 

with MnTE-2-PyP
5+

 and dexamethasone was 40.0 ± 0.2%, and the percentage of viable 

WEHI7.2 cells in cultures treated with H2O2 and MnTE-2-PyP
5+

 was 42.5 ± 1.1%. As 

proof of principle, when we measured the oxidation state of the cells using the roGFP2 

plasmid, the redox environment of WEHI7.2 cells treated with H2O2 and MnTE-2-PyP
5+

 

was as oxidized as the redox environment of WEHI7.2 cells treated with the 

dexamethasone/MnTE-2-PyP
5+

 treatment (Figure 4.5B). 

The above findings suggest that the [H2O2]ss levels in the cell dictate the ability of 

MnTE-2-PyP
5+

 to enhance dexamethasone induced apoptosis. I tested this using 

WEHI7.2 cells that overexpress catalase (CAT38, 1.4 fold increase; and CAT2, 2 fold 

increase) (62). These variants cells are protected from dexamethasone-induced apoptosis 
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(62). The variant cells remove H2O2 more efficiently than WEHI7.2 cells; thus, in the 

presence of dexamethasone they do not experience an increase in H2O2 and their redox 

environment does not become oxidized (Chapter III). The results from an MTS assay 

showed that the number of viable cells in dexamethasone-treated cultures was 101.3 ± 

1.3% and 100.8 ± 1.5%, for CAT2 and CAT38 cells, respectively. In cultures treated with 

dexamethasone and MnTE-2-PyP
5+

, the number of viable cells was 102.0 ± 1.3% for 

CAT2 cells and 98.9 ± 0.9% for CAT38 cells. I confirmed these results by comparing 

caspase 3 activity in the variant cells treated with dexamethasone or the combination 

treatment. MnTE-2-PyP
5+

 did not cause apoptosis in the presence of dexamethasone in 

the variant cells as measured by caspase 3 activity (Figure 4.5C). Taken together the 

findings indicate that the ability of MnTE-2-PyP
5+

 to enhance dexamethasone-induced 

apoptosis in lymphoma cells depends on: 1) the intracellular levels of H2O2, and 2) the 

oxidation state of the cellular redox environment. 
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MnTE-2-PyP
5+

 depletes cytosolic GSH. Glutathione (GSH), a small molecule 

antioxidant, is a major determinant of the redox environment of the cell (125). Several 

studies have shown a correlation between GSH depletion and the progression of 

apoptosis in lymphocytes (138;139). In cell free studies, MnTE-2-PyP
5+

 has been shown 

to depend on small molecule reductants, such as glutathione for its ability to redox cycle 

(98;99;101). A possible explanation for the observed increase in oxidative stress when 

combined with dexamethasone is that MnTE-2-PyP
5+

 acts as a pro-oxidant by depleting 

GSH in WEHI7.2 cells. As shown in Table 4.2, an 8 hour treatment with 50 nM MnTE-2-

PyP
5+

 significantly decreased GSH by nearly 42% compared to vehicle-treated cells. 

Treatment with dexamethasone also depleted GSH levels, but only by 21%. The 

combination of MnTE-2-PyP
5+

 and dexamethasone caused the greatest decrease in GSH. 

Together, they depleted GSH by 61%, increased the GSSG concentration, and oxidized 

the 2GSH:GSSG ratio. 
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Table 4.2. Glutathione/glutathione disulfide redox couple in WEHI7.2 cells 

Treatment    2 GSH        GSSG        2 GSH/GSSG 

        (nmol/mg prot)    (nmol/mg prot) 

 

Control           52.7 ± 1.25            0.15 ± 0.03        398.94 ± 61.48 

MnTE-2-PyP
5+

          30.8 ± 2.01*          0.29 ± 0.07        113.26 ± 28.81* 

Dexamethasone          41.8 ± 1.15*          0.20 ± 0.01        214.55 ± 15.60* 

MnTE-2-PyP
5+

            

+ Dexamethasone                20.7 ± 0.46*    1.69 ± 0.04*          13.06 ± 0.74* 

Values are the mean ± S.E.M. (n=3-7) 

* denotes significantly different from control-treated cells (p≤0.05) 
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Glutathione is necessary for the ability of MnTE-2-PyP
5+

 to enhance 

dexamethasone-induced apoptosis. To determine whether glutathione is required for 

MnTE-2-PyP
5+

 to enhance dexamethasone-induced apoptosis, I measured the effect of 

the glutathione pool on the porphyrin-dexamethasone combination’s ability to decrease 

cell viability. Using the MTS assay I measured the percentage of viable WEHI7.2 cells in 

culture after buthionine sulfoximine (BSO) pretreatment. BSO is a glutathione-synthesis 

inhibitor. Pretreating WEHI7.2 cells with 60 μM BSO decreased cellular GSH from 

28.71 ± 0.65 nmol/mg protein in control cells to 2.83 ± 0.92 nmol/mg protein in cells 

treated with BSO. GSH remained low in the presence of MnTE-2-PyP
5+

 (4.17 ± 0.64 

nmol/mg protein), dexamethasone (5.85 ± 0.22 nmol/mg protein), or MnTE-2-PyP
5+

 

combined with dexamethasone (6.41 ± 0.56 nmol/mg protein).  

BSO pretreatment inhibited the porphyrin’s ability to decrease the number of 

viable cells (Figure 4.6A). Using dexamethasone-treated WEHI7.2 cells as the control 

absorbance, set at 100.2 ± 2.8%, the MTS absorbance for cells pretreated with BSO and 

receiving MnTE-2-PyP
5+

 and dexamethasone was 103.9 ± 3.1%. BSO pretreatment also 

inhibited the ability of MnTE-2-PyP
5+

 to enhance dexamethasone-induced caspase 3 

activity (Figure 4.6B). In both the MTS and caspase 3 activity assays, BSO treatment did 

not affect the dexamethasone response. These findings indicate that glutathione is 

essential for the ability of MnTE-2-PyP
5+

 to enhance dexamethasone-induced apoptosis 

in lymphoma cells. 
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DISCUSSION 

 

Our studies indicate that the manganese porphyrin, MnTE-2-PyP
5+

,
 
functions as a 

pro-oxidant and synergizes with glucocorticoids to potentiate glucocorticoid-induced 

apoptosis in lymphoma cells. Traditionally, the literature has suggested that manganese 

porphyrins function as MnSOD mimetics, since they are able to dismute superoxide and 

simultaneously generate hydrogen peroxide (91;135;136). However, our findings suggest 

that in combination with glucocorticoids, MnTE-2-PyP
5+

 does not act as an MnSOD 

mimetic in lymphoma cells. In WEHI7.2 cells, MnTE-2-PyP
5+

 redox cycles with GSH 

and alters the 2GSH:GSSG redox couple to increase dexamethasone-induced oxidative 

stress. The ability of MnTE-2-PyP
5+

 to redox cycle with GSH is essential for its ability to 

enhance glucocorticoid-induced apoptosis in these cells. 

Studies done in cell free systems have shown that the ability of MnTE-2-PyP
5+

 to 

act as an MnSOD mimetic depends on the oxidation state of the manganese at the center 

of the porphyrin ring (91;135;136). The manganese can access four oxidation states: 

Mn(II), Mn(III), Mn(IV), and Mn(V). In cell-free systems, manganese porphyrins are 

most stable in the Mn(III) oxidation state (97). In this state, the porphyrin donates 

electrons and will act as a reducing agent. However, the highly positive redox potential of 

the manganese increases the porphyrin’s affinity for electrons. Thus, the manganese can 

easily be oxidized to Mn(IV). In this state, manganese porphyrins lose their reducing 

abilities and can act as oxidizing agents.  
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MnTE-2-PyP
5+

 enhanced the oxidation of the redox environment only when it 

was combined with dexamethasone or with H2O2. In WEHI7.2 cells, glucocorticoid 

treatment increases intracellular H2O2 and oxidizes the cellular redox environment. In cell 

free systems, MnTE-2-PyP
5+

 has been shown to redox cycle with H2O2 (97) Thus, it is 

likely that in the presence of dexamethasone or in an environment with increased H2O2, 

the active site manganese in MnTE-2-PyP
5+

 is oxidized to the Mn(IV) state, thereby 

enhancing the probability that MnTE-2-PyP
5+

 is able to act as an oxidizing agent. When 

it is oxidized, MnTE-2-PyP
5+

 relies on the reducing power of glutathione and other small 

molecule reductants to reduce the active site manganese back to the Mn(III) state, where 

it can act as a reducing agent. However, in an oxidized cellular redox environment the 

amount of reducing agents in the cell is partially depleted. In combination with 

dexamethasone, MnTE-2-PyP
5+

 depletes cellular GSH, increases cellular GSSG, and 

oxidizes the glutathione redox couple. Depleting GSH may keep MnTE-2-PyP
5+ 

in the 

Mn(IV) state and ultimately enhance the ability of MnTE-2-PyP
5+

 to act as a pro-oxidant 

and potentiate dexamethasone-induced oxidative stress in WEHI7.2 cells.  

These data suggest that MnTE-2-PyP
5+

 and dexamethasone rely on different 

mechanisms to induce oxidative stress in lymphoma cells. The ability to induce two 

forms of oxidative stress allows MnTE-2-PyP
5+

 and dexamethasone to synergize and 

enhance dexamethasone-induced apoptosis. In our system, dexamethasone treatment 

increases the intracellular H2O2 levels at the signaling level. Removal of H2O2 prevents 

glucocorticoid-induced apoptosis, suggesting that H2O2 is an important signal for 

dexamethasone-induced apoptosis (Chapter III). The increase in H2O2 results in a slight 
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decrease in intracellular GSH. Whether the small decrease in GSH is required for 

dexamethasone to induce apoptosis is unknown. However, a further decrease in GSH via 

BSO treatment did not enhance dexamethasone-induced apoptosis, suggesting that 

dexamethasone does not work primarily by redox cycling with GSH. On the other hand, 

MnTE-2-PyP
5+

 treatment does not increase H2O2 and does not induce apoptosis as a 

single agent. Instead, MnTE-2-PyP
5+ 

depends on the H2O2 produced by dexamethasone 

and on GSH to enhance apoptosis. MnTE-2-PyP
5+

 may use GSH to redox cycle and 

increase oxidative stress. 

Our studies indicate that the redox cycling agent, MnTE-2-PyP
5+

 synergizes with 

dexamethasone to increase oxidative stress in lymphoma cells. The increase in oxidative 

stress pushes the cells to undergo apoptosis, and thus, enhances dexamethasone-induced 

apoptosis. The ability of MnTE-2-PyP
5+

 to synergize with dexamethasone suggests that it 

has potential as a novel lymphoma therapeutic when it is used in combination with 

glucocorticoids or other agents capable of generating H2O2. Thus, manipulation of the 

redox environment with MnTE-2-PyP
5+

 may be a promising tool for lymphoma therapy. 
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CHAPTER FIVE: CELULAR TARGETS AND CLINICAL APPLICATIONS OF 

MANGANESE PORPHYRINS IN HEMATOLOGICAL MALIGNANCIES 

 

INTRODUCTION 

Although a subset of patients suffering from hematological malignancies may be 

treated successfully with existing therapies, a significant portion fail treatment. Even 

patients who do respond may suffer from considerable treatment-associated side effects 

such as cardiotoxicity. Progress is being made in identifying the molecular profiles of 

many hematological malignancies to understand what molecular differences may cause 

the heterogeneous response and as a means to identify potential novel drug targets to use 

as directed or personalized therapy. Especially for hematological malignancies, where 

there is such a diverse group of diseases that respond differently to treatments, targeted 

therapies are needed to help improve the efficacy and safety of existing therapies.  

The ability of MnTE-2-PyP
5+

 to synergize with dexamethasone suggests that it 

has potential as a novel therapeutic for hematological malignancies treated with 

glucocorticoids. In mouse models, MnTE-2-PyP
5+

 has been shown to reach multiple 

tissues at concentrations high enough to be catalytically active, but without causing toxic 

side effects (102;107;140). Patients from a clinical trial for amyotrophic lateral sclerosis, 

treated with MnTDEIP
5+

, another manganese porphyrin, did not report side effects (141). 

In order to move MnTE-2-PyP
5+

 towards clinical use, it is important to identify the 

targets (i.e. genes, proteins, etc.) that MnTE-2-PyP
5+

 relies on to augment glucocorticoid-
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induced apoptosis. By doing so, it may be possible to identify the molecular profile of 

patients likely to benefit from treatment with MnTE-2-PyP
5+

. In the following studies I 

identify molecular and cellular targets of the MnTE-2-PyP
5+

/glucocorticoid combination 

treatment, and test the potential of MnTE-2-PyP
5+

 using a clinically relevant model of 

hematological malignancies. 
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RESULTS 

 

MnTE-2-PyP
5+

 glutathionylates redox-sensitive proteins. Previously, I showed 

that the ability of MnTE-2-PyP
5+

 to enhance glucocorticoid-induced apoptosis depends 

on the presence of GSH (Chapter IV). Oxidative stress and changes to the intracellular 

glutathione (GSH) / glutathione disulfide (GSSG) ratio promote protein glutathionylation 

(125). Protein glutathionylation is a reversible, post-translational modification of cysteine 

residues found on redox-sensitive proteins (142). Glutathionylation occurs in an oxidized 

environment. Glutathionylation takes place either when the glutathione pool is oxidized 

(GSSG) or when cysteines on redox sensitive proteins are oxidized (e.g. protein sulfenic 

acid). When GSH is oxidized it will bind protein cysteines and form a mixed disulfide 

(Protein-SSG). Similarly, reduced glutathione can also bind to oxidized protein cysteines. 

Given that MnTE-2-PyP
5+

, in combination with dexamethasone, oxidizes the redox 

environment of WEHI7.2 cells and increases GSSG levels, (Chapter IV) I tested whether 

this combination caused protein glutathionylation in the WEHI7.2 cells. Figure 5.1 shows 

that MnTE-2-PyP
5+

 treatment alone was able to glutathionylate intracellular proteins, to a 

greater extent than dexamethasone treatment alone. The most pronounced effect was 

measured when cells were treated with MnTE-2-PyP
5+

 and dexamethasone. The 

combination treatment enhanced protein glutathionylation 2.5-fold more than 

dexamethasone treatment alone. 
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MnTE-2-PyP
5+

 glutathionylates NF-κB and inhibits its activity. 

Glutathionylation likely results in the inactivation of critical survival proteins (143-145). 

A growing body of data has demonstrated that glutathionylation of NF-κB inhibits NF-

κB DNA binding and activity (146;147). NF-κB is a redox-sensitive transcription factor 

that regulates the expression of a wide variety of anti-apoptotic genes, including Bcl-2 

and Bcl-XL (148). Glucocorticoids have been shown to inhibit NF-κB activity by 

preventing NF-κB from binding to DNA. Inhibiting NF-κB DNA binding disrupts the 

transcription of survival genes. The activity of NF-κB has also been shown to depend on 

the oxidation state of cysteine residues on both proteins. The cysteines must be in a 

reduced state in order for NF-κB to bind DNA and to activate its transcriptional activity 

(149). These residues, however, are surrounded by a cationic environment that makes the 

cysteines very reactive and susceptible to oxidation or glutathionylation.  

I tested for glutathionylation of the p50 and p65 NF-κB family members in 

WEHI7.2 cells treated for 8 hours with dexamethasone in the absence or presence of 

MnTE-2-PyP
5+

. Whole cell lysates were immunoprecipitated for p50 or p65 and then 

immunobloted using an anti-GSH antibody to measure their respective glutathionylation. 

Figure 5.2A demonstrates that glutathionylation of p50 was increased only in cultures 

treated with dexamethasone, and dexamethasone in combination with MnTE-2-PyP
5+

. 

The combination treatment was not able to enhance dexamethasone-induced 

glutathionylation of p50. Treatment with MnTE-2-PyP
5+

 and MnTE-2-PyP
5+

 combined 

with dexamethasone increased the level of glutathionylated p65 in WEHI7.2 cells (Figure 

5.2A). MnTE-2-PyP
5+

 increased p65 glutathionylation to nearly 3-fold over that in the 
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vehicle-control. Dexamethasone treatment also increased glutathionylation of p65 but 

only to 1.5-fold the amount in the vehicle-control. The combination treatment enhanced 

p65 glutathionylation 3-fold over that induced by dexamethasone alone or 4.5-fold the 

value in the vehicle-treated cells.  

Pretreating WEHI7.2 cells with 60 μM BSO, a GSH synthesis inhibitor (150), 

attenuated the ability of the porphyrin, in combination with dexamethasone, to 

glutathionylate p50 and p65 (Figures 5.2A and 5.2B). After BSO pretreatment, the 

amount of glutathionylated p50 decreased in the vehicle-treated and MnTE-2-PyP
5+

-

treated cells by 91%. The levels of glutathionylated p50 were slightly higher in cells 

treated with dexamethasone and MnTE-2-PyP
5+

 in combination with dexamethasone; the 

treatments inhibited p50 glutathionylation by 86%. In the case of p65, BSO pretreatment 

decreased glutathionylation in vehicle-treated cells by 93%; in MnTE-2-PyP
5+ 

treated 

cells by 90%; in dexamethasone-treated cells by 86%; and by 84% in cells treated with 

MnTE-2-PyP
5+

 plus dexamethasone.  

As a single agent or in combination with dexamethasone, MnTE-2-PyP
5+

 

treatment significantly inhibited NF-κB activity (Figure 5.3). MnTE-2-PyP
5+

 treatment 

alone decreased the luciferase activity of a luciferase reporter for NF-κB activity by 6-

fold compared to vehicle-treated cells. Dexamethasone treatment alone caused a 2-fold 

decrease in NF-κB luciferase activity. The largest decrease in NF-κB luciferase activity 

was due to treatment with MnTE-2-PyP
5+

 and dexamethasone. Inhibition of NF-κB 

activity correlates with the glutathionylation of the p65 NF-κB subunit (Figure 5.2A). 

BSO pretreatment did not affect dexamethasone’s ability to inhibit NF-κB activity 
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(Figure 5.3). On the other hand, BSO pretreatment inhibited the ability of the porphyrin 

and the combination treatment to inhibit NF-κB activity. The studies also indicate that 

protein glutathionylation is an important mechanism through which MnTE-2-PyP
5+

 

treatment synergizes with dexamethasone. 
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MnTE-2-PyP
5+

 increases mitochondrial ROS. Mitochondria are a major source 

of ROS (29). They are also important regulators of the intrinsic apoptosis pathway. 

Mitochondrial generated ROS have been shown to regulate the activation of apoptosis by 

regulating the release of cytochrome c and other pro-apoptotic proteins from the 

mitochondrial intermembrane space to the cytosol (29). Thus, compounds that can target 

the mitochondria and increase mitochondrial oxidative stress represent a promising 

approach to anti-cancer therapy.  

Dexamethasone treatment increases the generation of mitochondrial ROS in 

WEHI7.2 cells (Chapter III). MnTE-2-PyP
5+

 has been shown to enter the mitochondria at 

catalytically active concentrations in cell-free systems (98). In order to determine whether 

MnTE-2-PyP
5+ 

can increase dexamethasone-induced mitochondrial ROS in WEHI7.2 

cells, I measured the oxidation of MitoSOX, a fluorescent probe that specifically 

measures ROS in the mitochondria (151). Treating WEHI7.2 cells with 50 nM MnTE-2-

PyP
5+ 

for 12 hours did not increase mitochondrial ROS (Figure 5.4). Treatment with 1 

μM dexamethasone for 12 hours increased the mitochondrial ROS generation. The 

mitochondrial ROS increased by the largest amount when MnTE-2-PyP
5+

 was used in 

combination with dexamethasone. 
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MnTE-2-PyP
5+

 oxidizes the mitochondrial redox environment. To determine 

whether the increase in ROS is sufficient to oxidize the mitochondrial redox environment 

I used a redox-sensitive GFP probe, known as mito-roGFP2 (114). The mito-roGFP2 

probe functions in the same manner as roGFP2, the cytosolic probe that was discussed in 

chapters three and four, and is also structurally similar except that it contains a 

mitochondrial localization signal that specifically targets it to the mitochondria. Figure 

5.5 shows images of the relative amount of oxidized and reduced mitochondria-targeted 

GFP in representative cells for each treatment. In control cells treated with vehicle alone, 

10.21 ± 0.96% of the mito-roGFP2 was oxidized. MnTE-2-PyP
5+

 treatment alone did not 

oxidize the redox environment; 10.61 ± 0.31% of the mito-roGFP2 was oxidized. In the 

presence of dexamethasone, the amount of oxidized mito-roGFP2 increased to 16.97 ± 

1.03%. Combining dexamethasone with MnTE-2-PyP
5+

 increased the relative amount of 

mito-roGFP2 in the oxidized state to 29.65 ± 1.11%. Overall, these data indicate that in 

combination with dexamethasone, MnTE-2-PyP
5+

 targets the mitochondria and increases 

mitochondrial oxidative stress over that caused by dexamethasone alone. 
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MnTE-2-PyP
5+

 glutathionylates redox-sensitive proteins in the mitochondria. 

Given that MnTE-2-PyP
5+

, in combination with dexamethasone, oxidizes the 

mitochondrial redox environment, the combination treatment could also be 

glutathionylating redox-sensitive proteins in the mitochondria. Our studies identified two 

proteins that are glutathionylated in the mitochondria (Figure 5.6). On its own, MnTE-2-

PyP
5+

 glutathionylated these mitochondrial proteins more than dexamethasone treatment 

alone. The most pronounced effect on mitochondrial protein glutathionylation was 

measured when cells were treated with MnTE-2-PyP
5+

 and dexamethasone together. The 

combination treatment enhanced the protein glutathionylation of these two proteins 4 

times the amount glutathionylated by dexamethasone treatment alone. 
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Identification of glutathionylated proteins in the mitochondria. To identify the 

glutathionylated proteins in the mitochondria, cells were treated with MnTE-2-PyP
5+ 

in 

combination with dexamethasone for 12 hours, their mitochondria were isolated and sent 

to Kendrick Laboratories, where two-dimensional gel electrophoresis was performed and 

proteins of interest were identified by nano LC-MS/MS. Only the spots that were 

glutathionylated 2-fold the amount glutahionylated by dexamethasone treatment alone 

were analyzed. Table 5.1 lists the results from the proteomic analysis. Three stress 

proteins (HSP70, stress-induced phosphoprotein-1, HSP60); several enzymes, including: 

aldolase, adenylate kinase 2, 6-phophogluconolactonase, NADH ubiquinone 

oxidoreductase, and cytochrome c oxidase; and several other proteins with other or 

unknown functions were identified. 
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Table 5.1. Summary of identified mitochondrial glutathionylated proteins. 

Protein    Dexamethasone  MnTE-2-PyP
5+

/  

Dexamethasone 

Stress Proteins 

    HSP70     X    X 

    HSP60     X    X 

    Stress-induced phosphoprotein 1   X    X 

Enzymes 

    Aldolase     X    X 

    6-Phosphogluconolactonase       X 

    Adenylate kinase 2    X    X 

    Cytochrome c oxidase        X 

    NADH ubiquinone oxidoreductase      X 

Other 

    T complex protein    X    X 

    Lymphocyte specific protein 1   X    X 
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MnTE-2-PyP
5+

 augments dexamethasone-induced apoptosis in primary 

follicular lymphoma cells. In the clinic, glucocorticoids are commonly used to treat 

follicular lymphoma patients. To determine whether MnTE-2-PyP
5+ 

enhances 

dexamethasone-induced apoptosis in primary tumor cells, I measured the effect of 

dexamethasone and MnTE-2-PyP
5+

 individually and combined on B-cell death in primary 

follicular lymphoma cells from two different patients (Figure 5.7). As is typical of 

follicular lymphoma cells, the primary cells did not grow in culture, so the effect I 

measured was only on cell death. Treatment with MnTE-2-PyP
5+

 alone had no effect in 

one sample; however, the higher concentration decreased viable B-cells in patient 2. 

Adding MnTE-2-PyP
5+

 to dexamethasone increased B-cell death in both patient samples. 

These data indicate that MnTE-2-PyP
5+

 accelerates dexamethasone-induced cell death in 

primary tumor cells. 
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MnTE-2-PyP
5+

 augments dexamethasone-induced apoptosis in human DB 

cells. Glucocorticoids are one of the major components of CHOP, the standard therapy 

for patients with diffuse large B-cell lymphoma (DLBCL), an aggressive malignancy of 

B-lymphocytes. To determine whether MnTE-2-PyP
5+

 can synergize with glucocorticoids 

and enhance cell death in DLBCL cell lines, I measured the effect of MnTE-2-PyP
5+

 

combined with dexamethasone on death in DB cells, a human DLBCL culture cell line 

(Figure 5.8). Treatment with MnTE-2-PyP
5+

 alone did not affect the percentage of viable 

DB cells. Dexamethasone treatment alone decreased the percentage of viable DB cells in 

a dose dependent manner. Combining MnTE-2-PyP
5+

 and dexamethasone decreased the 

percentage of viable DB cells to a greater extent than dexamethasone treatment alone. 

The effect was seen with the lowest dose of MnTE-2-PyP
5+

. Increasing the concentration 

of MnTE-2-PyP
5+

 in the combination treatment did not enhance cell death in the DB 

cells. These data indicate that MnTE-2-PyP
5+

 accelerates dexamethasone-induced cell 

death in human lymphoma cells and suggests MnTE-2-PyP
5+

 has clinical potential for the 

treatment of DLBCL. 
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MnTE-2-PyP
5+

 pretreatment protects H9c2 cardiomyocytes from 

doxorubicin-induced toxicity. One of the major dose limiting toxicities of CHOP 

therapy is cardiotoxicity. Studies have shown that doxorubicin, a component of CHOP, 

causes acute and chronic cardiotoxicity in some patients (152). A number of studies with 

cardiomyocyte cell culture and mouse models suggest that ROS produced by doxorubicin 

treatment play a key role in cardiotoxicity (153-155).  

There are several ways, MnTE-2-PyP
5+ 

could act as a cardioprotectant. In the test 

tube, MnTE-2-PyP
5+

 can act as an MnSOD mimetic. MnSOD overexpression and 

treatment with MnSOD mimetics are protective against doxorubicin in heart cells 

(153;155). In cell-free assays, MnTE-2-PyP
5+

 can also scavenge peroxynitrite, a reactive 

species generated by doxorubicin that can activate NF-κB signaling in the heart (97). In 

the heart, NF-κB activation is pro-apoptotic; therefore MnTE-2-PyP
5+ 

may protect 

cardiomyocytes by scavenging peroxynitrite and inhibiting NF-κB activity. Since MnTE-

2-PyP
5+

 can also act as a redox-cycling agent, MnTE-2-PyP
5+

 may compete with 

doxorubicin for reducing equivalents that are important for doxorubicin-induced ROS 

generation.   

I tested the ability of MnTE-2-PyP
5+ 

to act as a cardioprotectant in H9c2 cells, 

which are an immortalized cell line derived from BD1X rat embryonic heart tissue (110). 

They do not beat in culture but retain certain electrophysiologic and biochemical 

properties of cardiac cells and can form myotubes upon confluency (111). H9c2 cells 

were chosen because of their frequent use as a doxorubicin cardiotoxicity model (112). 

As shown in Figure 5.9, pretreatment with MnTE-2-PyP
5+

 protected H9c2 cells from 
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doxorubicin-induced toxicity in a dose-dependent manner as shown by the EC50 for 

doxorubicin. The findings suggest that MnTE-2-PyP
5+

 may also act as a cardioprotectant, 

which is a second therapeutic benefit. 
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DISCUSSION 

 

The heterogeneous treatment response in lymphoma and other hematological 

malignancies is a major problem confounding successful therapy. Novel agents are being 

developed that can work alongside the current treatment to improve survival. Our 

laboratory has shown that the manganese porphyrin, MnTE-2-PyP
5+

,
 
sensitizes WEHI7.2 

murine lymphoma cells to glucocorticoids and cyclophosphamide, two components of 

CHOP. In this study, I show that MnTE-2-PyP
5+

 also sensitizes DLBCL and follicular 

lymphoma cells to glucocorticoid-induced apoptosis. MnTE-2-PyP
5+

 also protects heart 

cells from doxorubicin-induced cardiotoxicity. In combination with glucocorticoids, 

MnTE-2-PyP
5+

 glutathionylates and inhibits the redox-sensitive transcription factor NF-

κB, which is overexpressed in many types of hematological malignancies. MnTE-2-

PyP
5+

, combined with glucocorticoids, also glutathionylates redox sensitive proteins in 

the mitochondria. The findings from these studies further highlight the potential of 

MnTE-2-PyP
5+

 as a lymphoma chemotherapeutic. 

In combination with dexamethasone, MnTE-2-PyP
5+

 induces protein 

glutathionylation in WEHI7.2 cells. Protein glutathionylation is a reversible, post-

translational modification of cysteine residues found on redox-sensitive proteins (125). 

Protein glutathionylation is promoted by oxidative stress and changes to the intracellular 

GSH:GSSG levels (142). In an oxidized redox environment and in the presence of high 

GSSG levels, GSH will bind to oxidized protein cysteines and form a mixed disulfide. 

One of the major functions of protein glutathionylation is to act as a redox signal that 
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regulates protein function. Glutathionylation of proteins likely results in the inactivation 

of critical survival proteins.  

The data indicate that NF-κB may be a critical target of glutathionylation during 

glucocorticoid-induced apoptosis. A growing body of data has demonstrated that 

glutathionylation of NF-κB inhibits NF-κB activity (146;147). NF-κB stimulates the 

expression of a number of antiapoptotic genes such as Bcl-2 and Bcl-XL. Several 

hematological malignancies, including the activated B-cell like subtype of diffuse large 

B-cell lymphoma (DLBCL) and multiple myeloma overexpress NF-κB (156;157). 

Overexpression of NF- κB in these hematological malignancies is associated with a poor 

patient prognosis.  

All members of the NF-κB family contain a conserved Rel homology domain that 

contains a DNA binding domain. Several members contain an extra 300 amino acid 

sequence at the C-terminus that is important for transactivation (144;158). In combination 

with dexamethasone, MnTE-2-PyP
5+

 induces glutathionylation of p65, a member of the 

NF-κB family that has a transactivation domain, and thus can control the transcriptional 

activity of NF-κB. Glutathionylation of p65 correlates with a decrease in NF-κB activity 

and with the porphyrin’s ability to enhance dexamethasone-induced apoptosis of 

lymphoma cells. Inhibiting the glutathionylation of p65 in the combination treatment 

restores the NF-κB activity to dexamethasone levels and prevents MnTE-2-PyP
5+

 from 

enhancing dexamethasone-induced cell death. These findings suggest that 

glutathionylation of the p65 NF-κB subunit is partially responsible for inhibiting NF-κB 

activity and that it is an important target for MnTE-2-PyP
5+

.  
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Alone, dexamethasone treatment glutathionylates p50, another member of the NF-

κB family, and partially inhibits NF-κB activity. The p50 NF-κB subunit does not have a 

transactivation domain; therefore, its primary function is to assist with DNA binding. 

Although, dexamethasone treatment increases glutathionylation of the p50 NF-κB 

subunit, inhibiting its glutathionylation does not affect dexamethasone’s ability to inhibit 

NF-κB activity or induce apoptosis in WEHI7.2 cells. Thus, the studies suggest that 

glutathionylation of p50 is not responsible for the ability of dexamethasone to inhibit NF-

κB activity. 

The data indicate that dexamethasone and MnTE-2-PyP
5+

 target NF-κB via two 

different molecular mechanisms. Previous studies of glucocorticoid treated macrophages  

have shown that binding of the activated glucocorticoid receptor to DNA blocks a known 

binding site for NF-κB (159). In dexamethasone treated WEHI7.2 cells, the same 

mechanism may block NF-κB DNA binding. In the current study, I show that in 

combination with dexamethasone, MnTE-2-PyP
5+

 glutathionylates the p65 NF-κB 

subunit and further inhibits NF-κB activity. Studies done in human hepatoma cells have 

shown that the glutathionylation of p65 sequesters p65 in the cytoplasm (147). In 

WEHI7.2 cells, MnTE-2-PyP
5+

 may inhibit NF-κB activity by glutathionylating p65 and 

preventing its translocation into the nucleus. The ability of MnTE-2-PyP
5+

 and 

dexamethasone to target NF-κB by two different mechanisms may contribute to their 

ability to synergize and increase lymphoma cell death. Addition of MnTE-2-PyP
5+

 to the 

standard treatment of DLBCL or multiple myeloma, which includes glucocorticoids, has 

the potential to improve treatment for these groups of patients.  
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In combination with dexamethasone, MnTE-2-PyP
5+

 also glutathionylated redox 

sensitive proteins in the mitochondria. The mitochondria are a major source of ROS and 

are important for apoptosis. A major group of the identified glutathionylated proteins are 

enzymes involved in the electron transport chain in the mitochondria, including: 

cytochrome c oxidase and complex I, an NADH-ubiquinone oxidoreductase. The electron 

transport chain within the mitochondria, specifically, is a major source of ROS within the 

cell (160). In cells taken from the brains of mice with Parkinson’s disease, 

glutathionylation of Complex I leads to its inactivation and is associated with oxidation 

of the glutathione pool (161;162). Inhibiting members of the mitochondrial electron 

transport chain causes a backup of electrons and leads to a leak of superoxide. MnSOD in 

the mitochondrial matrix will dismute superoxide and generate H2O2. In combination 

with dexamethasone, MnTE-2-PyP
5+

 increased mitochondrial ROS and enhanced 

dexamethasone-induced oxidation of the mitochondrial redox environment. Thus, the 

ability of MnTE-2-PyP
5+

 and dexamethasone to induce mitochondrial glutathionylation 

may be part of the response of mitochondria to oxidative stress induced by 

dexamethasone. In other cell types, glutathionylation of mitochondrial proteins is 

associated with disruptions of oxidative phosphorylation and with the release of 

cytochrome c and apoptosis (163). MnTE-2-PyP
5+

 may synergize with dexamethasone to 

enhance apoptosis in WEHI7.2 cells by glutathionylating redox sensitive proteins in the 

mitochondria, inhibiting their ability and increasing mitochondrial ROS. 

In combination with dexamethasone, MnTE-2-PyP
5+

 decreased the percentage of 

viable primary follicular lymphoma and DB cells, a human DLBCL-derived cell line. 
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More than 80% of follicular lymphomas and over 40% of DLBCLs overexpress Bcl-2, 

due to a t(14:18) translocation that places Bcl-2 under constitutive activity of the IgH 

promoter (22). The degree to which Bcl-2 is overexpressed represents a major barrier in 

the successful treatment of both types of lymphoma. The ability of MnTE-2-PyP
5+

 in 

combination with dexamethasone to sensitize these lymphoma cells to glucocorticoids 

suggests that MnTE-2-PyP
5+

 may also overcome the anti-apoptotic effect of Bcl-2 to 

promote cell death in follicular and DB lymphoma cells. In combination with 

dexamethasone, MnTE-2-PyP
5+

 may be depleting GSH and inhibiting the anti-apoptotic 

function of Bcl-2. In other cell types, reduction of the cellular levels of GSH results in 

increased degradation of Bcl-2 protein and an increase in apoptosis. Furthermore, a recent 

study showed that glutathione can bind the BH3 groove of Bcl-2 (164). The interaction 

contributes to the antioxidant function of Bcl-2 and decreases the susceptibility of 

mitochondrial membrane proteins to oxidation. MnTE-2-PyP
5+

 may disrupt the Bcl-

2/GSH interaction to elicit oxidation of the redox environment and enhance 

dexamethasone-induced apoptosis in lymphoma cells. Therefore, adding MnTE-2-PyP
5+

 

to glucocorticoid-based lymphoma therapy may improve survival in individuals with 

lymphomas overexpressing Bcl-2. 

One of the major dose limiting toxicities of CHOP is cardiotoxicity. 

Cardiotoxicity is reported in 14% to 49% of lymphoma patients treated with CHOP 

(165). Doxorubicin, a component of CHOP, causes short and long term cardiac toxicity 

(152). One of the proposed mechanisms describing doxorubicin-induced cardiotoxicity 

suggests that the generation of ROS can lead to heart toxicity and damage (153-155). In 
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the heart, an increase in ROS can cause myofibril loss and peroxidation of the 

cardiomyocyte plasma membrane (165). Thus, the ability of MnTE-2-PyP
5+

 to protect 

cardiomyocytes from doxorubicin toxicity could provide an added chemotherapeutic 

benefit since cardiotoxicity is a significant problem in the clinical use of doxorubicin.  

Our findings suggest that the effect of MnTE-2-PyP
5+

 on doxorubicin toxicity is 

cell-type specific; MnTE-2-PyP
5+

 is protective in the H9c2 cardiomyocytes but not in the 

WEHI7.2 cells. Our laboratory has also shown that MnTE-2-PyP
5+

 protects WEHI7.2 

cells from paraquat, a redox cycling agent (83). Both paraquat and doxorubicin redox 

cycle with similar enzymes to produce O2
•-
(154;166;167) This suggests that doxorubicin 

produces ROS in both cell types, but ROS are only involved in cardiomyocyte toxicity 

(153;155;168). There are at least two scenarios by which MnTE-2-PyP
5+

 pretreatment 

can produce these results: 1) MnTE-2-PyP
5+

 could be scavenging the O2
•-
 produced by 

paraquat in the WEHI7.2 cells and doxorubicin in the H9c2 cells or 2) because MnTE-2-

PyP
5+

 redox cycles using the same enzymes as paraquat and doxorubicin, MnTE-2-PyP
5+

 

may be competing with both compounds for reducing equivalents (99). By decreasing the 

redox cycling of paraquat and doxorubicin, MnTE-2-PyP
5+

 can prevent O2
•-
 generation. 

Inactivation of NF-κB by MnTE-2-PyP
5+

 could also play a role in cardiomyocyte 

protection because activation of NF-κB during doxorubicin treatment is proapoptotic in 

cardiomyocytes (100).  

The ability of MnTE-2-PyP
5+

 to sensitize lymphoid cells to dexamethasone and 

protect cardiomyocytes from doxorubicin-induced cardiotoxicity suggests that MnTE-2-

PyP
5+

 could be effective in DLBCL and follicular lymphoma combined with CHOP. 
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MnTE-2-PyP
5+

 also has potential for use in other hematological malignancies that use 

glucocorticoids, especially multiple myeloma, where NF-κB is frequently constitutively 

active. The data further suggest that MnTE-2-PyP
5+

 could be investigated as a 

cardioprotectant for cancers treated with doxorubicin.  
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CHAPTER SIX: CONCLUDING DISCUSSION 

 

Hematological malignancies are one of the top five leading causes of cancer 

death. Unlike many other types of cancer, both the incidence and deaths due to 

hematological malignancies are increasing. CHOP, a combination chemotherapy 

consisting of cyclophosphamide, doxorubicin, vincristine, and the glucocorticoid, 

prednisone is one of the most commonly administered treatments for some types of 

hematological malignancies. However, over 50% of patients treated with CHOP fail 

treatment. Despite the high failure rate, the use of each of these agents has been shown to 

elicit a response in some patients. Removing any one of these agents or including them 

later in treatment is associated with reduced survival. Novel agents are needed that will 

synergize with the existing therapy to improve patient survival. To develop new 

modalities, it is important to understand the molecular mechanisms of the existing 

therapies and what contributes to treatment failure. These studies will help identify 

targets that can be exploited therapeutically in order to develop novel agents that will 

work alongside the existing therapy to treat lymphoma patients and improve survival. 

The experiments described in Chapter Three, examined the molecular mechanism 

contributing to treatment failure. In these studies, I show that cells overexpressing 

catalase or cells selected for H2O2 resistance have an increased ability to remove H2O2; 

this ability protects the cells from glucocorticoids. The protection from glucocorticoids 

seen in these cells has implications for glucocorticoid chemotherapy. Tumor cells with 
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increased catalase or glutathione peroxidase, which are antioxidant defenses that remove 

H2O2, are likely to exhibit glucocorticoid resistance in the clinic.  

  Lymphomas can arise at the site of chronic inflammation; these lymphomas are 

exposed to higher levels of ROS, which are generated by the body’s inflammatory cells 

in response to inflammation (51). Lymphocytes that are able to survive and persist in an 

oxidized environment may respond with an upregulation of the antioxidant defense 

system and could thereby become resistant to oxidative stress, similar to the 200R cells 

(169). This acquired resistance to oxidative stress could make lymphocytes resistant to 

apoptosis signals mediated through ROS, allowing damaged cells to survive and 

accumulate more damage, thus affecting transformation to lymphoma. Lymphoma that 

arises with resistance to oxidative stress would then be resistant to therapy that induces 

cell death via ROS signaling, such as glucocorticoids.  

Novel agents that will modulate the redox environment, specifically by increasing 

oxidative stress, may synergize with glucocorticoids and improve the standard treatment 

for lymphoma. In our studies, the manganese porphyrin, Mn(III) meso-tetrakis N-

ethylpyridium-2-yl porphyrin (MnTE-2-PyP
5+

) enhances dexamethasone-induced 

apoptosis in lymphoma cells. MnTE-2-PyP
5+

 also synergizes with cyclophosphamide, 

while not affecting vincristine or doxorubicin sensitivity, which are the other components 

of CHOP. In addition, I showed that MnTE-2-PyP
5+

 protects heart cells from 

doxorubicin-induced cardiotoxicity, which is a major dose limiting toxicity of lymphoma 

treatment in the clinic. The profile of MnTE-2-PyP
5+

 suggests that MnTE-2-PyP
5+ 

could 

be effective as an adjuvant to CHOP in lymphoma therapy.  
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Doxorubicin-based chemotherapy improves survival in patients with lymphoma. 

However, physicians often limit its use because doxorubicin is known to cause short and 

long-term cardiac toxicity. The risk of doxorubicin-induced cardiotoxicity increases with 

time and as the patient’s cumulative dose also increases. More than 40% of lymphoma 

patients treated with CHOP report cardiotoxicity. The ability of MnTE-2-PyP
5+

 to protect 

cardiomyocytes from doxorubicin-induced cardiotoxicity, while not affecting 

doxorubicin’s anti-tumor properties is an added therapeutic benefit. The use of MnTE-2-

PyP
5+

 would allow physicians to administer doxorubicin at therapeutically effective or 

higher doses, to maximize tumor-cell kill without harming the heart.         

The heterogeneous response to treatment in lymphoma is a significant barrier to 

successful treatment. Thus, it was important to characterize and understand the 

mechanism of MnTE-2-PyP
5+

 action in our system. These mechanistic studies gave us 

insight about the specific types of lymphomas that may respond to MnTE-2-PyP
5+

. The 

data shown in Chapter Four demonstrates that in lymphoma cells, MnTE-2-PyP
5+ 

acts as 

a pro-oxidant and enhances dexamethasone-induced apoptosis. The H2O2 generated by 

dexamethasone is essential for the ability of MnTE-2-PyP
5+

 to enhance dexamethasone-

induced apoptosis, suggesting that MnTE-2-PyP
5+

 treatment will likely benefit cancers 

that are more oxidized or that express a pro-oxidant phenotype. In several cancer types, 

MnSOD overexpression has been shown to elevate intracellular H2O2 (84). Thus, MnTE-

2-PyP
5+

 may help sensitize tumors that overexpress MnSOD to glucocorticoid treatment.  

MnTE-2-PyP
5+

 may also synergize with other drugs that increase H2O2. N
1
, N

11
-

bis(ethyl)nonspermine (BENSpm) is a polyamine analogue that specifically generates 
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H2O2 (170). Recent data has also shown that vitamin C generates H2O2 and may be useful 

in the treatment of cancer (171;172). Hence, MnTE-2-PyP
5+

 could potentially synergize 

with BENSpm and vitamin C. Both BENSpm and vitamin C have been evaluated in 

phase I and II clinical trials for breast, prostate and lung cancers (170). Combining 

MnTE-2-PyP
5+

 with BENSpm, vitamin C, or other agents that increase H2O2 would 

expand the number and types of cancer that could potentially benefit from MnTE-2-PyP
5+

 

treatment.  

The studies described in Chapter Four also demonstrate that in order to act as a 

pro-oxidant, MnTE-2-PyP
5+

 modulates the levels of glutathione, the small molecule 

antioxidant defense. MnTE-2-PyP
5+ 

depletes glutathione and increases the levels of the 

oxidized form of glutathione, GSSG. These studies suggest that the cellular levels of 

glutathione can be used as a marker to predict the ability of MnTE-2-PyP
5+

 to act as a 

pro-oxidant and enhance cell death. As a consequence of the increased GSSG levels and 

increase in oxidative stress, MnTE-2-PyP
5+

 glutathionylates redox sensitive proteins in 

the mitochondria, as well as the redox-sensitive transcription factor NF-κB.  

MnTE-2-PyP
5+

 targets NF-κB, and in combination with dexamethasone, inhibits 

NF-κB activity. NF-κB is a pro-survival signaling protein that is often overexpressed in 

lymphoma and other hematological malignancies, including multiple myeloma. For 

example, a subset of DLBCL, activated B-cell lymphomas (ABC), overexpress NF-κB. 

Overexpression is associated with a poor prognosis in these patients. The addition of 

MnTE-2-PyP
5+ 

to the standard therapy of these hematological malignancies may 
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overcome NF-κB-mediated survival, enhance cell death, and ultimately improve patient 

survival.  

Another barrier for the successful treatment of some hematological malignancies 

is drug delivery. In the case of multiple myeloma, drug delivery into the bone marrow is a 

major clinical problem. The lipophilic nature of the bone marrow limits the ability of 

drugs to reach the site at catalytically active concentrations. Efforts were recently made to 

design more effective and bioavailable manganese porphyrins by increasing their 

lipophilicity. The manganese porphyrin, MnTnHex-2-PyP
5+

, is more lipophilic than 

MnTE-2-PyP
5+

, is 10-fold more active, and retains the same physical and chemical 

properties as MnTE-2-PyP
5+

 (173). Manganese porphyrins with a higher lipophilicity 

may be more suitable for in vivo use, particularly when targeting lipophilic 

environments/organs such as the bone marrow in patients with multiple myeloma. 

These studies have contributed to understanding the mechanisms of 

glucocorticoid-induced apoptosis (Figure 6.1). Our observations connecting oxidative 

stress resistance and apoptosis resistance give insight into the redox regulation of this 

pathway. Additionally, we have identified points of resistance to glucocorticoid-induced 

apoptosis in cells that are resistant to oxidative stress. The increased removal of H2O2 

protects these resistant cells from glucocorticoid-induced apoptosis. Using a redox-

cycling agent, MnTE-2-PyP
5+

, we were able to augment dexamethasone-induced 

oxidative stress and sensitize lymphoma cells to glucocorticoid therapy. MnTE-2-PyP
5+

 

also sensitized lymphoma cells to cyclophosphamide; while it did not have an effect on 

vicristine or doxorubicin sensitivity, MnTE-2-PyP
5+

 protected cardiomyocytes from 
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doxorubicin-induced cardiotoxicity. Our findings suggest that MnTE-2-PyP
5+

 has 

potential as a novel agent for hematological malignancies and may improve patient 

survival in the clinic.   
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A. Increases Oxidative Stress: MnTE-2-PyP
5+

 acts as a pro-oxidant in lymphoma cells to 

enhance dexamethasone-induced apoptosis 
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B. Target Proteins: MnTE-2-PyP
5+

 glutathionylates p65 NF-κB to enhance apoptosis signaling 

                 

  

 

 

 

Figure 6.1: Proposed model of MnTE-2-PyP
5+

 effects in lymphoma cells.  
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