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Abstract 

 
 Prostate cancer has the highest incidence of cancer and second highest number of deaths 

from cancer in men in the United States. It is the most diagnosed cancer in men globally. Age is 

the primary risk factor for prostate cancer etiology. Prostate cancers are androgen receptor- 

dependent and are treated with androgen- deprivation therapies. Some patients develop androgen 

receptor- independent characteristics that allow for metastasis. Around 10-20% of this subset 

progress to castration resistant prostate cancer. These patients typically have a poorer prognosis 

and are treated with nonspecific chemotherapeutics. Ascorbic acid has been utilized in clinical 

trials as a natural chemotherapeutic and chemotherapeutic adjuvant to improve patient prognosis.  

 Ascorbic acid decreases cell viability through the production of hydrogen peroxide via 

the Fenton reaction that requires iron and oxygen. Our goal was to investigate the effects of the 

tumor microenvironment on ascorbic acid- mediated cell viability. Specifically, our focus was on 

ascorbic acid- mediated response to hypoxia.  

 Prostate cancer cell lines, PC-3 and DU-145, were utilized. Non-tumorigenic cell lines, 

RWP and 957-AR, were also utilized. Cell viability was measured using an MTT assay. To 

measure extracellular hydrogen peroxide, the Amplex™ Red Peroxidase assay was conducted.  

 Results demonstrated that hypoxia attenuates ascorbic acid- mediated cell viability in 

cancer cells. The effect of hypoxia was not observed in non-tumorigenic cell lines. The effects of 

ascorbic acid were mediated through the production of hydrogen peroxide that required only the 

chemicals in the media. Cells appear to either degrade hydrogen peroxide through enzymes or 

inhibit formation of hydrogen peroxide at low doses of ascorbic acid. Further investigation on 

the mechanism of ascorbic acid and hydrogen peroxide in the cellular environment is needed. 
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The nature of the tumor microenvironment is also pivotal in this understanding to improve 

natural adjuvants and treatments for prostate cancer. 
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1. Background 
 

1.1 Introduction 
 

Prostate cancer is the second most common form of cancer in males following lung 

cancer (Bray et al., 2018). Globally, prostate cancer is the most diagnosed cancer in males and 

the second leading cause of death (Bray et al., 2018). Prostate cancer has a greater prevalence in 

developed countries with an incidence of 9.5% with 164,690 cases in the United States (Bray et 

al., 2018; Rawla, 2019). The incidence globally of prostate cancer is 7.1% and 1,276,106 cases 

(Bray et al., 2018; Rawla, 2019). The 5-year survival rate of prostate cancer in the United States 

is 98% primarily due to detection prior to metastasis (Rawla, 2019). 

 The development of prostate cancer tends to begin asymptomatically (Rawla, 2019). For 

diagnoses, detection of increased prostate-specific antigen (PSA) levels in the blood plasma as 

well as tissue biopsies are important tools (Rawla, 2019). Increasing trends of prostate cancer 

diagnoses globally have been associated with adoption of these screening tools, specif ically 

prostate-specific antigen tests (Rawla, 2019). Overall trends predict an increase in both incidence 

and mortality of prostate cancer globally (Rawla, 2019).  

Androgen-deprivation therapy, defined by pharmaceutical treatment or surgical 

procedure is often the treatment for more aggressive and progressive prostate cancers through 

withdrawal of androgens from androgen-dependent cancer cells (Kirby et al., 2011). Through 

mutations, cancer cells can derive properties that make them androgen-independent or insensitive 

leading to further survival and metastasis (Thienger and Rubin 2021). Androgen-deprivation 

therapies may provide a selective advantage to the androgen-independent cell population (Kirby 

et al., 2011). Progression of metastatic prostate cancer after surgical castration is referred to as 
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castration-resistant prostate cancer (CRPC) (Kirby et al., 2011). Survival in patients with 

castration-resistant prostate cancer is poor as metastases to other organs, such as bone, is 

common (Kirby et al., 2011).  

1.2 Demographics  
 

 The primary risk factor in the development of prostate cancer is age (Rawla, 2019). 

Males aged 65 or older show the highest incidence, approaching 60% (Rawla, 2019). Prostate 

cancer mortality also surges with age, with mortality before the age of 50 being very rare (Boyle 

et al., 2003; Rawla, 2019). 

 Prostate cancer disproportionately affects males of various racial and ethnic backgrounds. 

African American men are disproportionately affected by prostate cancer with the highest 

incidence of any ethnic group in the United States and globally (Rawla, 2019). African American 

men have nearly twice the mortality rate than white men globally with socio-economic and 

health disparities most likely playing a substantial role (Rawla, 2019). The Caribbean and certain 

areas of Africa experience the highest prostate cancer mortality rates globally (Pernar et al., 

2018). 

1.3 Public Health Impact 
 

 Prostate cancer is increasingly prevalent in Western countries (Boyle et al., 2003). As one 

of the most common cancers in men, prostate cancer has very high morbidity and mortality rates, 

especially in the United States (Boyle et al., 2003). It is important to acknowledge the 

environmental, socio-economic determinants of prostate cancer etiology in addition to genetic 

risk factors. Factors affecting this gap include disparities in access to healthcare that likely lead 

to underdiagnosis (Rawla, 2019). 
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 Due to the prevalence in the United States, prostate cancer also poses a large burden to 

the healthcare system financially (Roehrborn & Black, 2011). The National Cancer Institute 

(NCI) estimated a total cost of roughly nine billion dollars for prostate cancer treatments in the 

United States (Boyle et al., 2003).  

1.4 Ascorbic Acid 

There are many clinical protocols being studied to treat castration resistant prostate 

cancer (Ngo et al., 2019). My thesis aimed to evaluate the effects of the tumor microenvironment 

on ascorbic acid- mediated cell killing to better understand the strengths and weaknesses of 

ascorbic acid as an adjuvant drug in prostate cancer therapy. Ascorbic acid or vitamin C is an 

essential nutrient due to its important coenzyme and antioxidant activity. At high, non-

physiological concentrations, ascorbic acid is a pro-oxidant and subsequently selectively leads to 

cell death in cancer cells via necrosis (Levine and Violet 2017; Shenoy et al., 2018). Ascorbic 

acid can be readily oxidized extracellularly as a precursor to hydrogen peroxide, a reactive 

oxygen species (Chen et al., 2007, 2008). A linear relationship was found between ascorbate free 

radical formation and hydrogen peroxide presence in cell culture medium after one hour 

incubation with ascorbate implying ascorbate mediation in ROS formation (Chen et al., 2007, 

2008). Hydrogen peroxide is able to diffuse across cell membranes to cause oxidative stress in 

the cytoplasm and in the mitochondrial electron transport chain (Levine and Violet 2017). 

Ascorbic acid treatment also affects gene transcription and translation including inhibition of 

hypoxia inducible factor 1 alpha (HIF1a) transcription factor which is involved in the hypoxic 

response (Levine and Violet 2017; Muellner et al., 2010).  
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1.5 Microenvironment  

 

Cell Types  
 

The prostate gland produces semen that carries sperm and enables sperm to be released 

during ejaculation. It is composed of a heterogenous population of cells. Luminal secretory cells 

and some neuroendocrine cells are found on top of basal cells that rest on a layer of basement 

membrane that comprise the prostate epithelium (Goldstein, 2013; Thienger & Rubin, 2021). 

These epithelial cell layers are important in cell regeneration, and it is thought that basal stem 

cells are responsible for the initiation and signaling that results in tumorigenesis (Goldstein, 

2013). Subepithelial layers below the basement membrane include fibroblasts, macrophages, 

lymphocytes, smooth muscle, adipocytes, and the extracellular matrix (Chiarugi et al., 2014; 

Goldstein, 2013). 

Initiation and Expansion  

The different cell types in the prostate are each capable of undergoing carcinogenesis but 

most cancers of the prostate are adenocarcinomas, derived from the luminal or basal cells 

(Chiarugi et al., 2014). Nonetheless, the different cell types contribute, or are antagonistic to 

tumor growth. The tumor microenvironment is composed of a variety of cells and materials that 

potentially contribute to tumor progression and prevention. Soluble mediators released from the 

different cell types include small molecules such as nitric oxide and eicosanoids as well as 

proteins such as growth factors and interleukins (Chiarugi et al., 2014). Most important are the 

stromal cells because they synthesize the extracellular matrix. The extracellular matrix will 

encapsulate the tumor, thereby preventing metastasis. Continued interaction between tumor cells 

and stromal cells leads to a positive autocrine feedback loop and enables further invasion into 
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surrounding cells, enlargening the tumor microenvironment (Chiarugi et al., 2014). Cancer cells 

will have an impact on extracellular proteins resulting in physical stress that modifies the shape 

of the tumor cell that is mediated by the cytoskeleton. This impact of structure influences 

adjacent cells to also experience stress (Chiarugi et al., 2014). Cells adapt to this stress by 

restructuring and altering the extracellular matrix in addition to increased fibroblast collagen 

production and deposition, which is associated with rigidity and a cancer phenotype (Chiarugi et 

al., 2014). 

Warburg Effect  

Cells undergo various biopathways for energy production. In an aerobic environment, 

cells undergo glycolysis, the tricarboxylic acid cycle, and oxidative phosphorylation to produce 

adenosine triphosphate (ATP) to be utilized as energy. The latter two pathways are only utilized 

under aerobic conditions while glycolysis can be utilized in both. A hallmark of cancer cells is 

that despite having access to sufficient oxygen, cells prefer to selectively undergo increased 

glycolysis to produce enough energy stores, a phenomenon described as the Warburg Effect  

(Tameemi et al., 2019). Cancer cells are often observed to utilize aerobic glycolysis (Tameemi et 

al., 2019). There is a degree of variability as some cancer cells do prefer to utilize oxidative 

phosphorylation for energy, and some prefer both oxidative phosphorylation and glycolysis 

(Tameemi et al., 2019). 

Hypoxia 

Proliferation of tumor cells can lead to an altered tumor microenvironment and blood 

flow that limit the amount of oxygen accessible to cancer cells. Hypoxia, or the reduction of 

sufficient oxygen delivery to cells is a common and variable feature of tumor microenvironments 
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(Spiess, 2020). Hypoxic stress response is characterized by the activation of hypoxia-inducible 

factor (HIF) transcription factor that regulates hypoxia response (Tameemi et al., 2019). The 

HIF-1a subunit has a significant response in hypoxic conditions since it no longer is marked for 

ubiquitination like under normoxic conditions, but rather localizes to the nucleus where it leads 

to the activation of a pathway involving hypoxia response element (HRE). Hypoxia response 

element (HRE) is found within the promoter region of genes that code for glucose transporters, 

growth factors, and other factors that further contribute to cell survival, changes in the 

microenvironment, and metastasis (Tameemi et al., 2019).  

Iron Transport 
 

The primary proteins involved in iron transport are the transferrin receptor protein (Tf), 

hepcidin, ferroportin (FNP1), and divalent metal transporter (DMT1) (Waldvogel-Abramowski 

et al., 2014). Ferroportin facilitate cellular iron exportation; hepcidin binds to ferroportin and 

inhibits exportation, increasing intracellular iron stores (Waldvogel-Abramowski et al., 2014). 

Divalent metal transporter 1 and transferrin receptor (TfR) mediate iron uptake, though the TfR 

is more widely employed for most cells as DMT1 requires an acidic environment (Garrick 2011). 

DMT1 is also an intracellular iron transporter, and accordingly plays a role in iron homeostasis 

in all types of cells (Garrick 2011). Finally, ferritin stores iron and is composed of a heavy and 

light chain (Garrick 2011). When cells require higher iron, levels of the transporters increase and 

level of ferroportin and ferritin decrease. These responses do not require transcription (Garrick 

2011). The mRNA of the transporters contains an iron response element (IRE) on the 3’ 

untranslated end of the mRNA whereas the ferroportin and ferritin mRNA has the IRE at the 5’ 

untranslated end (Garrick 2011). When iron levels of the cell are insufficient, the iron response 
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protein is stable and binds to the IRE (Garrick 2011). Transporter mRNA is stabilized resulting 

in more translation (Garrick 2011). The binding of the iron response protein to the 5 ‘IRE 

prevents translation, resulting in less ferritin and ferroportin (Garrick 2011).  
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2. Materials & Methods 
 

2.1 Cell Culture 
 

 The PC-3 and DU-145, prostate cancer cell lines were gifts from Dr. Jonathan Coulter, 

Johns Hopkins University. The BPH-1 cell line was derived from benign prostatic hyperplasia 

and was a gift from Dr. Simon Hayward, NorthShore University Health System. BPH-1 is an 

immortalized benign prostatic hyperplasia cell line established from primary prostatic tissue 

from a 68-year-old patient and the cell line was immortalized with Simian virus 40 (SV40) large 

T antigen. The 957-AR cell line is derived from the 957-E cell line, which was derived from 

tumor tissue obtained from radical prostatectomy specimen of a 44-year-old patient with a family 

history of prostate cancer (Yasunaga et al., 2001). To generate a cell line, cells were infected 

with a recombinant retroviral construct, LXSN-hTERT containing the hTERT and a neomycin 

resistance gene (Yasunaga et al., 2001). To generate 957-AR cells, the 957-E cells were 

transduced with a lentiviral vector to express the androgen receptor AR (Yasunaga et al., 2001). 

The 957 cell lines are nearly diploid (Yasunaga et al., 2001). The 957-E and the 957-AR are 

grown in Keratinocyte derived media supplemented with bovine pituitary extract and epidermal 

growth factors. The RWP cell line was purchased from the ATCC and also grown in 

Keratinocyte derived media supplemented with bovine pituitary extract and epidermal growth 

factors. PC3-AR, and DU145-AR cell lines were also gifts from Dr. Isaacs. These cell lines were 

transduced with a lentiviral vector to express AR. The PC3-AR and DU145-AR controls express 

Green Fluorescent Protein (GFP). The cells were grown in a humidified water jacketed incubator 

with 5% CO2 mixed in air. 
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2.2 MTT Assay 
 

The 2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was utilized to quantify cell 

viability. PC-3 and PC3-AR (2500 cells per well), DU-145 and DU-145 AR (1000 per well), 

BPH-1 (2500 cells per well), and the 957 cell line (2500 cells per well) were plated in 96 well 

plates. Cells were treated with drugs at 24 hours (6 wells per treatment) after plating. Five days 

after plating, media was aspirated from the wells and MTT at 5 mg/mL in Hank’s Balanced Salt 

Solution was added. Background was measured by treating three wells with sodium docetyl 

sulfate (SDS) and control was with media. Absorbance was read at 570 nm wavelength using a 

microplate reader. Percent viability was computed using equation 1.  

Equation 1. Percent Viability Equation 

 

 

GraphPad Prism software was utilized to create graphs. The largest data point per set was 

normalized to 100% and the smallest to 0%. The normalized percent viabilities were then fit into 

a nonlinear regression (curve fit) model of [inhibitor] vs. normalized response with a variable 

slope. The EC50 values and R-squared values were determined from the nonlinear regression 

models. Statistical tests such as one-way and two-way ANOVAs were conducted. Student paired 

t-tests were conducted for data sets of two variables.  

2.3 Hypoxia 
 

Hypoxia was achieved by placing cells in an airtight chamber and passing gas (1% 

oxygen, 5% CO2, and 94% nitrogen) through the chamber. A wet towel was placed in the 

chamber to maintain humidity, and the chamber was placed in a 37C environment to maintain 

physiologic temperature. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
(𝑚𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 𝑚𝑒𝑎𝑛 𝑆𝐷𝑆 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

(𝑚𝑒𝑎𝑛 𝑚𝑒𝑑𝑖𝑎 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
) × 100 
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2.4 Amplex™ Red Peroxidase Assay 
 

Extracellular hydrogen peroxide concentration was measured using the Amplex™ Red 

Peroxidase Assay. Horseradish Peroxidase (HRP) was dissolved in Phosphate Buffered Solution 

(PBS) and combined with Amplex™ Red dissolved in dimethyl sulfoxide (DMSO) to create the 

working solution or reagent. Horseradish Peroxidase (150 units/mg) working solution was made 

with 5 uL enzyme to 5 mL Phosphate Buffered Saline (PBS). The Amplex™ Red reagent was 

made at 400 uM working solution. Reagent was prepared with 1:100 dilution, 4 uM, of 

Amplex™ Red and 1:40 dilution of HRP working solution.  

Cells were plated in 24 well plates at 40,000 cells per well. Plates were treated with 

ascorbic acid for a four-hour duration in phenol red free RPMI medium. After four hours, 100 uL 

of cell supernatant was removed from wells and treated 1:1 with the Amplex™ Red reagent. 

Absorbance was read at 570 nm wavelength using a microplate reader. 

Media background was subtracted from average absorbances, and the hydrogen peroxide 

concentration was calculated using standards. The percent viabilities were normalized in 

GraphPad Prism and fit to a nonlinear regression as described in section 2.2.  
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3. Results 
 

3.1 Fenton Chemistry 
 

There are numerous effects that impact the tumor microenvironment such as a variety of 

cell types, glucose metabolism, signaling molecules, pH levels, and oxygen tension. The effect of 

various oxygen conditions was particularly explored due to the preliminary data that there is a 

hypoxia effect on ascorbic acid- mediated cell viability. Shown in Figure 1 below, ascorbate 

(ascorbic acid) behaves as an oxidizing agent to turn ferric iron to ferrous iron. The ferrous iron 

is further able to react with oxygen to form superoxide anions that create hydrogen peroxide.  
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Figure 1. Ascorbate Fenton Chemistry Reaction 
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3.2 Hypoxia Attenuates the Effects of Ascorbic Acid on Cell Viability 
 

Prostate cancer cells lines were exposed to either hypoxia or normoxia for 24 hours prior 

to treatment with ascorbic acid. After treatment, cells were returned to their respective oxygen 

conditions and viability was assessed. The EC50 for ascorbic acid in PC-3 cells was 0.671 mM 

in normoxia and 1.373 mM in hypoxia (Figure 2A). In the DU-145 cells, the EC50 increased 

from 0.304 mM in normoxia to 0.607 mM in hypoxia (Figure 2B).  
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A. 

 
 

B. 

 

 

Figure 2. Ascorbic acid treatment of PC-3 (A) and DU-145 (B) cells. Prostate cancer cell lines 

were plated and exposed to either normoxic or hypoxic conditions. After 24 hours, cells were 
treated with ascorbic acid and returned to incubation in their respective oxygen conditions. After 
five days, cell viability was measured using the MTT assay. Each data point was derived from 

n=6. EC50s were computed using a nonlinear regression model in Prism and R2 designated how 

well the data fits the model.  
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Because oxygen is required for ascorbic acid to participate in the Fenton reactions, it was 

possible that the increase in viability in cells grown in hypoxia was due to lower percentage 

oxygen. To test this possibility, cells were pre-exposed to hypoxia but treated with ascorbic acid 

in normoxic conditions and returned to normoxia or hypoxia for five more days. In both the PC-3 

and DU-145 cell lines, concentrations of ascorbic acid that decreased viability under normoxic 

conditions were ineffective in cells exposed to hypoxia (Figure 3A and Figure 3B). 
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A. 

 

B. 

 

 

Figure 3. Viability after a short incubation time with ascorbic acid. PC-3 (A) and DU-145 (B) 

cells were treated with ascorbic acid at different concentrations for four hours after exposure 

to normoxia or hypoxia. Cells were returned accordingly to hypoxia or normoxia. Each data 

point is the mean of n=6. Percent viabilities are shown. 
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Ascorbic acid affects cell viability through the production of hydrogen peroxide as shown 

in the Fenton reaction. To confirm that hydrogen peroxide was the agent responsible for cell 

death, cells were treated with ascorbic acid and catalase, an enzyme that degrades extracellular 

hydrogen peroxide. The degradation of hydrogen peroxide by catalase enzyme is expected to 

result in higher levels of percent viability. Catalase effectively decreased the response to ascorbic 

acid at low and high concentrations of ascorbic acid in PC-3 (Figure 4) and DU-145 cells (Figure 

5). 
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Figure 4. Effects of catalase on the response to ascorbic acid in PC-3 cells. Cells were treated 
with ascorbic acid at 2 mM (A), 1.33 mM (B), and 0.59 mM (C), for four hours in the presence 
or absence of 28,000-70,000 units catalase. Means of n=6 and S.E.M. are shown, student paired 

t-test was used to compute significance. (*P<0.05, **P<0.01, ***P<0.001) 
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Figure 5. Effects of catalase on the response to ascorbic acid in DU-145 cells. Cells were 
treated with ascorbic acid at 2 mM (A), 1.33 mM (B), and 0.59 mM (C), for four hours in the 
presence or absence of 28,000-70,000 units catalase. Means of n=6 and S.E.M. are shown, 

student paired t-test was used to compute significance. (*P<0.05, **P<0.01, ***P<0.001) 
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Since hydrogen peroxide is the mediator of the effects of ascorbic acid on cell viability, it 

would be reasonable to predict that the effects of hydrogen peroxide on viability would also be 

attenuated by hypoxia. However, differences were not observed between PC-3 and DU-145 cells 

cultured in normoxia and hypoxia conditions (Figure 6A and Figure 6B). When catalase was 

added to the cells treated with hydrogen peroxide, the effects of hydrogen peroxide on viability 

were attenuated (data not shown). 
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A.  

 

B. 

 

 

Figure 6. Effects of hypoxia on the response to hydrogen peroxide. PC-3 cells (A) and DU-145 

cells (B) were incubated in hypoxia or normoxia for 24 hours and then treated with different 
concentrations of hydrogen peroxide. After five days, cell viability was measured via MTT assay 

(n=6).  

 

  



 21 

It was possible that the effects of hypoxia on cells treated with ascorbic acid could be 

specific to cancer cell lines. This possibility was examined in two non-tumorigenic cell lines 

derived from the prostate (Figure 7). In RWP cells, hypoxia did not affect the EC50 for ascorbic 

acid (Figure 7A). In the 957-AR cells, the effects of ascorbic acid were greater in cells exposed 

hypoxia (Figure 7B). Also, the EC50s were higher in the nontumorigenic cell lines cultured in 

normoxia compared to the DU-145 and PC-3 cell lines. The impact of hypoxia on ascorbic acid 

in prostate cancer tumorigenic cell lines appears to be a cell-specific interaction as this 

relationship is not observed in non-tumorigenic cancer cell lines. 
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Figure 7. Effects of hypoxia on the response to ascorbic acid in non-tumorigenic cell lines 

RWP (A) and 957-AR (B). Cells were incubated for 24 hours in hypoxia or normoxia, and then 

treated with ascorbic acid. After five days, cell viability was measured and EC50s were 

computed (n=6).  
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In addition to oxygen, the availability of iron is also needed for the effects of ascorbic 

acid on cell viability. In the Fenton reaction, iron is involved in redox cycling producing reactive 

oxygen species (Figure 1). Cells were incubated with 100 uM ferrous ammonium sulfate for 24 

hours prior to treatment with ascorbic acid. Ferrous ammonium sulfate remained on cells when 

ascorbic acid treatment was applied and remained until viability was assessed at the end of the 

five days. It would be expected that iron enhance the effects of ascorbic acid, but the opposite 

was observed. The EC50 for ascorbic acid increased in cells pre-incubated with iron in normoxia 

(Figure 8A and Figure 8B). 
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Figure 8. Effects of iron supplementation on responses to ascorbic acid in normoxia. PC-3 (A) 
and DU-145 (B) cells were treated with ascorbic acid after supplementing the media with iron 

for 24 hours. Cells were treated with ascorbic acid and EC50s were computed (n=6).   
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However, in hypoxia, iron supplementation enhanced the effects of ascorbic acid 

resulting in a lower EC50 (Figure 9A and Figure 9B). A similar effect of iron supplementation 

was seen in PC-3 and DU-145 cells treated with hydrogen peroxide (Figure 10A and Figure 

10B).  
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A.                 B.  

 
 

 

Figure 9. Effects of iron supplementation on responses to ascorbic acid. PC-3 (A) and DU-145 

(B) cells were treated with ferrous ammonium sulfate 24 hours before ascorbic acid treatment. 
Plates were returned to their respective oxygen conditions after treatment. After five days MTT 

reagent was applied, and cell viability was measured (n=6). EC50 values are in mM.  
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Figure 10. Effects of iron supplementation on responses to hydrogen peroxide. PC-3 (A) and 

DU-145 (B) cells were treated with ferrous ammonium sulfate 24 hours before hydrogen 
peroxide treatment. Plates were returned to their respective oxygen conditions after treatment. 

After five days MTT reagent was applied, and cell viability was measured (n=6). EC50 values 

are in mM.  

 

  

  

Normoxia Hypoxia

0.0

0.5

1.0

1.5

E
C

5
0
 V

a
lu

e

Control

50 uM Fe

Normoxia Hypoxia

0.3

0.4

0.5

0.6

0.7

E
C

5
0
 V

a
lu

e

Control

50 uM Fe

Normoxia Hypoxia

0

20

40

60

80

E
C

5
0
 V

a
lu

e

Control

100 uM Fe

Normoxia Hypoxia

20

25

30

35

40

45

E
C

5
0
 V

a
lu

e

Control

100 uM Fe



 27 

Another variable examined was the relationship between the androgen receptor and the 

effects of ascorbic acid in hypoxia and normoxia. Polymorphisms in the androgen receptor, and 

its interactions with signaling pathways, contributes to the etiology of prostate cancer (Nelson & 

Witte, 2002). In these experiments, PC-3 and DU-145 cell lines were compared with their 

respective cell lines expressing the androgen receptor in the presence and absence of DHT, a 

natural androgen that binds to the androgen receptor. As we found before, the EC50 for ascorbic 

acid was higher in PC-3 cells cultured in hypoxia compared to normoxia. Interestingly, the 

effects of hypoxia were not observed in the cells expressing the androgen receptor even without 

the addition of DHT (Figure 11).  A similar response was seen in DU-145 cells (data not shown).  
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Figure 11. Responses to ascorbic acid in PC-3 cells expressing the androgen receptor. PC-3 

cells expressing androgen receptor (AR) or control cells were exposed to hypoxia or normoxia 
for 24 hours then treated with ascorbic acid (n=6). DHT was added at the time of ascorbic acid 

treatment. EC50s were computed in uM.  
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3.3 Measuring Hydrogen Peroxide using the Amplex™ Red Assay 
 

 The Amplex™ Red assay is a colorimetric assay that measures extracellular hydrogen 

peroxide formation. In Fenton chemistry, iron and oxygen are necessary in the formation of 

hydrogen peroxide from ascorbic acid (Figure 1). 

 Ascorbic acid added to RPMI increased levels of hydrogen peroxide. Because iron is not 

added to RPMI, the source of iron is unclear. To test whether transition metals are present, the 

effects of metals chelators, nitrilotriacetic acid (NTA) and diethylenetriaminepentaacetic acid 

(DTPA) were examined on hydrogen peroxide production. Both NTA and DPTA attenuated the 

amount of hydrogen peroxide produced (Figure 12). While DPTA was effective at all 

concentrations of ascorbic acid, the effect of NTA depended on the amount of ascorbic (Figure 

12). This could imply the presence of trace iron in media, however, this has not been verified.  
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Figure 12. Hydrogen peroxide generated by adding ascorbic acid to RPMI. Hydrogen peroxide 
was measured at four hours after adding ascorbic acid to RPMI with metal chelators DPTA or 
NTA at 100 uM (n=3). Control represents RPMI without chelators. All conditions were in 

normoxia. Hydrogen peroxide standards were used to converted absorbance to hydrogen 

peroxide (n=3).   
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We next compared the amount of hydrogen peroxide produce in media to the amount 

produced in the presence of cells. We needed to examine high concentrations of ascorbic when 

saturation was reached. Interestingly, less hydrogen peroxide was produced in RPMI in the cell 

culture compared to the amount produced in RPMI without cells (Figure 13). Cells might be 

degrading the hydrogen peroxide that is being formed (Figure 13).  
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Figure 13. Production of hydrogen peroxide in PC-3 cell culture. Different concentrations of 

ascorbic acid were added to RPMI (n=3) and in cell cultures with RPMI (n=3). Hydrogen 
peroxide was measured with the Amplex™ Red assay and the amount of hydrogen peroxide 

produced was computed with standards.   
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The effect of cells on levels of hydrogen peroxide could be due to interference with 

production of hydrogen peroxide and/or increasing the degradation of hydrogen peroxide. We 

reasoned that cellular involvement would require protein activity. To block activity (enzyme, 

transporters), we compared the effects of live cells with cells fixed with formaldehyde.  

Formaldehyde fixed cells displayed higher levels of hydrogen peroxide compared to nonfixed 

cells, suggesting the involvement of protein activity but levels of hydrogen peroxide were lower 

in fixed cells compared to media alone at the very low concentrations of ascorbic acid  (Figure 

14).  

It is also possible that cells exposed to hypoxia were more effective in lowering hydrogen 

peroxide compared to cells exposed in normoxia, which could explain why the response to 

ascorbic acid on prostate cancer cell viability was attenuated . At low concentrations of ascorbic 

acid in both normoxia and hypoxia, there is less hydrogen peroxide than in their respective media 

controls (Figure 14). At higher concentrations, the amount of hydrogen peroxide rose, and the 

cells grown in hypoxia appeared to reach levels of hydrogen peroxide produced  in media without 

cells (Figure 14). 
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Figure 14. Hydrogen peroxide production in cells in normoxia, hypoxia, or fixed. PC-3 cells 

were fixed with formaldehyde or exposed to hypoxia for 24 hours before adding ascorbic acid 
(n=3). The amount of hydrogen peroxide was also measured in media without cells (n=3). 

Hydrogen peroxide concentrations was computed with standards.   
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Preincubation of cells with iron decreased amount of hydrogen peroxide at all 

concentrations of ascorbic acid (Figure 15). This supports previous data shown in Figure 10 of 

increased cell viability in PC-3 and DU-145 cells preincubated with iron and treated with 

ascorbic acid.  
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Figure 15. Iron supplementation decreases hydrogen peroxide in PC-3 (A) and DU-145 (B) 

cells in normoxia. Cells were preincubated for 24 hours with 100 uM iron ammonium sulfate 

before ascorbic acid treatment (n=3). Control represents normoxia control without iron (n=3).  
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In order to quantify the amount of hydrogen peroxide being generated by ascorbic acid, 

the ascorbic acid data was extrapolated to fit in a hydrogen peroxide standard curve (Figure 16). 

A hydrogen peroxide standard curve was fit into a linear regression model to give the slope, OD 

Absorbance/Hydrogen Peroxide Concentration (Figure 16). To extrapolate to ascorbic acid 

concentrations from hydrogen peroxide standard, Equation 2 was utilized. 
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𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝐻2𝑂2

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐻2𝑂2

=  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝐴𝐴

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐴𝐴
 

 

Equation 2. Relating hydrogen peroxide and ascorbic acid.  

 

 
 

Figure 16. Standard hydrogen peroxide linear regression. Absorbances from hydrogen 
peroxide in RPMI (n=3) were plotted and fit to a simple linear regression and slope of the line 

was computed. 
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 The linear regression model from the hydrogen peroxide standard curve (Figure 16) was 

utilized to convert absorbance of hydrogen peroxide to nanomoles of hydrogen peroxide 

produced at each ascorbic acid concentration (Figure 17). The figure shows a linear relationship 

between the concentration of ascorbic acid and the concentration of hydrogen peroxide (Figure 

17).  
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Figure 17. Relationship between ascorbic acid and hydrogen peroxide in PC-3 cultures. 
Hydrogen peroxide mean absorbances (n=3) from ascorbic acid in Amplex™ Red assay were 

converted to nanomoles of hydrogen peroxide using the hydrogen peroxide standard linear 

regression.  
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4. Discussion 
 

Our experiments confirmed previous studies that ascorbic acid decreases cell viability via 

production of hydrogen peroxide (Chen et al., 2007, 2008). Ascorbic acid- mediated generation 

of hydrogen peroxide requires oxygen and the increase in hydrogen peroxide results in the 

generation of superoxide in a reaction requiring iron. Hydrogen peroxide was produced in a 

dose-dependent matter relative to ascorbic acid concentration (Chen et al., 2007, 2008). When 

catalase, an enzyme that catalyzes the degradation of hydrogen peroxide, was added to cell 

culture, the effects of ascorbic acid were diminished and there was increased cell viability.  

The effects of ascorbic acid in cells were attenuated in 1% oxygen conditions. A 

consideration was that there was less oxygen available to participate in hydrogen peroxide 

formation, however, we also found that lower oxygen levels did not affect responses to other 

chemicals. Notably, hypoxia did not attenuate the effects of hydrogen peroxide on viability when 

it was added directly to the cells. Nonetheless, we do not conclude that the attenuation of 

ascorbic acid in hypoxia is a result of lower levels of oxygen. First, the effects of hypoxia on the 

response to ascorbic acid was observed when cells were treated with ascorbic acid in normoxic 

conditions and then cultured in hypoxic conditions. Second, hypoxia did not affect the response 

to ascorbic acid in two non-tumorigenic cells lines.  

Also, we found that the hypoxic conditions did not affect the amount of hydrogen 

peroxide produced in the media. Rather, we suggest that the effects of hypoxia on hydrogen 

peroxide and ascorbic acid responses are different because the cellular responses to each agent. 

When hydrogen peroxide is added to cells, it is quickly depleted within 30 minutes. Other 

investigators have shown that hydrogen peroxide is removed by cell derived catalase (Chen et 

al., 2007, 2008). In contrast, ascorbic acid generates hydrogen peroxide slowly. Consequently, 
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there is a slow delivery of hydrogen peroxide to cells. It is possible that the cellular responses 

needed to remove the hydrogen peroxide, or block the effects of hydrogen peroxide, are induced 

under hypoxic conditions. Also, ascorbic acid is present in the media as the hydrogen peroxide is 

produced. Ascorbic acid might continue to be present in cells under hypoxia and modify the 

effects of hydrogen peroxide on viability. 

Hydrogen peroxide mediates the response to ascorbic acid, yet we know little about the 

ascorbic acid- mediated production of hydrogen peroxide in the cellular environment. We 

observed less hydrogen peroxide produced at the low range of ascorbic acid concentrations when 

the experiment was conducted in cell culture. There are two possible explanations: either that 

cells block production or enhance degradation of hydrogen peroxide. Investigators have shown 

lower levels of hydrogen peroxide in the presence of erythrocytes and fibroblasts, which was due 

to catalase activity. Thus, it is possible that the prostate cancer cells produce catalase, or another 

peroxidase, to degrade the lower levels of hydrogen peroxide produced at lower levels of 

ascorbic acid. At higher concentrations, the levels of peroxidase in tumor cells is overwhelmed 

by the production of hydrogen peroxide. Another possibility is that cells are removing ascorbic 

acid, possibly through a transporter or an enzyme.  

Ascorbic acid is a potential therapeutic agent in prostate cancer and other types of cancer. 

Because humans require ascorbic acid, high levels of ascorbic acid are better tolerated than many 

of the xenobiotics that are used for cancer treatment. My study has identified an important 

mechanism that has gone largely unnoticed in developing clinical trials testing ascorbic acid: 

factors in the tumor microenvironment modify the effectiveness of ascorbic acid. One factor is 

hypoxia, which modifies the response through cellular mechanisms. We suggest hypoxia 

modifies an antioxidant response or a response that promotes viability. We found no evidence 
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that hypoxia decreases the amount of hydrogen peroxide produced. Although ascorbic acid-

mediated hydrogen peroxide production requires oxygen, it is possible that the 1% oxygen 

(which is in the gas mixture) is sufficient to generate hydrogen peroxide. Another factor is also a 

cellular response, but this response modifies hydrogen peroxide stability. Lower levels of 

hydrogen peroxide were observed in media with prostate cancers than without. Very likely, the 

stability of hydrogen peroxide is affected by the other cell types of the tumor microenvironment, 

including macrophages, endothelial cells, and stromal cells. Most likely catalase on cell surfaces 

is degrading hydrogen peroxide. These factors that modify hydrogen peroxide stability will vary 

among individuals. For example, the amount of iron in the diet.  

 Consequently, more studies should be conducted to define these factors to increase our 

understanding of the tumor microenvironment and maximize the effectiveness of ascorbic acid as 

an adjuvant in cancer chemotherapeutics. It is important to understand how reactive oxygen 

species are being formed and degraded in cells. The formation and degradation of hydrogen 

peroxide could differ in varying tumor microenvironments, different cell types, cell densities, 

reaction rates, activation of apoptosis or necrosis, and the way in which those pathways are 

triggered. Models for cancer types can predict ascorbic acid concentration and treatment duration 

for effective cell death. The regulation of gene expression can inform knockouts, such as to 

hypoxia inducible factors, to decrease cancer cell viability. The pathways of reactive oxygen 

species in human and animal cells will guide future directions of natural and traditional cancer 

chemotherapeutics.  
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