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Abstract 

Prostate cancer (PCa) is the second most common cancer diagnosed in males 

worldwide, and the incidence of this disease is predicted to double globally by 2030. In Ireland, PCa 

accounts for nearly 16% of all invasive cancers diagnosed annually. While approximately 70% of all 

prostate cancer patients display an initial response to androgen ablation therapy, eventually patients become 

unresponsive to further anti-androgen therapy. With this, the androgen independent prostate cancer is 

considered incurable. 

Cancer cells tend to employ aerobic glycolysis, the “Warburg effect” to meet their energy 

demands. Although, much more inefficient in terms of ATP production when compared to Oxidative 

Phosphorylation (OxPhos) employed by normal cells, this process is quicker and tends to use glucose 100 

times faster. Our group in collaboration with University of South Australia has developed a unique ‘Trojan 

Horse’ chemotherapeutic strategy that exploits the Warburg effect to target the prostate cancer metabolome 

and multiple aspects of the disease biology. The approach involves generating a series of compounds by 

complexing Vitamin C and Vitamin K3 with sugars and lipids. 

A panel of prostate cancer cell lines (LNCAP, PC3, DU154) representing varying stages of disease 

progression and a non-malignant cell line (PNT-1a) were tested with 10 Trojan Horse (TH) compounds to 

determine the cytotoxicity of the compounds under 3 physiological glucose conditions. Three TH 

compounds; two glucose Menadione and one lipid Menadione based  demonstrated significant cytotoxic 

effects. To evaluate the effects of these compounds on the PCa metabolome, the metabolic bioenergetic 

profiles of the panel of cell lines mentioned above were examined with the seahorse XFe2 Bioanalyzer 

following treatments with the three TH compounds. Flow cytometry and immunofluorescence-based assays 

were performed in parallel to determine levels of reactive oxygen species (ROS) and measure changes in 

mitochondrial membrane potential. LC-MS analysis was also performed to identify metabolites which 

could map specific metabolic phenotypes displayed by the cell lines. 

The androgen independent cell lines PC3 and Du145 displayed a greater reliance on glycolysis for 

ATP production which shifted marginally towards energy production by OxPhos following treatment with 

TH compounds. LNCAP the androgen dependent cell line was heavily dependent on OxPhos, and no 

change was observed in its metabolic capacity following treatment with TH compounds. An increase in 

reactive oxygen species (ROS) levels and alterations in mitochondrial membrane potential (MMP) were 

observed following TH treatments, but not to the levels expected. The results of the metabolomic analysis 

were in agreement with the metabolic bioenergetic profiles displayed by the cell lines pre and post TH 

treatment. LC-MS analysis also identified a significant increase in ROS scavenging amino acids which 

would account for the lower ROS levels and changes in MMP following TH treatments.  

The findings highlight the differences in metabolic phenotypes between androgen dependent and 

independent PCa and indicate a role for metabolic targeting by TH compounds. 
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1.1 General Introduction  

Prostate cancer is the second most common form of cancer in males worldwide1, 

and the incidence of this disease is predicted to double globally by 2030. 2 The growth 

and survival of early-stage prostate cancer relies on androgens. Due to this fact many 

therapeutic methods have been designed to target this with the likes of hormone therapies 

like androgen ablation therapy. Prostate cancer cells can become androgen independent if 

not treated early rendering the use of androgen therapy to be futile. The intermediate/late-

stage androgen independent prostate cancers (AIPCs) are considered at this time to be 

incurable. We propose to create a solution to this problem with the synthesis of novel 

therapeutics that will take a different approach, targeting the prostate cancer metabolism 

rather than the hormone cycle.  

We have developed a unique approach which specifically targets different parts of 

the cancer cells metabolic pathway, using a ‘Trojan horse’ metabolic targeting event. The 

approach involves the use of Vitamin C and Menadione, complexed to simple sugars and 

lipids which demonstrates significant anti-reactive oxygen species activity, without 

causing environmental apoptosis: resulting in the direct killing of cancer cells, with no 

effect on normal cells. With the ever-increasing incidence in cancer cases and resulting 

deaths, this novel approach is of great relevance and importance.  

It is safe to consider cancer is one of the most lethal and dangerous health issues 

faced by modern medicine. Several hallmarks of cancer cell biology have been 

recognised and many current therapeutic strategies have aimed to exploit these 

commonalities in cancer pathogenesis in order to find a cure to this disease. However, 

most of these strategies remain ineffective as they target a mechanism that the cancer 

cells can adapt to, in order to survive. Consequently, a treatment regimen that does not 

consider the variable nature of cancer cell biology and the adaptability of cancer cells is 

destined for failure, leaving a huge burden for patients, families, and health care systems. 

There is an urgent need for a therapeutic strategy that effectively targets cancers at 

multiple mechanistic and metabolic endpoints, and that utilises novel approaches to limit 

cancer cell adaptability. We will achieve this important outcome by exploiting the 

Warburg effect to target prostate cancers metabolism and develop compounds that target 

multiple aspects of cancer biology.  

The prevalence, risk factors, current diagnosis and treatments, upcoming 

treatments, disease biology and the vitamins of interest are discussed here, to lend insight 
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into the thought process for the development of the novel compounds and why they are an 

important step forward in the field of cancer research.   
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1.2 Epidemiology  

1.2.1 Global 

Prostate Cancer (PCa) is one of the most common cancers diagnosed in men, with 

over 1,276,106 new cases and 358,989 related deaths reported worldwide in 2018.1 The 

disease burden associated with PCa is expected to rise globally to ~2.3 million new cases 

and 750,000 related deaths by 20401, 2 The risk of developing PCa severely increases with 

age.2,16 Mortality rates increase with age with approximately 55% of all PCa related 

deaths occurring after the age of 65 years.3,4 

1.2.2 Ireland 

PCa accounts for 29.2% of all invasive cancers diagnosed annually with one in 

three men at risk of developing this disease during their lifetime.5  

On an average 3,474 cases of prostate cancer were diagnosed per year 2012-2014 

with an increase in incidence rate observed between 1994-2010.5 Figure 1.1 illustrates the 

PCa incidence and mortality rates in Ireland from the years 1994 to 2015, from the 

National Cancer Registry Ireland. 

 

Figure 1. 1 Trends in PCa incidence and mortality in Ireland from 1994 to 2015 (most recent figures) detailing the 

annual PCa (APC) incidence, from the National Cancer Registry Ireland.5
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1.3 Risk Factors  

The main risk factors include diet, age, and genetic predisposition. 

1.3.1 Diet, Obesity, and Diabetes  

Obesity and diabetes are distinct conditions, but both can have an impact on the 

development and progression of PCa.6 Obesity is a condition characterised by an elevated 

visceral fat accumulation.7 Obesity is associated with an increased risk of developing 

aggressive forms of PCa and a higher likelihood of disease recurrence following 

treatment.8,9 The high levels of adipose tissue found in an obese patient can produce 

oestrogen and inflammatory molecules, which may promote the growth and progression of 

PCa cells. Further, insulin resistance and chronic low-grade inflammation, that can be 

found in patients with obesity, may result in a tumour-promoting environment.10,11 

Associations between obesity and alterations in sex hormone levels, including a decrease 

in testosterone and an increase in oestrogen, which may affect prostate cancer growth have 

been reported in the literature.11,12 

While diabetes is often found in those with high levels of obesity, diabetes is a 

metabolic disorder described by an elevated blood sugar levels due to insufficient insulin 

production or impaired insulin function.13 Diabetes is associated with an increased risk of 

developing advanced and aggressive prostate cancer.14–16 Type 2 diabetes is often 

associated with insulin resistance, which leads to increased insulin production, resulting in 

elevated insulin levels and insulin and insulin-like growth factors may promote tumour 

growth and therefore the progression of PCa.17,18 Increased inflammation and oxidative 

stress have been linked to diabetes in patients, which can create a tumour-promoting 

environment and overall increase the risk of cancer progression.10,19 Finally, diabetes is 

known to result in issues with vasculature, including impaired blood flow and reduced 

oxygen supply to tissues, which may affect tumour growth and response to treatment, due 

to tumours ability to survive in an hypoxic environment.15,20,21  

A typical western diet, is implicated in the stimulation of oestrogen receptors 

mediating oestrogen’s harmful effects, due to the presence of animal derived oestrogen in 

the diet.22 Many studies have associated high concentrations of circulating oestrogens to 

increased PCa risk.23–26 The highest global PCa incidence rates are seen in Australia, 

Europe and the US where a western diet predominates, in comparison to nations that have 

a diet lower in animal products. 27, 22 
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While, there is no conclusive evidence at present linking obesity and PCa, 

nevertheless, lack of exercise and/ or a western diet may increase concentrations of serum 

adipokines, which have been adversely linked to PCa disease.28 Adipokines are cytokines 

produced from adipose tissue and are known to stimulate proliferation, metastasis, 

alterations of sex steroid hormone levels and angiogenesis.29,30 They disseminate through 

the blood and interact through ligand receptor endocrine mechanisms. Adipokines such as 

Leptin, Vascular Endothelial Growth Factor (VEGF), Heparin binding epidermal growth 

factor like growth factor (HB-EGF), interleukin-6 and adiponectin are heavily implicated 

in PCa carcinogenesis. Leptin disrupts insulin signalling in metabolic syndrome and type 

2 diabetes, where it plays a role in lipid metabolism, while adiponectin regulates blood 

sugars and its levels are inversely associated with the grade of PCa disease. 9,28,29,31,32 

Increased concentrations of Leptin, HB-EGF, IL-6 and VEGF have been recorded along 

with a concurrent decrease in adiponectin concentrations in obese patients.33,34 

Patient body mass index (BMI) levels have been shown to be inversely proportional 

to total serum and free testosterone concentrations due to decreased sex hormone binding 

globulin (SHBG). SHBG is a glycoprotein that binds to sex hormones androgens and 

oestrogens, controlling their bioavailability.35,36 The presence of SHBG is reported to 

decrease with increasing adiposity correlating to decreased testosterone levels, this trend 

is linked to insulin resistance as seen in metabolic syndrome.36 Low levels of SHBG have 

been associated with an increased risk of PCa, with increased circulating oestrogens 

introducing an additional risk factor.37 Obesity is also associated with decreased 

testosterone levels, observed in more advanced disease stages and poor prognosis.38, 39  

Overall, the management of diabetes and maintaining optimal blood sugar levels is 

critical for patients with prostate cancer to mitigate the potential adverse effects due to 

obesity and diabetes both in combination and respectively.  

1.3.2 Age 

The risk of developing PCa dramatically increases with age.2,16 1 in 350 men 

under 50 years of age will be diagnosed with prostate cancer, the rate of incidence 

increases to 1 in 52 for the age range of 50 - 59 years of age. For men aged 65 and over, 

the incidence rate of PCa is 60%.40 Mortality rates also increase with age with nearly 55% 

of all PCa related deaths occurring after the age of 65 years.3,4 Figure 1.2 illustrates the 

age of diagnosis and death from PCa in Ireland from the years 1994 to 2015, with a 
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median age of diagnosis being 65-69 years of age and the median age of PCa related 

death being 80-84 years of age. 

 

Figure 1. 2: Age Profile at diagnosis and death in Ireland from 1994 to 2015 (most recent figures) from the National 

Cancer Registry Ireland, with median age of diagnosis being 65-69 years of age and the median age of PCa related 

death being 80-84 years of age.5 

 

1.3.3 Genetics and Familial Risk 

The risk of disease increases if a first degree relative has been diagnosed with PCa 

allowing for risk stratification for those with genetic predisposition of the diesease.2 A 

family history of breast and/or ovarian cancer is associated with a three-fold increase in 

risk of PCa, possibly due to germ-line mutations of BRCA1 and 2 genes.3,4,41 In addition, 

men that present with BRCA 1 and 2 mutations have a much more aggressive disease 

phenotype. Moreover PALB2, a breast cancer susceptibility gene that encodes BRCA2-

interacting protein, is altered in patients with a family history of PCa, leading to BRCA2 

mutations and corresponds to higher incidence of PCa.18,42 

The X chromosome plays a role in contributing towards familial disposition to 

PCa. The androgen receptor is located on the X chromosome (Xq 11-12) and small 

deletions within Xq27-q28 (16%) region of the X chromosome can be found in hereditary 

PCa cases.2,43,44  
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Genetic variation also plays a significant role in conferring susceptibility to PCa. 

Single-nucleotide polymorphisms identified at the 8q24 locus, 17q, 17q12, and 17q24.3 

are strongly associated with PCa.45,46 

1.3.4 Smoking  

Although smoking has not been conclusively identified as a risk factor for PCa, 

heavy smokers are at a greater risk of dying due to PCa than non-smokers.47, 27 Exposure 

to smoking related carcinogens can affect sex steroid levels and lead to mutations in the 

TP53 gene leading to the development of a more aggressive, hormone independent 

disease phenotype.47 Around 64% of smokers will present with TP53 mutations when 

compared to 36% in non-smokers, which can be a considerable disadvantage to the 

patient. Mutations of TP53 in exon 7 and 8 can play a significant role in PCa progression 

and recurrence.48  
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1.4 The Diagnosis, Histology and Staging  

1.4.1 Diagnosis 

In cases of an abnormal growth in the prostate, a digital rectal examination (DRE) 

and Prostate Specific Antigen (PSA) blood test is first carried out by a physician and 

patients with suspect diagnosis are referred for further investigation. DRE generally 

detects peripheral zone cancers, although cancer can arise in other zones and become 

significantly advanced before palpable by DRE.49,50 Further investigations involve a 

transrectal ultrasound (TURS) examination and acquisition of guided biopsies for 

histopathological evaluation. The procedure involves extraction of 10 to 12 prostate tissue 

cores through a rectal probe.51 The associated side effects of this procedure include; 

sepsis, bleeding and urinary retention.42 There is also a relatively high risk of a false 

negative result.52  

Patients with a negative result from the initial biopsy, may undergo a repeat 

biopsy or Magnetic Resonance Imaging (MRI) in cases of suspected disease.51,53 

Multiparametric MRI has now become a standard method of detection, prior to biopsy 

with a greater associated accuracy (85%) and sensitivity (93%) in the detection of 

clinically significant prostatic disease. MRI in combination with biopsy has greatly 

increased the detection rate of PCa.54 

1.4.2 Histology 

Gleeson grading was established by Donald F. Gleeson in the 1970’s and is the 

conventional technique used in the classification of prostate adenocarcinoma into 

different histological growth patterns to determine a prognosis and guide decisions on 

treatmentintervention.55 In 2004 the World Health Organisation (WHO) approved the 

Gleason grading system for the Histopathological grading of PCa. Using the Gleason 

grading system, PCa’s can be classified as G1 (well differentiated), G2 (moderately 

differentiated) or a G3 (poorly differentiated or undifferentiated).56  

The Gleason system is based on architectural differences in the prostatic glands 

and does not evaluate nuclear atypia. The primary and secondary patterns should be 

reported and added to give the tissue pathology a score.55–57 

In 2014, modifications to the grading system were proposed by the International 

Society of Urological Pathology (ISUP) due to the limitations presented by Gleeson 

grading, such as poor differentiation and prognosis prediction.26 These changes included 

the assignment of all cribriform and glomeruloid glands to pattern 4. Regardless of 
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morphology, grading of mucinous carcinoma should not all be graded as a pattern 4 but 

should be based on its growth pattern, and intraductal carcinoma without invasive 

carcinoma should not be assigned a Gleason grade and a comment should be made as to 

its association with aggressive cancer. 49,58 

The ISUP grade groups divided Gleason grading into 5 groups with a consensus 

by expert pathologists and clinicians at the ISUP conference. These grade groups provide 

a standardised approach to management and prognosis. Grade groups are defined as: 

ISUP Group 1: Gleason score ≤ 6 

ISUP Group 2: Gleason score 3 + 4 = 7 

ISUP Group 3: Gleason score 4 + 3 = 7 

ISUP Group 4: Gleason score 8 (4+4. 3+5, and 5+3) 

ISUP Group 5: Gleason score 9-10 

Although, improvements have been made through the introduction of ISUP 

grades, limitation still arise due to the complexity of the modified system. For example, 

Gleason 3 + 4 carries a much more favourable prognosis than Gleason 4 + 3. This can be 

confusing for patients and clinicians and one cannot confidently place an intermediate 

risk on a Gleason score of 7.59,60 

 

Figure 1. 3: Gleason Grading:  A grade of 5 corresponds to a highly aggressive or malignant cell pattern. A grade of 3 

is also regarded as malignant, without an aggressive pattern. Depending on their frequency, cells with a Gleason score 

of 4 may tend toward tumours with a Gleason score of 6. Tumours with a Gleason score of 7 are regarded as 

intermediate-grade tumours. Image from ALTA KLINIK 
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1.4.3 Tumour Staging and Risk Stratification 

There are 3 main categories in which the disease is typically classified into based 

on: T; size of the primary tumour and invasion of nearby tissue or not. N; the degree of 

spread to regional lymph nodes. M; metastasis to other sites in the body.53,61 

• Localised disease (T1/2 N-M-)  

• Locally Advanced (T1/2 N+M-) or (T3/4 N-/+M-) and  

• Metastatic disease (any T/NM+)  

 

The localised and locally advanced disease are split into 3 further categories: 

• Low risk  

• Intermediate risk and  

• High risk 

Risk stratification is dependent on the disease stage and the treatment is guided by 

the risk category established. An overview of this is seen in Figure 1.4.  

 

Figure 1. 4: Current patient diagnosis, disease staging, and treatment schematic. The patient is sent to their general 

practitioner (GP) for a DRE. Here PSA levels may be determined by blood test. If the PSA is normal, the patient is sent 

home, however, there may be a referral to an oncologist and or urologist, if there are existing co-morbidities. If PSA 

readings are high, the patient is sent for a referral to an oncologist and or urologist, where a biopsy would be taken. If 

the patient is cancer positive, their disease will be stratified into; localised PCa, where active surveillance, watchful 

waiting, prostatectomy, or radiation therapy will be utilised as the treatment regimen. Locally advanced PCa where a 

prostatectomy, radiation therapy, or palliative care will be utilised as the treatment regimen. For metastatic PCa, ADT 

and chemotherapy or palliative care will be utilised as the treatment regimen for the patient.
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1.5 Current strategies in clinical management  

The treatment options for PCa are guided by disease severity and tend to be either 

curative or palliative. Palliative options are advised for patients with existing 

comorbidities, and for older patients who are likely to die of unrelated causes. 57 To 

undergo radical curative treatment, the patient must have a life expectancy of more than 

10 years due to the severity of treatment and inherent risk involved. 53,61  

1.5.1 Watchful Waiting 

This is a method of treatment typically undertaken for elderly patients or those 

with serious comorbidities. This involves infrequent PSA checks and disease monitoring; 

it is typically considered within the palliative route of care.61 

1.5.2 Active Surveillance:  

Patients with low or intermediate risk localised disease are often placed under 

active surveillance. It is also referred to as a “delayed radical treatment” and is set in 

place to avoid overtreatment of localised tumours with low chance of progression.62,63 

Active surveillance involves the bi-annual reassessment by the patients’ medical team, 

where examination of the patients PSA levels and possible repeat biopsy are conducted if 

required. During active surveillance, more radical treatment such as radiotherapy can be 

investigated, with further intervention decided by the patient or based upon the results of 

a repeat biopsy.64,65 However, there is an inherent risk involved as once progression of 

disease is detected, and radical treatment is undertaken. Overall, active surveillance has 

proven to be effective and results in the best quality of life for the low risk patients.66,67  

1.5.3 Radiotherapy 

Radiotherapy can be considered as a treatment option alone, or in combination 

with brachytherapy, hormone therapy or chemotherapy for localised and locally advanced 

disease patients. 

The recommendations for treatment are guided by risk category. The 

recommendations for low risk PCa patients are treatment with either external beam 

radiotherapy or brachytherapy. Presently there is no as yet proven benefit in combining 

external beam radiotherapy (EBRT) or brachytherapy with hormonal therapy for low- risk 

disease.51,68,69 Intermediate risk category patients undergo EBRT in combination with 

hormonal therapy such as androgen deprivation therapy (ADT). For this stage of disease, 

a treatment regimen involves several months of both radical therapies is advised.70,71 High 

risk PCa is managed by long term EBRT in combination with ADT or a combination of 
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EBRT and brachytherapy with or without ADT, depending on patient and doctor choice. 

For high-risk patients, a combination of EBRT and long term ADT is 

recommended.7270,73,74  

The negative side effects associated with radiotherapy, both internal and external 

include, haematuria, incontinence, radiation proctitis, erectile dysfunction and radiation 

cystitis. 54  

1.5.4 Brachytherapy  

Brachytherapy is a method of internal radiative treatment. A radioactive source is 

inserted directly into the prostate. In low-dose brachytherapy (LDB) the radioactive 

source contains either (125)Iodine or (103)Palladium and involves permanent seed 

implantation to the prostate.54 High-dose brachytherapy (HDB) is typically preformed 

with (192)Iridium under local anaesthetic and the patient remains in hospital for the 

duration of the treatment. Brachytherapy can be performed in combination with external 

radiation treatment.75–79 Side effects include; lower urinary tract symptoms (LUTS), 

urinary incontinence, perineal haematoma, erectile dysfunction and seed migration.54 

1.5.5 Prostatectomy 

Prostatectomy is the surgical removal of either the entire prostate gland or part of 

the gland. The neck of the bladder is then connected to the urethra.80 This method of 

treatment is undertaken for locally advanced disease. There are two main methods of 

prostatectomy including perineal and retropubic (most common). Following the 

procedure, PSA levels are expected to fall to an undetectable level. PSA levels are 

subsequently regularly monitored to detect biochemical recurrence. 80–83 A spike in PSA 

often leads to further radical intervention. Side effects can include; incontinence and 

erectile dysfunction.54 

1.5.6 Hormonal therapy (ADT) 

Hormonal therapy is the mainstay treatment for metastatic disease or disease 

relapse. This involves the reduction of the concertation of circulating androgens in which 

prostate cells are dependent upon for growth.84 There are two primary forms of ADT, 

chemical and surgical castration. Medical castration tends to target the production of 

Luteinizing Hormone (LH) in the pituitary gland.84, 54 The different forms of ADT 

include;  



14 

 

1.5.6.1 LHRH Agonist 

 This involves lowering the concentration of LH released from the pituitary gland, 

resulting in a corresponding decrease in testosterone secretion. This can result in an initial 

increase in testosterone serum levels two weeks after treatment and is referred to as a 

tumour flare.80,84,85 

1.5.6.2 Anti-androgen treatment 

 This is a chemical non-steroidal agent, that blocks the production of androgen. 

This can be in combination with LHRH agonist treatment and is then referred to as a 

maximum androgen blockade. It prevents flare reactions if used prior to LHRH agonist 

treatment. 68,80,82,84,85 

1.5.6.3 LHRH antagonist 

This is another form of chemical castration. It does not result in an initial surge of 

testosterone but can be associated with anaphylaxis. This is often considered a palliative 

method of treatment or for patients who will not undergo surgical intervention or if the 

initial increase in testosterone is harmful, due to existing comorbidities. 69,86,87 

1.5.6.4 Surgical castration:  

Involves the surgical removal of the testicles, to stop the production of androgens. 

For years, this was the standard ADT treatment for PCa patients. 84,85 This method of 

treatment is still used for patients who do not want to undergo frequent injections of drugs 

or those with severe underlying cardiac conditions, that may be affected by the other 

treatment options. 54 80,81 

1.5.7 Androgen deprivation therapy and metabolic syndrome 

 

ADT is a primary, globally utilised treatment for advanced or metastatic prostate 

cancer. It works to suppress the production or to stop the action of androgens, to prevent 

further disease promotion.84 While ADT is effective in disease control for patients with 

PCa, it can also lead to various side effects, including the development of metabolic 

syndrome.88 

Metabolic syndrome is a set of conditions that occur together and have been shown 

to increase the risk of cardiovascular disease, stroke, and type 2 diabetes.18 It is 

characterized by many factors, including high visceral fat in the abdomen, high blood 

pressure, high blood sugar levels, high triglycerides, and low levels of high-density 

lipoprotein (HDL) cholesterol.18,38  
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ADT can result in an increase in visceral body fat and the redistribution of fat, with 

an accumulation primarily at the abdomen. This increase in abdominal fat is associated 

with insulin resistance, where cells become less responsive to the effects of insulin, leading 

to elevated blood sugar levels and an increased risk of type 2 diabetes.89,90 Androgens play 

a role in regulating insulin sensitivity and glucose metabolism. ADT-induced androgen 

suppression can disrupt this balance, resulting in insulin resistance. This impairs glucose 

uptake from the bloodstream, resulting in elevated blood sugar levels, where prolonged 

insulin resistance can promote the development of type 2 diabetes.88,91,92 ADT has also been 

linked to an increased risk of hypertension in patients. The exact mechanism behind this 

yet to be determined in definite, it is thought that ADT-induced changes in hormone levels, 

vascular function, and fluid balance which may result in the development of 

hypertension.93,94  

While not all patients will develop metabolic syndrome following ADT, metabolic 

syndrome is reported in approximately 50% of men undergoing long-term ADT in the 

United States, and thus it is important to consider when considering the patient’s treatment 

regimen.91 Exercise interventions have been shown to improve metabolic syndrome 

variables in insulin-resistant, however more research is required in the field of PCa.95,96 

However, a regular exercise regimen has been shown to improve some ADT-related 

adverse effects, including metabolic syndrome.17 95,96  

1.5.8 Chemotherapy  

Docetaxel is the classic chemotherapeutic used in the treatment of metastatic 

prostate cancer.42 It is administered intravenously and is an option for patients who have 

androgen independent disease phenotype.97 A combination of chemotherapy and 

hormonal therapy has been shown to have a better disease prognosis throughout studies 

(STAMPEDE). However, this has been reassessed due to the severe adverse effects on 

the patient, following treatment.42,61,98–100 

Over a period of treatment, patients can develop docetaxel resistance, thus other 

drugs such as Abiraterone and Enzalutamide are advised. At this point the disease is 

considered incurable and these therapies are to increase survival time.61,98,101,102 

Abiraterone inhibits adrenal gland production of androgens. Abiraterone is an 

irreversible inhibitor of CYP17 (17α hydroxylase), that blocks the processes involved in 

the synthesis of testosterone. Phase III clinical trials of 1195 participants resulted in a 
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median time of deterioration of 59.9 weeks versus 36.1 weeks and with this, Abiraterone 

is now used in the clinical treatment of PCa. 102–104,105  

 Enzalutamide is an oral androgen receptor inhibitor that blocks androgen from 

entering the cell’s nucleus to activate DNA. The PREVAIL phase III Clinical study of 

1717 patients received either Enzalutamide (160 mg) or placebo daily. Radiographic 

progression free survival was seen in 65% of Enzalutamide treated patients compared to 

14% in the placebo group.106–109 

Cabazitaxel, is a semi-synthetic derivative of a natural taxoid and is a microtubule 

inhibitor.110 Treatment is administered by injection with prednisone (steroid) for patients 

with mCRPC.111,112 In Germany, guidelines allow for Cabazitaxel for docetaxel-pre-

treated patients with a good performance status, however strict monitoring is required.110 

Cabazitaxel has been approved for use by the FDA.113



17 

 

1.6 Recent developments in the treatment of PCa 

With mCRPC being considered incurable at this time, research is continuing to 

investigate new avenues of treatment to prolong and improve the quality of life of 

patients.  

1.6.1 Poly [ADP-ribose] polymerase (PARP) Inhibitors  

Research has shown that many patients with mCRPC hold the germline mutations 

in BRCA1 and BRCA2. In ovarian cancer, PARP inhibitors such as Olaparib have been 

very successful for the treatment of patients with these germline mutations. PARP 

inhibitors are pharmacological inhibitors of the enzyme poly ADP ribose polymerase.114–

116 

In 2020, Olaparib was approved by the FDA and the EMA for men with 

deleterious germline or somatic homologous recombination repair (HRR) gene-mutated 

mCRPC who have progressed following prior treatment with Enzalutamide or 

Abiraterone based on the phase III PROfound study of 4425 patients.116 Treatment with 

olaparib resulted in a 66% reduction in the risk of disease progression or death in 

comparison to Abiraterone or Enzalutamide in BRCA1/2 mCRPC patients. The study 

highlighted an overall survival improvement in BRCA1/2 patients of 19.1 months with 

olaparib compared with 14.7 months with Enzalutamide or Abiraterone.116 Other studies 

have noted similar outcomes.110,116–119 

On May 15th, 2020, Rucaparib (RUBRACA, Clovis Oncology, Inc.) was approved 

by the FDA for treatment of patients with a BRCA mutation (germline and/or somatic)-

associated mCRPC who have been treated with androgen receptor-directed therapy and a 

taxane-based chemotherapy. A cohort of 115 patients with BRCA mutated mCRPC were 

treated with 600mg orally twice daily with gonadotropin-releasing hormone (GnRH) 

analogue simultaneously. Patients were evaluated radiographically every 8 weeks for 24 

weeks, and then every 12 weeks. PSA was measured every 4 weeks.  Overall, the 62 

patients who remained in the study, with BRCA1/2-mutant mCRPC had a 44% response 

rate with a duration of response of 1.7-24+ months. Additionally, 56% of the patients had 

a duration of response of ≥6 months.120  

1.6.2 Novel Radiotherapies  

There are many advances in novel radiotherapeutics for prostate cancer with many 

clinical trials ongoing.121–124  
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LuPSMA (lutetium-117) is a small novel radiolabelled molecule that binds with 

PSMA, in mCRPC patients who have already undergone docetaxel treatment. It emits 

predominantly low energy beta but also gamma photons particles which can be used to 

kill cancerous cells.125  

In a Phase II randomized TheraP trial of 200 participants established the 

effectiveness of LuPSMA in comparison to Cabazitaxel. LuPSMA was given by I.V. 

every 6 weeks for up to 6 cycles (6-8.5 GBq) until unreasonable toxicity in the patient 

was reached, the patient was not benefiting, or post-therapy imaging showed complete 

resolution of PSMA uptake.126 The TheraP trial concluded with LuPSMA improving PSA 

progression free survival in comparison to Cabazitaxel after 13 months follow up.126 

50 patients under LuPSMA therapy for an 18-month study, underwent 132 cycles 

of treatment. Patients underwent a median 3 cycles of 3.5–8.2 GB q IV doses. PSA 

decline could be calculated for 49 of the 50 patients, with a PSA decline of ≥ 50% in 

44.9% of patients.127 Additional studies of LuPSMA have shown similar results to that of 

these trials.126,128,129 

Actinium-225 (Ac-225) is an alpha particle emitting isotope emerging due to its 

high toxicity to cancer tissue and relative lack of toxicity towards normal tissue.130 It has 

been used as a potent anticancer drug and is currently used in the treatment against acute 

myelogenous leukaemia. Alpha radiation does present some advantages over beta 

radiation as a treatment option due to the linear energy transfer capabilities.131,132 It has a 

100 keV/μm range resulting in more lethal double strand DNA breaks per alpha track 

than beta particles when traversing a cell nucleus. 130–132 

Some studies have reported that nearly 80% of patients with advanced PCa treated 

with Ac-225 showed notable decrease in PSA levels post-treatment, though adverse 

effects including; xerostomia, renal insufficiency, anaemia and thrombocytopenia were 

also reported.111,133 

A combination of radiotherapies is of growing interest with a combination of 

radium-223 and simultaneous EBRT under trial for prostate and pelvic lymph node 

disease in patients with metastasis to the skeleton,  following conventional treatment with 

ADT, and docetaxel.134  This therapy has the potential to deliver radiation to all disease 

sites, with the EBRT reaching the primary and pelvic lymph node sites and the Radium-
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223 addressing the metastasis in the bones, this is proven to be safe for the patients 

involved.134  

1.6.3 Immunotherapies  

1.6.3.1 Immune checkpoint Inhibitors 

Immune checkpoint inhibitors are a growing form of cancer immunotherapy. It 

involves the targeting of key regulators of the immune system that during disease can 

cause a decreased response. Some cancers have been shown to protect themselves 

through the stimulation of these checkpoint targets such as CTLA4, programmed death 

protein-1 (PD-1) and its ligand-1 (PDL-1). 135–137 

Ipilimumab is a monoclonal antibody targeted at the CTLA4 protein receptor that 

blocks the CTLA-4/B7 pathway. Ipilimumab was the first immunotherapy approved by 

the FDA in the treatment of metastatic melanoma with studies then conducted in PCa 

from 2010-15 (Bristol-Myers Squibb).138 Results yielded detectable anti-tumour effects 

radiographically at high doses (greater than 3 mg/kg). Studies have shown increased 

efficiency when in combination with prostate GVAX.139,140 Early clinical trials revealed 

decreased PSA readings in patients along with a desired response by the disease. 

However, adverse immune effects were observed in some patients.140 Overall, a study by 

the American Society of Clinical Oncology in 2016 demonstrated that Ipilimumab 

produces clinical activity in patients with CRPC, including very long responders with no 

detectable residual disease.141 From the phase III clinical trials preformed, long term 

remission was found to be rare in CRPC patients resulting in 32 months of progression-

free survival rates of less than 5 - 10%. 141,142 

Another emerging target for immune checkpoint therapies is the immune 

checkpoint proteins PD-1 and PDL-1. Studies have shown that the interactions between 

PD1 and PDL-1 can result in the inhibition of T-cell functions and that the blockade of 

PD-1 can potentate anti-tumour responses. Increased PDL-1 expression in human studies 

was associated with a poorer outcome in several cancers. 143–146 

FDA approved anti PD-1 therapies include; nivolumab and pembrolizumab.144 

They have shown very promising results in many cancers including; melanoma, non-

small cell lung cancer (NSCLC), urothelial cancer, renal cell carcinoma (RCC) and head 

and neck cancer. Thus, it would be rational to consider these treatments for the currently 

untreatable mCRPC.144–146 
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Nivolumab in combination with Ipilimumab phase II trials showed that 10% of 

patients had a 30-100% reduction from baseline PSA was encountered in patients with 

somatic BRCA1/2 or ATM mutations, with only 5% resulting in a radiographic response. 

In earlier studies nivolumab alone showed little response. 144,145 

A clinical trial (NCT04019964, Sidney Kimmel Comprehensive Cancer Centre at 

Johns Hopkins, January 2020- 2025) of Nivolumab in biochemically recurrent PCa is 

commencing with an aim to reduce PSA>50% from baseline levels and to increase the 

overall survival or participants.  

1.6.3.2 Cancer Vaccines 

Cancer vaccines are an emerging and promising treatment option for PCa, with 

many studies showing potential in trials for advanced cancer patients. 135,136,147 

Sipuleucel-T is a therapeutic dendritic-cell vaccine, autologous cellular 

immunological agent. These therapies are derived from the patient’ s blood, incubated 

with the fusion protein (PA2024) incorporating the prostate tumour-associated antigen 

prostatic acid phosphatase (PAP) and granulocyte-macrophage colony- stimulating factor, 

the immune cells are infused into the patient with the goal of generating an antitumor 

immune response.148,149 Phase III IMPACT clinical trial of 512 patients, resulted in 

substantial improvements in patients with mCRPC. Patients showed a 22% reduction in 

mortality risk in comparison to the placebo group and 4.1 months overall survival 

increase in comparison to the placebo group.150 This study highlighted the possible 

benefits of immuno-vaccines in the prolonging of life for terminal PCa patients.150 

Sipuleucel-T has been approved by the U.S. FDA in 2010 for the treatment of metastatic 

prostate cancer.149,151,152  

PROSTVAC is a prostate-specific antigen (PSA)-targeted recombinant viral 

vaccine with additional monthly recombinant fowl pox boosts.139,153,154 Phase II trial of 

PROSTVAC conducted on 125 patients with minimal symptom mCRPC, involved 82 

patients received PROSTVAC and 40 received a control vector. Initially, the results of 

the study were very similar, however after 3 years the overall survival of the PROSTVAC 

patients was a median of 8.5-months greater than the placebo. Overall, there was a 

reported 44% reduction in mortality rate and an 8.5-month improvement overall 

survival.155 In Phase III clinical trials, PROSTVAC was found to be well tolerated by 

patients but had minimal effect on overall survival in patients with mCRPC.156,157 
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One of the most interesting effects of immunotherapy is the potentially long 

duration of remission in responders, observed in PCa, melanoma, lung cancer and renal 

cell carcinoma, with some patients still in complete remission years later.135,136,147
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1.7 Prostate physiology and disease pathogenesis 

1.7.1 Normal Prostate  

The prostate is a small secretory gland located at the neck of the urinary bladder. 

The prostate, the seminal vesicle and Cowper’s gland produce seminal fluid, composed of 

zinc, citrate and kallikreins, secreted by the prostate luminal cells.158,159 These secretions 

play an important role in the stabilisation of the cell membrane and nuclear chromatin of 

spermatozoa that are imperative for sperm motility and maturation.159 Fibromuscular 

prostatic stroma lies ventrally, and the glandular tissue is located at the dorsal aspect. The 

glandular tissue is divided into three zones.160 The peripheral zone, which makes up 

approximately 70% of the prostatic tissue, the transition zone, which surrounds the 

urethra and a central zone, which receives the ejaculatory ducts.   

 

Figure 1. 5: The human prostate anatomy and epithelial cell makeup. (A.) The prostate and its 3 distinct zones; the 

central zone (CZ) that contains the ductal tube from the seminal vesicle to where it meets the urethra, the peripheral 

zone (PZ) which is situated at the posterior of the gland and is the region from where the vast majority of PIN and 

cancer arises, and the transitional zone (TZ) that is directly below the bladder and surrounds the transitional urethra. 

(B.) A normal prostatic acinus; the epithelial bilayer of basal and luminal cells, surrounded by fibromuscular stroma. 

The relative content of different epithelial cells in the normal prostate includes luminal (60%), basal (40%) with the 

stem cells comprising ~1% of total epithelia. (C.) The cellular arrangement of a cancerous acinus. Luminal 

hyperproliferation is a characteristic of PCa along with the loss of the basal layer, breakdown of basement membrane, 

immune cell infiltration and stromal reactivity. Cancer alters the epithelial cell percentages where the luminal cells 

make up 99% of tumours. Image from Packer J.R. et al.161  

1.7.2 Disease initiation and pathogenesis 

The majority of early PCa is reported as adenocarcinoma, originating from the 

glandular structure of the prostate epithelium. The surrounding stroma facilitates 

malignant growth and proliferation, through an increase in the concentration of 

inflammatory cells and promotion of angiogenesis and extracellular matrix 

remodelling.54,162 Initial organ specific disease can take up to 15 years to develop within 

the prostate gland with early proliferation and neoplastic growth seen in the glandular 
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epithelium, defined as Prostate Intraepithelial Neoplasia (PIN).54,163 Cells from the 

original tumour site with high metastatic potential migrate to the surrounding lymph 

nodes where lymphatic disease establishes.54,164 

Dissemination of disease is facilitated through the lymphatic and circulatory 

systems, to the surrounding iliac and obturator nodes.54,42,165 The growth factor VEGF is a 

signal protein from cells that stimulate the production of vasculature, and has been shown 

to play a vital role in this process, which is believed to be essential for angiogenesis 

during disease migration from the prostate glandular site.166 An increase in the expression 

of VEGF-C, a form of VEGF, has been observed in tumour tissues of patients with lymph 

node metastases suggesting a role for VEGF in facilitating lymph angiogenesis. Evidence 

suggests that the primary tumour site becomes a source of growth factors such as VEGF, 

which can prepare the lymph nodes for tumour invasion. 164,167 Not all PCa patients 

present with lymph node enlargement, however, through histopathological examination 

signs of nodal involvement is often observed.167–169 Lymph node immune function 

appears to be impaired before the spread of PCa to the lymph nodes resulting in an altered 

lymph node architecture, that would typically be affected during disease proliferation. 164 

167–169 

The most common sites for metastasis for PCa are in the lower axial skeleton, 

presenting with sclerotic (bone forming) lesions, and possible further progression to other 

sites including the brain. 42,165,170 Metastatic PCa can involve an osteoblastic process, 

resulting in sclerotic lesion on the bone, detected through CT and MRI imaging. The 

sclerotic lesions transpire through the bone matrix remodelling by osteoclasts and 

osteoblasts.171,172 Osteoclasts are large bone cells that absorb bone tissue and osteoblasts 

are bone forming cells.173 Normally the bones will present with continuous growth 

turnover, however in PCa there is an equilibrium imbalance. This presents as exaggerated 

stimulation of soluble osteoblasts and bone specific proteins, inducing the production of 

abnormal bone lesions. As a result, the cancer cells can metastasise to further sites and 

this event is often considered terminal.171,172 164 

Metastasis from the primary disease site to the bone microenvironment is thought 

to involve mediators such as the growth factor Endothelin-1, transforming growth factor 

beta (TGF- β). Endothelin-1 stimulates the production of bone and osteoblastic 

proliferation and is found to be increased in patients with PCa. TGF-β is recognised as a 
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stimulator of bone formation in vivo in PCa. High expression of TGF-β2 is reported in 

the PCa cell line PC3, which are developed from isolated human prostate epithelial cells 

from metastatic bone tissue.174 The mechanism of PCa disease initiation and progression 

is illustrated in Figure 1.6. 

 

Figure 1. 6: Prostate cancer disease initiation and progression  (A.) Prostate normal epithelium. (B.) Prostatic 

Intraepithelial Neoplasia (PIN) “defined by neoplastic growth of epithelial cells within pre-existing 

benign prostatic acini or ducts and can be considered a precursor to PCa”. – hyperproliferation of the prostatic 

luminal cells occurs. (C.) Low Grade Adenocarcinoma neoplastic proliferation of the luminal cells with the loss of 

defined basal cell layer. (D.) High Grade Adenocarcinoma further neoplastic proliferation of the luminal cells with the 

loss of defined basal cell layer. (E.) Metastasis: further neoplastic proliferation of the luminal cells with the loss of 

defined basal cell layer. Image created with Biorender. 

 

1.8 Molecular drivers of prostate cancer development and progression 

Prostate cancer is a complex disease influenced by various molecular drivers that 

contribute to its development and progression. The following details just some of the 

molecular drivers implicated in PCa disease development and progression.  

1.8.1 Androgen receptor (AR):  

The androgen receptor plays a crucial role in the development and growth of the 

prostate. Androgens, such as testosterone and dihydrotestosterone (DHT), bind to the 

androgen receptor, leading to the activation of downstream signalling pathways that 

promote cell proliferation and survival.175,176 In prostate cancer, alterations in AR signalling 

can occur, including amplification of the AR gene, mutations in the AR gene, or increased 

sensitivity of the receptor to androgens.177 These alterations can result in persistent 

androgen receptor activity, even in the absence of normal levels of androgens, encouraging 

prostate cancer cell growth.177,178 

In prostate cancer, amplification of the AR gene is a common genetic alteration 

resulting in an increased number of AR receptors expressed by the prostate cancer 
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cells.179,180 Consequently, the cells become more responsive to androgens, promoting the 

growth of the tumour growth and, further progression. Amplification of the AR gene can 

result from genomic instability and can occur in different stages of prostate cancer, 

including early-stage disease and castration-resistant prostate cancer (CRPC).179,181,182  

Mutations in the AR gene in prostate cancer, has been shown to lead to altered AR 

protein function. These mutations are found in the different regions of the AR gene, 

including the DNA-binding domain, ligand-binding domain, and transactivation 

domain.183,184 Mutations in the DNA-binding domain are shown to affect the AR's ability 

to bind to androgen response elements (AREs) in target genes, resulting in dysregulated 

gene expression. Mutations in the ligand-binding domain can result in altered ligand 

binding affinity and specificity, allowing the receptor to be activated by alternative ligands, 

even in the absence of androgens.184–186 Such mutations can lead to AR signalling 

activation, promoting prostate cancer growth even in low androgen environments, for 

example during ADT. 184–186 

Alterations of the AR protein can result in increased sensitivity to androgens, which 

can lead to enhanced activation of AR signalling, even during times of low androgen 

concentrations.187 Various molecular mechanisms contribute to increased sensitivity, 

including changes in AR co-regulators, post-translational modifications, and alterations in 

AR protein conformation which all can promote AR signalling, thereby promoting prostate 

cancer growth and survival.178 187,188 

These molecular alterations collectively contribute to the dysregulation of AR 

signalling in prostate cancer resulting in sustained androgen-driven growth and survival of 

prostate cancer cells.177,188,189 Understanding these molecular alterations is crucial for 

developing targeted therapies to effectively inhibit AR signalling and overcome resistance 

mechanisms by the disease. 

1.8.2 Phosphate and tension homologues (PTEN)  

PTEN is a tumour suppressor gene frequently lost in human cancers. Its plays a key 

role in the regulation of many biological processes such as the maintenance of genomic 

stability, cell survival, migration, proliferation and metabolism, linked to the development 

and progression of disease.190,191 A decline in the function of PTEN is due to a combination 

of genetic and epigenetic mechanisms such as; chromosomal deletions, point mutations, 

post-translational modifications and promoter hypermethylation.192–194  
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In PCa, the loss of PTEN function leads to the activation of the phosphoinositide-

3-kinase (PI3K) signalling pathways involved in, cell growth, proliferation, and metastasis 

along with the inhibition of the AR signalling pathway.190,195 PTEN acts as a negative 

regulator of the PI3K/AKT/mTOR signalling pathway. Dysregulation promotes prostate 

cancer cell survival and growth by enhancing protein synthesis, cell cycle progression, and 

inhibiting apoptosis. The dysregulation of PI3K/AKT/mTOR signalling pathway enhances 

the expression of anti-apoptotic proteins, such as Bcl-2, and suppresses pro-apoptotic 

factors, shifting the balance towards cell survival.192–194,196 This resistance to apoptosis 

allows prostate cancer cells to evade cell death signals and promote their survival and 

progression.193,194 

PTEN loss has also been linked to genomic instability as typically PTEN 

contributes to maintaining genomic integrity by regulating DNA repair mechanisms and 

cell cycle checkpoints.192,195 PTEN function loss can disrupt these processes, resulting in 

DNA damage accumulation, chromosomal aberrations, and genomic instability. Genomic 

instability can drive further genetic alterations, including additional mutations in cancer-

related genes, promoting prostate cancer development and progression.195,197 

 PTEN deactivation is associated with the development of hormone-independent 

phenotype, poor prognosis and shorter progression free survival.192,198 PTEN loss, in 

combination with other molecular alterations such as AR amplification or mutations, can 

promote the reactivation of androgen receptor (AR) signalling and can result in resistance 

to ADT. The dysregulated PI3K/AKT/mTOR pathway downstream of PTEN loss can 

heighten AR signalling and promote the survival and growth of prostate cancer cells under 

low androgen conditions. This loss of function is identified in ~20% of PCa prostatectomy 

samples and ~50% found in mCRPC samples.192,199 The deletion or mutation of PTEN is 

shown to promote malignancy and induce metabolic reprogramming of PCa, through the 

alteration of glycolysis, glutaminolysis, fatty acid metabolism and branched chain amino 

acid catabolism pathways.195 Overall, PTEN loss is likely to induce an immunosuppressant 

tumour microenvironment and its tumour suppression proficiencies, along with the 

aforementioned factors highlight possible disease vulnerabilities that have potential as a 

therapeutic target.91,96,97 
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MicroRNAs (miRNAs) are essential in the expression of PTEN and can influence 

PTEN concentrations.202. Currently, investigations into the viability of PTEN as a 

diagnostic, prognostic and therapeutic biomarker for PCa are underway.203 

1.8.3 MicroRNAs 

MicroRNAs are endogenous, short (~22 nucleotides), non-coding RNAs that 

mediate gene expression and are emerging as diagnostic and prognostic biomarkers as well 

as and potential therapeutic targets in PCa due to their role in disease progression.204,205 The 

deregulation of several miRNAs is reported in PCa is thought to function as tumour 

suppressors or oncogenes, due to the apoptotic evasion resulting in carcinogenesis.205,206 

Numerous microRNAs act as tumour suppressors through the inhibition of the 

expression of oncogenes or genes involved in promoting cancer progression. These 

miRNAs are often downregulated in prostate cancer, and their reduced expression 

contributes to enhanced cell proliferation, invasion, and metastasis.207,208 Conversely, some 

microRNAs act as oncogenes through the promotion of tumour growth, metastasis, and 

therapy resistance. MiR-21 and miR-155 have been found to be frequently upregulated in 

prostate cancer and have been associated with increased cell proliferation, migration, and 

resistance to apoptosis.209–211 These oncogenic miRNAs are found to target tumour 

suppressor genes, resulting in downregulation, and the promotion of PCa progression.212 

Patient studies have indicated miRNA signatures involving; miR-17, miR-20a, 

miR-20b, miR-106a and miR-182-5p, that can distinguish between high and low risk 

patients with malignant and non- malignant disease phenotypes who have undergone 

radical prostatectomy, with a high specificity.195,213 MiR-185 is important in the 

development of PCa to an androgen independent disease phenotype.213 It binds to the 3′ 

untranslated region (UTR) of AR mRNA and its coactivator, bromodomain and results in 

a decreased expression.202 High expression of the miRNAs studied were associated with 

shorter time to biochemical recurrence in the TCGA dataset, and confer an aggressive 

phenotype upon overexpression in vitro.195 

Overall, it is important to note that miRNA regulation is complex, and miRNAs can 

have multiple targets and functions depending on the context. Further research is required 

to elucidate the precise mechanisms of miRNA involvement in PCa development and 

progression.205 
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1.8.4 DNA  

DNA repair pathway alterations have been implicated in prostate cancer 

development and response to treatment. Mutations in genes involved in DNA repair, such 

as BRCA1, BRCA2, and ATM, can impair the ability of cells to repair DNA damage.214 

These mutations are more commonly associated with aggressive forms of prostate cancer 

and may confer sensitivity to certain therapies, such as PARP inhibitors.214,215  

Homologous recombination (HR) deficiency is involved in repairing double-strand 

breaks in DNA.216 Mutations or epigenetic silencing of HR-associated genes, such as 

BRCA1 and BRCA2 are thought to lead to HR deficiency in prostate cancer cells. This 

deficiency impairs the ability of cells to correctly repair double strand breaks, making them 

more susceptible to genomic alterations and promoting tumorigenesis.216–218 HR deficiency 

has important implications for prostate cancer treatment, as it can result in increased 

sensitivity to therapies that target DNA repair, such as PARP inhibitors.216–218 

Non-Homologous End Joining (NHEJ) dysregulation is a major DNA repair 

pathway involved in repairing DSBs, particularly in the absence of a sister chromatid 

template.219 Dysregulation of NHEJ components, have been shown in prostate cancer, 

where alterations in the expression or the activity of these proteins can lead to defects in 

NHEJ-mediated DNA repair, contributing to genomic instability and potentially promoting 

prostate cancer progression.220,221 

1.8.5 Prostate cancer antigen 3 (PCA3) 

PCA3 is a urinary biomarker and a non-coding RNA expressed by the prostate 

during disease progression. Although the exact function of PCA3 in disease progression is 

not known, it is shown to control the survival of PCa through regulation of AR signalling 

and epithelial–mesenchymal transition (EMT) markers.190 PCA3 may contribute to cancer 

development and progression through various mechanisms, as its been shown to interact 

with and to modulate the activity of androgen receptor (AR), a critical driver of prostate 

cancer. It may promote AR signalling, leading to enhanced cell growth, survival, and 

resistance to therapy.220,221 Furthermore, PCA3 may play a role in the regulation of genes 

involved in cellular proliferation, apoptosis, and invasion. PAC3 has been detected at low 

levels in benign prostatic hyperplasia but found in higher concentrations in PCa tissue. 

64,77,80 Due to its high expression in PCa (95%), it can serve as a useful biomarker for 

disease. In 2012 the FDA approved the use of PCA3 test (Progensa and GenProbe) for 
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clinical use for patients based on negative biopsy result, negative PSA results and or DRE 

results.106,107 

 

1.9 Androgen Receptor Signalling and its role in Prostate Cancer 

Androgens are a group of steroidal analogues of the hormone testosterone, which 

play an essential role in normal prostate development, growth and the sexual development 

and differentiation in males. The androgen receptor (AR) is a steroidal receptor and a 

transcription factor for testosterone and 5α-dihydrotestosterone (DHT).176,226 AR is a 

ligand dependent transcription factor which translocates to the nucleus via androgen 

binding and switches on the transcription of genes, such as KLF4, involved in cell 

differentiation to maintain prostate homeostasis.227,228 KLF4 is a zinc finger Krüppel-like 

factor that regulates stomatic cell reprogramming and has been shown to play an 

important role in cancer pathogenesis.229 It is shown to be overexpressed in murine 

prostate stem cells to regulate homeostasis, to block malignant transformation, and to 

control the renewal of tumour-initiating cells.228  

1.9.1 Androgen Dependency  

AR signalling plays a critical role in the establishment and progression of PCa.175 

Cells in the basal layer have been shown to express an increased concentration of AR in 

PIN and the early stages of PCa.163,230 With disease progression, the cancer cells become 

more sensitised to the presence of androgens.42,227 The establishment of prostatic 

adenocarcinoma involves switching of AR transcription in the luminal cells from the 

regulation of cell differentiation to proliferation, aiding in disease progression.227 Early 

stage PCa is androgen dependent, but progression often results in the initiation of an 

androgen independent phenotype. 

1.9.2 Androgen Independency 

Metastatic castrate resistance PCa (mCRPC) is the androgen independent disease 

phenotype and is considered incurable at present. This is perhaps due to changes in 

androgen receptors (e.g. mutations, amplification, splice variants) changes in steroid 

metabolism or changes in signalling pathways.231–234  

 Androgen is known to bypass pathways that promote AR-dependent cancer 

growth and the cancer cells no longer require the use of androgen for progression. 42,170,171 

With progression to androgen independence, an alteration in the AR signalling cascade 

results in amplification of the AR gene, AR gene mutations, modifications in the 
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expression of steroid-generating enzymes and ligand-independent activation of AR 

through “outlaw” pathways, and AR-independent “bypass” pathways. These alterations 

induce the androgen-independent phenotype seen in late stage PCa.228,44,175,235 Patients 

with mCRPC and amplification of the AR gene survive longer than patients without 

amplification of this gene. Approximately one third of patients with androgen-

independent disease, display an amplification of the AR gene, which is not present when 

the tumours are hormone-dependent. This amplification leads to an increase in the 

expression of the AR and enhanced activation of the receptor by low levels of 

androgens.236,237 Blockade of AR can delay disease progression and is the recommended 

treatment for patients who are unable to undergo radical surgery or where disease has 

spread from the prostate to other sites.238,170 The PCa disease progression from the 

androgen dependent (localised) to androgen independent (metastatic) disease, illustrated 

in Figure 1.7. 

 

 Figure 1. 7 (A)Disease is localised to the prostate gland itself in the early stages of androgen dependent PCa 

establishment. (B) Disease dissemination through the circulatory and the lymphatic system results in metastasis to the 

surrounding lymph nodes with decreasing androgen dependency (C) Further disease progression classically spreads to 

the lower axial skeleton where it is considered androgen independent and fatal, this can then further metastasise to the 

brain. Image created with Biorender.
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1.10 The Hallmarks of Cancer 

The Hallmarks of Cancer are a collection of biological mechanisms by which 

normal cells transform to malignancy, focusing on the different aspects of 

tumourigenesis.239 Initially starting as 6 hallmarks, then expanding later to 8 in 2011 with 

further considerations in recent years.240 Unaccompanied, the hallmark’s do not account 

for cancers complexities in tumour development and malignant progression.240 With this, 

the enabling characteristics of the hallmarks of cancer have been proposed, addressing the 

conditions of neoplasia by which cancer assume these traits as seen in Figure 1.8.240 

 

 

Figure 1. 8: The hallmarks of cancer, new dimensions from the American Association of Cancer Research..241  

In 2011, the reprogramming of energy metabolism was listed as an emerging 

hallmark of cancer; recognising in cancer, the unregulated control of cell proliferation, 

paired with the modifications to the cell’s metabolism for fuelling cell growth and 

division.240,242,243 This is thought to lead to the glycolytic switch of cancer cells from 

Oxidative Phosphorylation (OxPhos) to aerobic glycolysis to fuel energy 
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demands.240,242,243 The fuelling of cancer cells by glycolysis has been linked to activated 

oncogenes (e.g., RAS, MYC) and mutant tumour suppressors (e.g., TP53), with further 

links to the hallmarks of cell proliferation, avoidance of cytostatic controls, and a 

reduction of apoptosis.240 

These ever-expanding hallmarks of cancer are advancing the growing 

understanding of the disease with the hallmarks growing in interest as therapeutic targets. 

In this study the reprogramming of energy metabolism is of therapeutic interest with our 

novel metabolic targeting event.  

1.11 Energy Metabolism and Metabolic Pathways 

The normal prostate exhibits an unusual metabolic signature. The metabolic 

processes account for an accumulation of zinc in the mitochondria, which results in the 

inhibition of the enzyme mitochondrial aconitase, which catalyses the oxidation of citrate 

in the mitochondria, cutting the Krebs cycle short.244,245 Furthermore, citrate is secreted 

into the prostatic fluid. Thus, a normal benign prostate relies on cytosolic metabolic 

processes, such as aerobic glycolysis for its ATP production.175,244  

OxPhos is the metabolic phenotype hypothesised for the early-stage prostatic 

disease.244 OxPhos involves the production of ATP in the mitochondria through the Krebs 

cycle and oxygen consumption processes of the electron transport chain.246,247 OxPhos is 

thought to be the most efficient method of energy production for the cell, with 36 ATP 

molecules produced per glucose molecule.246,248 Details of OxPhos and the Krebs cycle 

are expanded on in Figure 1.9.
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Figure 1. 9: Oxidative Phosphorylation and the Krebs Cycle: In OxPhos, glucose is broken down into pyruvate, this pyruvate is converted to acetyl co-A through the decarboxylation, reduction 

of NAD+ and finally the addition of coenzyme-A to the molecule. Acetyl co-A is added to oxaloacetate through an enzymatic aldol reaction resulting in citrate. Iso-citric acid is formed through 

the dehydration-hydration reaction of citrate. The decarboxylation and oxidation of iso-citric acid results in the production of 2-ketoglutaric acid. Another decarboxylation and oxidation take 

place resulting in succinyl CoA. The hydrolysis of 2-ketoglutaric acid to succinyl CoA, is coupled to the phosphorylation of guanosine diphosphate (GDP) to guanosine triphosphate (GTP). The 

enzymatic desaturation by flavin adenine dinucleotide (FAD)-dependent succinate dehydrogenase yields fumarate. Following the hydration reaction, fumarate is catalysed by fumarase and 

converted to L-malate. Finally, NAD-coupled oxidation of L-malate to oxaloacetate is catalysed by malate dehydrogenase. This ends the cycle. Image curated in Biorender online. 
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Glycolysis is a process of energy production that takes place in the cell’s 

cytoplasm, where glucose is oxidised to generate pyruvate. Depending on the oxygen 

levels present, these pyruvate molecules hold different fates.246,248  

In the presence of oxygen, pyruvate is produced, where it can then follow on to 

the Krebs cycle for further metabolism, or further to the anaerobic glycolysis process to 

produce lactate.242,249 Ultimately, a large output of lactate is reported during the process 

of aerobic glycolysis with the production of 4 ATP molecules/glucose for net gain.242,249 

This method of aerobic glycolysis is thought to be favoured by cancer cells and referred 

to as the Warburg effect.250,251 Under the presence of oxygen, it is thought cells would 

preferentially produce energy through the efficient process of OxPhos, however, the 

Warburg effect has been characterised in many cancer cells and is illustrated in Figure 

1.10.250–255 It is known that the method of glucose metabolism undertaken by cancer cells, 

works under this less efficient manner of metabolism, even with more than sufficient 

levels of oxygen.256  

Anaerobic glycolysis takes place in the absence of oxygen. Pyruvate is reduced to 

lactate as NADH is oxidized to NAD+ by lactate dehydrogenase. 257,258 During aerobic 

glycolysis, NADH is transported by the malate aspartate shuttle to the mitochondria 

where it is oxidized to NAD+ while it participates in the electron transport chain to 

produce ATP.257,258 In the process of anaerobic glycolysis, considerably lower levels of 

ATP production occur. 257,258  
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Figure 1. 10: OxPhos vs Glycolysis in the cell:  (A.) In benign tissue, OxPhos results in the production of 36 molecules 

of ATP/glucose in the presence oxygen. It takes place in the mitochondria and results in an output of ATP and CO2. 

Anaerobic glycolysis is the production of ATP on the cytosol in the absence of oxygen, with an output of 2 ATP/glucose 

and a small concentration of lactate. (B.) In malignant tissue, aerobic glycolysis, referred to as the Warburg effect, is 

the process of ATP production in the cytoplasm in the presence of oxygen. It results in the production of 4 ATP/glucose 

with very large outputs of lactate into the cytoplasm and potential for further mitochondrial metabolic processes. Image 

made with Biorender. 

 

The Warburg effect is a recognised hallmark of cancer and has been a topic of vast 

interest within the cancer research community. It is defined as an increased use of the 

process glycolysis rather than oxidative phosphorylation by tumour cells to meet energy 

requirements under normoxia. This phenomenon was first notarised by Otto Warburg in 

the 1920’s when an increased uptake of glucose was observed in cancer cells and with the 

secretion of lactic acid . This aerobic fermentation is a signature of cancer metabolism.250,259  

Even in the presence of high levels of oxygen, cancer cells will select the metabolism 

pathway of Warburg’s glycolysis. This is a far less efficient manner of ATP production 

when compared to that of oxidative phosphorylation, yet it is still chosen as the metabolic 

pathway for glucose in cancer cells.253  

The rate of glucose metabolism through aerobic glycolysis is believed to be up 

to100 times faster than that of complete oxidation in the mitochondria.260 Some studies 

suggest that this rate could in fact be even higher due to the limited diffusion of oxygen and 

the allosteric regulation of glycolysis. This rate limiting energy production may be the 

reason cancer cells utilise glucose in this manner.260 

A

. 

B
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The Warburg effect may in fact be advantageous to cancer cell growth due to the 

kinetic difference when compared to that of oxidative phosphorylation, especially when in 

times of limited energy resources.251,260,261 The limited availability of glucose in tumour 

microenvironments may cause a competitiveness for resources such as glucose especially 

for the immune system and stromal cells.251 Thus, the altered metabolism for cancer cells 

allows a selective advantage for survival and proliferation.251 

.   

1.12 Vitamins in cancer treatment 

1.12.1 Ascorbic Acid in Cancer Treatment 

Vitamin C is a small, water-soluble, polar molecule required by human and animal 

systems.262 It is a glucose derivative which is transported in the human body via sodium 

transporters SVCT1 and 2 as well as the glucose carrier molecules GLUT.263 In its natural 

state, it is considered an antioxidant molecule but, studies have shown it to act as a pro-

oxidant at high concentrations, producing hydrogen peroxide (H2O2) in-vitro and in-vivo, 

inducing selective toxicity to cancerous cells with negligible effects to normal cells.264 

Vitamin C is transported through the circulatory system to individual cells, and 

intracellular concentration of ascorbate can be as high as 50µM greater than that in the 

plasma, through uptake by the sodium dependant Vitamin C transporters, SVCT1 and 

2.262,264,265 However, red blood cells accumulate ascorbate in the form of 

dehydroascorbate (DHA) by the glucose transporters (GLUTs), due to the lack of SVCT2 

expression.262,264,265 Concentrations of ascorbate vary by tissue type and high intracellular 

concentrations are believed to be due to tissues demand as an essential enzyme 

cofactor.266 The water-soluble nature of ascorbate means, that the compound can be 

readily circulated and attained, however, it cannot be stored and is therefore in constant 

demand. The human body, along with other mammals, cannot produce its own Vitamin 

C, due to the lack of l -gluconolactone - oxidase in the liver; hence it is required in the 

diet.267 Existing studies have determined that plasma Vitamin C half-life is approximately 

2hrs after administration.268  

Growing evidence indicates that ascorbate in pharmacologic concentration could 

be significant in cancer treatment, showing selective killing of various cancer cells.269 

Although pharmacological ascorbic acid concentrations are not achievable through oral 

administration. I.V. administration has been shown to be the most successful route of 

administration. Several clinical trials on the effects of high dose Vitamin C by IV 
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administration, have shown to improve and prolong the life span of terminal cancer 

patients, where the oral administration resulted in no effect.270–273 IV administration has 

shown to result in plasma concentrations of Vitamin C ~25 times higher than that of oral 

administration. The cytotoxic effects demonstrated by Vitamin C in many studies has 

been found to be both in combination with other therapies and when alone.270,271,273,274 

1.12.1.1 Anticancer oxidative pathways of Ascorbate 

Ascorbic acid, a key nutrient in human nutrition is a concentration dependent; pro-

oxidant and an antioxidant, increasing its possible drug interaction ability.275 Due to these 

properties, the pathway for cell killing is known to be through the depletion of 

intracellular thiols and production of H2O2.
276 

1.12.1.2 Antioxidant Pathways  

At low concentrations ascorbate will act as an antioxidant undergoing a one or 

two electron oxidation, resulting in an ascorbate radical or DHA.262,263,276,277 In the cell, 

DHA is very unstable at neutral pH and will be reduced by intracellular thiols such as 

glutathione (GSH) or thioredoxin, to generate a more stable molecule, reduced 

ascorbate.262,276,278 This results in a depletion of antioxidant species in the intracellular 

space, increasing endogenous ROS.277,278 The reduced ascorbate goes on to forms oxalic, 

diketoglonic and threonic acid, which are excreted by the kidneys.277,278 The antioxidant 

mechanisms of vitamin C in producing DHA are illustrated in Figure 1.11. 
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Figure 1. 11: Antioxidant mechanism of Vitamin C. The 2-electron oxidation of Ascorbic Acid with the formation of a 

stable DHA molecule. Images made in ChemDraw Professional 16.0. 

 

DHA can be taken up by the GLUT transporters, due to its similar chemical 

structure to that of glucose, resulting in accumulation in red blood cells.262,279 DHA is 

reduced by glutathione (GSH), NADH and NADPH- dependent enzymes, in response to 

oxidative stress, and reducing thiol concentrations.278,280,281 Reducing the cell’s ability to 

equilibrate its redox balance, in turn overthrowing the ROS quenching abilities and 

increasing sensitivity to prooxidant mechanisms.262  

DHA exists in competitive concentrations to that of glucose for uptake by GLUTs, 

and hence is readily taken up by cancer cells. Studies of the effects of pharmacological 

Vitamin C on colon cancer have been found to increase the cytotoxicity of 

chemotherapeutics, reversing the Warburg phenotype in the meantime.282  

Whether Vitamin C has a net pro-oxidant or antioxidant effect depends on the 

cell’s concentration gradient and redox state. Due to the reduced blood flow and oxygen 

present in the tumour microenvironment, Vitamin C more often acts as a prooxidant, 

producing hydrogen peroxide and resulting in cell damage.  

1.12.1.3 Prooxidant Pathway 

The chelation properties of ascorbate enable its pro-oxidant activity at high 

concentrations, through the recycling of Fe2+.188–191 When in the presence of oxygen, 

produces H2O2 and hydroxyl radicals (•OH) through Fenton’s reactions and Haber Weiss 

chemistry.277,287 The autoxidation of ascorbate is reduced when chelators of iron and 

copper are added to cell culture media, and this supports the dependency on transition 

metals to produce H2O2. 
277,287 Hence, the reducing abilities of Vitamin C on transition 

metals are thought to be the source of its anticancer properties.277,287 This process explains 

the ability to promote iron uptake from dietary intake. The Fenton’s mechanism of 

Vitamin C and ascorbate are illustrated in Equation 1.1 and   

. 

AscH- + Fe3+ → Asc•- + Fe2+ + H+ 

Fe2+ + H2O2 + H+ → Fe3+ + H2O + HO• 

Equation 1.1: Trace transition metals such as iron are reduced by ascorbate, through Fenton’s reaction and Haber 

Weiss chemistry producing ascorbate radicals then producing H2O2, which is cytotoxic. This can then undergo further 

reduction with the iron 2+ that is recycled to produce hydroxyl radicals and upsurge oxidative stress mechanism. 
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Figure 1. 12: Ascorbic acid radical formation: After ionization of ascorbic acid, the ionized form loses an electron to 

form the ascorbate radical Asc• - and hydrogen peroxide. Images made in ChemDraw Professional 16.0. 

 

Ascorbic acid is the pro-drug of hydrogen peroxide (H2O2). Achieved through the 

formation of the ionized ascorbate molecule followed by steady state formation of the 

ascorbate free radical and H2O2 in extracellular matrix.266 The concentration of hydrogen 

peroxide becomes too high for the cells antioxidant enzymes such as GSH present in the 

mitochondria, to regulate and results in cytotoxic effects and eventually cell death.266 

At concentrations of 1mM and greater, cytotoxicity is demonstrated in cancer cells 

by increased cell cycle arrest, p53 uptake, decreased ATP concentration, compromised 

mitochondrial function and the suppression of NrF-2, all resulting in apoptosis.288,289  

Effects on cancer cells have been noted at concentrations lower than 1mM, resulting in 

enhanced vulnerability to conventional chemotherapeutics.288,289  

I.V administration of ascorbic acid allows for pharmacological ascorbate 

concentrations to be achieved, where it acts as a prodrug for H2O2 formation.283,284 This 

mechanism of cell death is dependent on H2O2 formation. H2O2 scavengers have been 

used to demonstrate how they are protective of the cellular redox balance and how H2O2 

is an effector species that mediates the pharmacological ascorbate induced death of cancer 

cells.283,284 
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In vitro preclinical studies of 43 tumour and 5 normal cell lines involved exposure 

to Vitamin C. The resultant tumour xenograft showed that pharmacologic concentrations 

of ascorbate decreased tumour volumes by 41–53% in the different cancer types, 

including aggressive disease. 273,283–285 

The H2O2 produced by the metabolism of ascorbate, causes a depletion of cellular 

ATP inducing autophagy.279 This has been demonstrated in prostate cancer cells resulting 

in cell death. ATP depletion has been recognised as a possible mechanism of preferential 

cell death; this is unlike normal cells.279 Malignant cells depend on glycolysis for ATP, in 

the Warburg effect. Warburg metabolism results in the uptake of glucose at a rate of 100 

times that of non-malignant cells.242 The uptake and transport of Vitamin C by GLUT 

may cause the increased uptake of Vitamin C by cancerous cells, hence showing a far 

greater toxicity to cancer cells than non- cancerous cells by greater intracellular 

concentration accumulations.264,279 Thus, some cancer cells have a greater sensitivity to 

pharmacologic ascorbate concentrations in comparison to normal cells that would use 

oxidative phosphorylation pathways for energy production.262,279  Studies have 

demonstrated significantly lower levels of ATP for cancer cells exposed to pharmacologic 

concentrations of ascorbic acid, supporting the dependence on Warburg 

metabolism.279,285,290 This mechanism of ascorbate induced oxidative stress could 

illustrate the difference between normal cell and tumour cell metabolism.279,285,290 

The low oxygen concentrations found in the tumour microenvironment, due to the 

lack of circulation and rapid cell division present in tumour tissue, has been questioned in 

altering the ability of Vitamin C to express its anticancer properties.291  

1.12.2 Menadione in Cancer treatment 

Menadione is a water soluble polycyclic aromatic ketone, and a synthetic 

analogue of vitamin K.292 It is a quinone derivative, formed in the body from catabolic 

reactions from the intestinal absorption of vitamin K.292,293 Menadione, along with other 

quinone derivatives has been found to demonstrate cytotoxicity in many different forms 

of cancer cells, without effect on normal cells.292,293 Menadione is a derivative of vitamin 

K3 and studies show it can interfere with the body’s antioxidant levels resulting in 

damage to cell membranes.293 

Proteins responsible for blood clotting, bone mineralization and the development 

of the nervous system require vitamin K3.
294 These properties of vitamin K3 have steered 
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investigations towards its possible therapeutic capabilities.294–296 Studies have 

demonstrated the possible anti-carcinogenic effects of dietary vitamin K3, causing a stir in 

its possible uses as a combination treatment with conventional chemotherapeutics.295 

Menadione has been identified to increase the expression of pro-apoptotic proteins 

and a simultaneous decrease in anti- apoptotic proteins in different forms of human 

cancer cells.294,297 However, the primary mechanism of cell death by Menadione is 

thought to be due to its redox cycling capabilities, forming mitochondrial ROS at high 

concentration and inducing oxidative stress.295 

1.12.2.1 Anticancer Mechanisms of Action: 

Menadione is thought to have many different possible mechanisms resulting in its 

anticancer effects. 

1.12.2.2 Oxidative Stress Pathways: 

I. Redox Cycling and Oxidative Stress: 

Menadione has been linked to the alteration of the body’s natural antioxidant 

effects, resulting in membrane damage, DNA damage, inhibition of blood vessel 

formation, altered proliferation, cell shrinkage, and the activation of capsase-3.292 

The cytotoxicity of Menadione is due to the redox cycling of the quinone moiety 

resulting in the production of reactive oxygen species (ROS).292 The type of cell death 

typically observed by Menadione oxidative stress process is oncosis (swelling), leading to 

further necrosis or when combined with Vitamin C, autoschizis.298 Menadione will kill 

cancerous cells with negligible effects on normal cells, by this oxidative stress 

mechanism.299–302 Menadione cytotoxicity involves redox cycling of the benzoquinone 

moiety with production of reactive oxygen species (ROS).299,303 Redox cycling of the 

quinone moiety of Menadione results in the induction of oxidative stress by the 

production of high concentrations of ROS, exceeding the oxidative capacity of the cancer 

cell and resulting in cell death.299,303 The electrophilic quinone component of Menadione 

undergoes the process of either; one electron reduction, generating semiquinone radical 

species, which may cause lipid peroxidation and cell death or; two electron reduction 

forming a hydroquinone species.297  

The spin restricted oxidation of hydroquinone species is slow. Thus, the presence 

of trace metals, such as iron and copper, aids in the suppression of spin restrictions, by 

readily transferring one electron to O2, directly oxidizing hydroquinone.304 This pathway 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lipid-peroxidation
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results in the reduction of the trace metal present with a simultaneous production of 

hydrogen peroxide and other ROS that may hinder DNA.304 These reactions occur with 

the depletion of superoxide radicals and other reducing species.304 The redox cycling 

properties of Menadione, causing reduction in reducing species is thought to be the 

mechanism behind its cancer supressing activities.305 

Semiquinone radicals of K3 can reduce transition metals through intracellular 

chelation of iron, triggering Fenton’s reaction (Fe2+ → Fe3+ ) producing highly reactive 

oxygen species (hydroxyl and hydroperoxyl radicals).254,306 These hydroxyl radicals can 

result in DNA strand breaks.254,306 This is a potential mechanism that could result in 

hazardous side effects on normal cells. Oxidative stress mechanisms have shown to result 

in single (ss) and double (ds) strand DNA breaks but, after 6hrs in drug free media, 

significant repair is found, but not total.254,306 Figure 1.13 demonstrates the one electron 

reduction of Menadione to semiquinone inducing Fenton’s reaction resulting in hydroxyl, 

per-hydroxyl) and hydrogen peroxide radicals. With further two-electron reduction of 

Menadione resulting in the formation of hydroquinone through the equilibrium shift by γ-

carboxylation.  

 

Figure 1. 13: One electron reduction of Menadione: The one electron reduction to semiquinone induces Fenton’s 

reaction producing hydroxyl, per-hydroxyl) and hydrogen peroxide radicals. The two-electron reduction of Menadione 

results in the formation of hydroquinone through the equilibrium shift by γ-carboxylation favouring its production. 

Images made in ChemDraw Professional 16.0. 
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Menadione is thought to result in a decrease in oncogenic superoxide leading to 

apoptosis through the generation of onco-suppressive hydroperoxides and cytotoxic 

hydroxyl radicals.295,297 Antioxidants such as GSH and antioxidant enzymes; catalase and 

superoxide dismutase quench ROS, decreasing the oxidative stress capabilities of 

Menadione reducing its anticancer effects.305,307–309 However, if high enough 

concentrations of Menadione are achieved, the capability of antioxidant enzymes to 

eliminate ROS is exceeded and results in redox related death.305,307–309 

Phase I clinical trials of 40 men with PCa were given a (1–5 h) intravenous 

infusion every 3 weeks, starting at 40 mg/m2 - 1360 mg/m of Menadione2.310 Plasma 

Menadione concentrations peaked at 1.9–7.4 µM during the infusion in 3 patients 

receiving 1360 mg/m.310 Menadione was found to be not cytotoxic and was safe, however 

no objective partial or complete responses were observed.310 

Mitomycin C in combination with Menadione for the treatment of lung cancer was 

observed through a Phase II Trial of 23 patients with advanced disease. Menadione was 

administered (2.5 gm/m2) by I.V. infusion over 48 hours followed by mitomycin C (10-

20 mg/m2) by I.V. bolus, every 4 to 6 weeks.311 2 of 23 participants had an objective 

response of 3.5 months and 13 months with a median survival of 5.5 months.311 Overall, 

28% of patients with non-small cell lung carcinoma, demonstrated tumour regression on a 

single occasion but were lost to follow up.311 

Evidence suggests that at high concentrations of Menadione, anticancer 

mechanisms occur by these oxidative stress mechanisms as well as direct arylation. 

II. Direct Arylation: 

Arylation is the addition of electrophilic aromatic hydrocarbon (aryl) group to 

nucleophilic organic molecules and is mediated by the presence of trace metals.304 Direct 

arylation of thiols by Menadione involves the addition of the aromatic from Menadione to 

molecules such as GSH forming a Menadione-glutathione complex.295 Once oxidative 

stress occurs, GSH is typically the first line of defence as a ROS quencher, however once 

this is overwhelmed the depletion of sulfhydryl-containing proteins and GSH is thought 

to occur.277,303 This can alter the function of protein thiol groups that cause, regulation of 

metabolism, protein folding, regulatory pathways, and antioxidant defence.277,303 This 

synthetic form of the vitamin has been shown to then bond to peptides directly at the 

cysteine sulphur group.308 
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Many anticancer studies of Menadione have supported the mechanism of direct 

arylation, being the cause of the anticancer effects demonstrated. However, most are 

reported to be due to the redox cycling pathways.299 

1.12.2.3 Non-Oxidative pathways 

There are many methods of Menadione metabolism; those linked to anticancer 

effects are that of the oxidative pathways, however, Menadione does also result in some 

non-oxidative mechanisms. These non-oxidative pathways are associated with the natural 

forms of Vitamin K (K1 and K2) however, Menadione is also linked to Calcium (II) 

homeostasis.297,308 

1.12.3 Apatone 

The increased effectiveness of Menadione when in combination with ascorbate, 

demonstrates the requirement for a reducing agent with the quinone moiety for the 

optimum effect. Studies of breast, prostate, and bladder carcinoma to name a few, have 

shown great success in the use of Vitamin C and Menadione at a ratio of 100:1 

(Apatone).310,312 The synergistic effects of the vitamins in combination induce 

mechanisms of oxidative stress, resulting in a unique type of cell death called 

autoschizis.313   

Autoschizis is a novel form of necrosis. It has been identified through the loss of 

the organelle free cytoplasm through self-expurgation due to hyperbolic damage to the 

membrane of the cell.314 The nucleus and cell also reduce to between one half to one third 

of its usual size. There are also some organelle-based alterations within this process, but 

overall tumour cell death does not result from ATP depletion.298 

Possible mechanisms of the vitamin combination include free radical production, 

thiol depletion, induction of lipid peroxidation, modulation of ATP, calcium regulation, 

activation of NF-kB and depletion of GSH by oxidative stress mechanism.315 These 

mechanisms are orchestrated through the pathways detailed in the sections above; 

however, the method of radical production is different, as there is a synergistic 

mechanism between Menadione and Vitamin C.  

The redox cycling of Vitamin C and Menadione are known to involve an 

overlapping process. Vitamin C non-enzymatically reduces Menadione with the 

subsequent production of H2O2.
298 Vitamin C is oxidised to DHA and semiquinone free 

radicals.298 The semiquinone is re-oxidised to its quinone form by molecular 
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oxygen.298,316 This generates hydroxyl, perhyroxide and hydrogen peroxide radicals, 

resulting in oxidative stress mediated cell death.312 This has been confirmed through the 

addition of the ROS suppressor; catalase, to the culture media of Apatone treated cells, 

where the cytotoxic effects are seen to be dramatically reduced as the redox species are 

mopped up by the free radical scavenger.298,315  

A 12 Week, phase I/IIa trial of Apatone in the treatment of prostate cancer 

patients who have failed standard treatment was conducted with 17 patients.310 

Participants were treated with Vitamin C (5,000mg) and VitK3 (50mg) daily for 12 

weeks.310 Patients PSA was recorded at 6 and 12 weeks resulting in; 15 of the 17 patients 

continuing treatment for 6-24 months.310 Overall, PSA velocity and PSA doubling time 

decreased in 13 of the 17 patients with no adverse effects observed.310  

Cells treated with Apatone show an increased production of ATP in the 

mitochondria, to defective areas of complex III of the electron transport chain.301,316 

Ensuing a shift from anaerobic glycolysis to aerobic oxidative metabolisms with 

reduction in hypoxia and lactic acid. 310,301,316 In the likes of prostate cancer, the late-stage 

metastatic disease holds a glycolytic phenotype, pushing this back to the oxidative lipid 

metabolism is significant in the regression of the disease.317



46 

 

1.13 Hypothesis and project aims 

This research project has multiple strands of innovation using a combination of 

approaches and intelligent design to synthesise and develop novel cancer therapeutics. 

The primary aim is to develop a strategy where cancer cells have a restricted capacity to 

adapt to the treatment, limiting their capacity for survival, as well as taking advantage of 

their critical need to function using metabolic pathways. This project has designed and 

synthesised a set of innovative compounds that aim to provide an effective cancer therapy 

to address the major issue of the prevalence of PCa and of patient survival. 

This project presents many novel ideas, with the final objective of optimizing a 

therapeutic agent to target the Warburg effect to eradicate cancer cells present in a tissue 

and to visualize this resulting effect within the tissue cells. With this a hypothesis and 

numerous research aims present themselves. 

Overall, we hypothesise that the Trojan horse principle will create the ability to 

trick cancer cells into the continued uptake of Vitamin C and Menadione via a highly 

desirable fuel moiety (simple sugars and lipids), through increasing endogenous ROS and 

resulting in cell death. Overall improving the burden on patients and the healthcare 

system by providing an effective treatment and further insight into PCa’s biology.  

The following aims are reflected in each results chapter. 

• To develop and synthesise a set of unique compounds to result in an optimum 

drug structure and characteristics, to target the Warburg effect of PCa cells.  

• To investigate if the Warburg effect can be targeted in an effort to target a 

weakness in cancer cell metabolism to achieve apoptosis and cell death.  

• To investigate if cancer cells can be ‘tricked’ into internalising a toxic moiety 

increasing cytoplasmic ROS concentration to a level that will induce apoptosis.  

• To investigate the effects of the TH compounds on the PCa metabolome. 
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Chapter 2. Materials and Methods 
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2.1 Materials and Methods 

This chapter provides a full description of the various cell and molecular 

techniques that were employed to deliver the aims of this thesis. For novel 

methodologies, detailed background information is provided. Techniques that pertain to 

the following chapters are detailed in full within this chapter, with relevant details limited 

to individual chapters. Herein, the methodologies required to analyse the efficacy of the 

TH compounds in a panel of prostate cell lines are described (Figure 2.1).
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Figure 2. 1: The invitro drug discovery process, detailing the manner by which the TH compounds were examined in a panel of prostate cell lines under zero, 5.5mM and 11mM glucose 

conditions. This image was made in Biorender online. 
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2.2 Synthesis of the novel Trojan Horse (TH) compounds 

The compound synthesis was conducted by Ms Eva Hayball and Dr. Robert 

Brooks in the University of South Australia (UniSA). The methods below were provided 

by Ms Hayball and Dr. Brooks. The compounds include conjugating a substrate used for 

cellular metabolism, such as glucose, to Menadione which is toxic to the cells at high 

concentrations, to increase uptake by the cancer cells and induce cell death. 

I. Menadione-amine 

 

 

Figure 2. 2: Menadione-amine compound backbone synthesis. 

To a solution of Menadione (1.000 g, 5.81 x 10-3 mol, 1 eq) in ethanol (EtOH) (30 

mL ) was added propargylamine (391 μL, 6.10 x 10-3 mol, 1.05 eq). The reaction mixture 

was allowed to stir at room temperature for 48 hours, after which it was concentrated 

under reduced pressure. The resulting dark red solid was redissolved in 50% ethyl acetate 

(EtOAc) / hexane and isolated by column chromatography (50% EtOAc / hexane). The 

combined fractions were concentrated under reduced pressure and the resulting red solid 

was then recrystallised from hot ethanol (10 mL ) to obtain fibrous orange crystals. The 

crystals were isolated by filtration through a sintered glass funnel, washed with cold 

hexane (15 mL ) and dried under high vacuum to yield pure orange crystals (113 mg, 8 

%). 

II. Menadione-amine-glucose- Trojan Horse 1 

 

Figure 2. 3: Menadione-amine-glucose compound synthesis. 

Dimethyl formamide (DMF) (1 mL ) was added to a solution of β-D-

Glucopyranosyl azide (111 mg, 5.4 x 10-4 mol, 1 eq) in H2O (1 mL ), which was then 
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added to a stirred solution of 20190730-9-38-RG01R10 (146 mg, 6.48 x 10-4 mol, 1.2 eq) 

in DMF (7 mL ). 

Copper sulfate pentahydrate (CuSO4.5H2O) (67 mg, 2.7 x 10 -4 mol, 0.5 eq) and 

sodium ascorbate (NaAsc) (161 mg, 8.1 x 10-4 mol, 1.5 eq) were separately dissolved in 

H2O (1 mL  respectively), then DMF (1 mL ) was added to each solution. The 

CuSO4.5H2O and NaAsc solutions were then combined and added to the reaction mixture, 

which was allowed to stir at room temperature in a nitrogen (N2) atmosphere for 24 hours. 

The reaction mixture was then dried under a stream of N2 gas and the oily residue was 

purified by column chromatography (15% Methanol (MeOH) / Dichloromethane (DCM)) 

(RF = 0.3 in 15% MeOH / DCM) to yield a dark red oil (151 mg, 64 %). 

Solubility of product - Water, DMSO, DMF, Methanol. 

III. Menadione-alkyl 

 

Figure 2. 4: Menadione-alkyl backbone synthesis. 

A solution of ammonium persulfate (795 mg, 3.48 x 10-3 mol, 1.2 eq) in H2O (30 

mL ) was added dropwise over 1 h to a stirred suspension of 5-hexynoic acid (391 mg, 

3.48 x 10-3 mol, 1.2 eq), silver nitrate (493 mg, 2.90 x 10-3 mol, 1 eq) and Menadione 

(500 mg, 2.90 x 10-3 mol, 1 eq) in 50% acetonitrile (CH3CN) / H2O (60 mL ) at 75 °C 

while protected from light. The reaction mixture was then allowed to stir in the dark at 75 

°C for 20 hours then allowed to cool to ~40 °C. The CH3CN was removed under reduced 

pressure and the remnant aqueous mixture was extracted with diethyl ether (3 x 90 mL ). 

The organic layers were combined and washed with saturated sodium hydrogen carbonate 

solution (2 x 90 mL ) and saturated sodium chloride solution (1 x 90 mL ). The organic 

layer was dried over sodium sulfate, filtered through cotton wool and dried under reduced 

pressure to yield a red brown residue. The residue was then purified by column 

chromatography on silica gel (100% DCM) and dried in vacuo to yield a yellow solid 

(255 mg, 37 %).  

Solubility of product - DMSO, DMF, CDCl3, EtOH, EtOAc, Acetone. 
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IV. Menadione-alkyl-glucose - Trojan Horse 4 

 

Figure 2. 5: Menadione-alkyl-glucose compound synthesis. 

To a solution of β-D-Glucopyranosyl azide (95 mg, 4.62 x 10-4 mol, 1 eq) in H2O 

(1 mL ) was added DMF (1mL ), the resulting solution was added to the solution of 

20200114-10-109-RB52R1 (115 mg, 5.08 x 10-4 mol, 1.1 eq) in DMF (8 mL ) with 

stirring under a N2 atmosphere. CuSO4.5H2O (58 mg, 2.31 x 10-4 mol, 0.5 eq) and NaAsc 

(137 mg, 6.93 x 10-4 mol, 1.5 eq) were separately dissolved in H2O (1 mL  respectively), 

then DMF (1 mL ) was added to each solution. The solutions of CuSO4.5H2O and NaAsc 

were combined and added to the reaction mixture, which was allowed to stir overnight at 

room temperature in a N2 atmosphere. The reaction mixture was then concentrated under 

a stream of N2 gas whilst heated by a warm water bath until ~5 mL  of the suspension 

remained. The suspension was filtered through a sintered glass funnel and the filtrate was 

then heated by a warm water bath and dried under a stream of N2
 gas. The resulting 

brown wax was redissolved in methanol (2 mL ) forming a suspension which was filtered 

through cotton wool. The resulting brown wax was purified by column chromatography 

on silica gel (15% MeOH / DCM) to yield a yellow-brown oil (163 mg, 79 %). 

Solubility of product - Water, DMSO, DMF, Methanol.
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V. Menadione-amine-azido hexanoic acid - Trojan Horse 6  

 

Figure 2. 6: Menadione-amine-azido hexanoic acid 

DMF (1 mL ) was added to a solution of 6-azido hexanoic acid (48 mg, 3.30 x 10-

4 mol, 1 eq) in H2O (1 mL ), which was then added to a stirred solution of 20190528-9-

28-RG01R7 (75 mg, 3.33 x 10-4 mol, 1.1 eq) in DMF (7 mL ). CuSO4.5H2O (38 mg, 1.51 

x 10-4 mol, 0.5 eq) and NaAsc (90 mg, 4.54 x 10-4 mol, 1.5 eq) were separately dissolved 

in H2O (1 mL  respectively), then DMF (1 mL ) was added to each solution. The catalyst 

solutions were then combined and added to the reaction mixture, which was allowed to 

stir at room temperature in a N2 atmosphere for 24 hours. The reaction mixture was then 

dried under a stream of N2 gas, and the resulting red solid was purified by column 

chromatography on silica gel (DCM to 5% MeOH / DCM to 15% MeOH / DCM) (RF = 

0.48 in 10% MeOH / DCM) to yield a dark red oil (63 mg, 54 %). 

Solubility of product - DMSO, DMF, DCM, CDCl3.
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2.3 Cell culture:  

Four model prostate cell lines were selected for metabolic analysis in this thesis: 

PNT1a (Sigma-Aldrich), LNCaP (ATCC, Manassas, VA, USA), PC3, and Du145 

(ATCC). PNT1a is the human post-pubertal prostate normal cell line immortalised with 

SV40. LNCaP is from a prostate supraclavicular lymph node metastasis and is androgen 

dependent. PC3 is a prostate bone metastasis cell line and is androgen independent. 

Du145 is a prostate brain metastasis cell line and is androgen independent (Table 2.1). 

These cell lines were used to represent the different stages of prostate non-malignant 

(PNT1a) and prostate cancer from the androgen dependent (LNCaP) to the androgen 

independent (PC3 and Du145) disease All cell lines were cultured in Roswell Park 

Memorial Institute (RPMI)-1640 media (Sigma–Aldrich) supplemented with 10% 

dialysed foetal bovine serum (Sigma–Aldrich) and 5 mM pen-strep (Sigma–Aldrich), at 

37 ℃ and 5 % CO2. PNT1a was selected as a control cell line, and LNCaP, PC3 and 

Du145 cell lines were chosen to represent the different metabolic states of metastatic 

cancers. 

 

Table 2.1: Description of the panel of prostate cell lines used in the study.  Where PNT1a is the non-malignant model, 

LNCaP is the lymph node metastasis model, PC3 is the bone metastasis model and Du145 is the brain metastasis 

model. 

 

 

 

Androgen Dependent 
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Cell culturing protocol Cells were removed from liquid nitrogen storage and thawed 

gently in a water bath at 37 ℃. They were then transferred into a sterile 15 mL  centrifuge 

tube with 2 mL  of complete RPMI and centrifuged at 300 xg for 10 minutes (mins). The 

supernatant was aspirated, and the cell pellet resuspended in 5 mL  of complete RPMI 

media and transferred into a new 25 cm2 cell culture flask. Once the cells had adhered, the 

media was removed and fresh complete RPMI-1640 was added to the cells. After the cells 

reached a confluency of 80%, they were transferred into a 75 cm2 cell culture flask. 

From the 75 cm2 flask, culture media was removed, cells were washed with 3 mL  

of Dulbecco’s phosphate buffered saline (DPBS) solution. DPBS was then aspirated from 

the flask and 2.5 mL  of trypsin-EDTA (0.05 mg/mL) was added to the cells and 

incubated for 5 mins at 37 ℃. 5 mL  of complete RPMI-1640 media was then added to 

the cells and transferred into a 15 mL  centrifuge tube and centrifuged at 300 xg for 5 

mins. The supernatant was then aspirated, and the cell pellet was resuspended in 2 mL  of 

fresh complete RPMI-1640 medium. For routine maintenance, cells were split in a 1:4 

ratio (cells: media) and transferred to a new 75 cm2 flask with 10 mL  of  fresh complete 

media. Cells were only used for experiments between 3 – 30 passages after revival from 

liquid nitrogen storage. 

2.3.1 Cell counting protocol  

Cell counts were performed using a haemocytometer. Trypan blue (Sigma 

Aldrich) was used to stain the dead cells present in the solution, allowing for the visual 

distinction between dead and live cells. The cells in RPMI media (50 µL) were combined 

with trypan blue (10 µL, a dilution factor of 1.2). The cell/trypan blue mixture was placed 

into the haemocytometer where the number of live cells in 1 mL was determined (Figure 

2.7). 

 

 

Figure 2. 7: Cell counting:  The haemocytometer is used to calculate the number of cells present in a cell solution. It is 

comprised of 9 squares of 1 mm2. Dead cells are stained blue and alive/viable cells remain unstained. The unstained 

cells are counted within the outer 4 squares of the haemocytometer, averaged, and then multiplied by the cell 

conversion factor of 1x104 mL . As a result, the number of cells in 1 mL  has been determined. Image by Stemcell 

Technologies.318  
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2.3.2 Cell storage protocol  

Cells were stored for extended periods of time between experiments and revived 

as needed. The storage of cell lines followed the above cell culturing procedure, however, 

after pelleting , cells were resuspended in 2 mL  of freezing media (90 % foetal bovine 

serum (FBS), 9 % dimethyl sulfoxide (DMSO), 1 % RPMI-1640), then split in a 1:4 ratio 

(cells: media) into labelled cryovials. Cryovials were placed into -80 ºC storage 

overnight, then stored long-term in a liquid nitrogen storage tank.
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2.4 Alamar Blue cell viability 

The viability of the cells under examination must be determined in order to 

establish the cytotoxicity and IC50 concentrations of the compounds of interest in the 

study. Alamar blue is a fluorometric and colorimetric assay designed for use in the 

quantitative determination of cell proliferation and is frequently used in the cytotoxic 

determination of chemical substances. In the assay, a redox reaction involving the 

chemical reduction of the resazurin (a blue dye with low fluorescence), to resorufin (a 

pink dye with high fluorescence), a reaction that only occurs in viable healthy cells. As 

the cells proliferate, their metabolic capabilities allow for the reduction of resazurin 

(Figure 2.8), where NADH is oxidised to NAD- and water, resulting in a fluorescent, pink 

solution. This reduction does not occur in non-proliferating resting stage cells, and 

therefore the cell solution remains blue. Alamar blue was determined as the optimal assay 

for this work as the vitamins examined are not typical cytotoxic compounds as they are 

required by the cells in small amounts and the Alamar blue would allow for more 

consistent results than other tests. 

 

Figure 2. 8: The reduction of Resazurin to Resorufin in the Alamar blue cytotoxicity assay.  NADH is oxidised to NAD- 

and water while resazurin is reduced to resorufin. Viable cells present as a pink, fluorescent cell solution, whereas non-

viable cells will remain a blue low-fluorescence solution. Image created in Biorender online. 

 

2.4.1 Alamar Blue cell viability assay protocol 

Cells at 80-90 % confluency were plated in a 96-well black, fluorescent plate 

(Fisher Scientific, Ireland) at a density of 20x104 in complete media, and then incubated 

at 37 ℃ for 24 h. The next day, the complete media was washed out with the Dulbecco’s 

phosphate-buffered saline (DPBS) and replenished with 90 µL of the desired glucose 

media concentration, made with dialysed FBS and the compound under investigation 

dissolved in 10 µL of sterile water. A death control of 20 % DMSO was used to ensure 

100 % cell death in the cell lines. Cells were then incubated for either 2, 24 or 48 h. 

Following treatment, cells were washed with 100 µL phosphate-buffered saline (PBS) 

and replenished with 90 µL of their respective glucose media. For each time point, alamar 

blue (10 µL) (10 %) was added to each well for 4 h at 37 ℃. Plates were refrigerated 
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overnight at 4 ℃, and then their fluorescent emission at 604 nm (578 nm excitation) was 

recorded on the GloMax microplate reader (Promega, Madison WI, USA). The values 

obtained were normalised by the blank well readings and used to plot the dose response 

curves to determine the IC50 values. 
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2.5 Extracellular flux and cell bioenergetics analysis 

The Agilent Seahorse XFe24 analyser was used to perform cellular bioenergetics 

experiments in real time which is advantages in determining the effects of the glucose 

milieu and the novel compounds on the live prostate cells. The XFe24 analyser measures 

the cellular bioenergetics through the measurement of the cells oxygen consumption rate 

(OCR) and the extracellular acidification rate (ECAR). The OCR measure is linked to 

mitochondrial respiration, whereas the ECAR is due to the production of lactic acid by 

the process of glycolysis. Cells metabolic dependencies can be determined in real-time. 

The Seahorse analyser allows for the injection of up to 4 drugs or inhibitors into each cell 

well. Appropriate inhibitors are used for specific assays and serially injected. The 

instantaneous reaction to the inhibitors is measured by the Seahorse analyser, allowing for 

the determination of metabolic endpoints.319  

The inhibitors used for the extracellular flux assays (MitoStress and ATP Rate) 

was injected serially and include oligomycin, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) and antimycin A. Oligomycin inhibits ATP 

synthase through mitochondrial complex V and decreases the flow of electrons through 

the electron transport chain, resulting in a decrease in mitochondrial respiration or 

OCR.319 FCCP is an uncoupling agent that disrupts the proton gradient and mitochondrial 

membrane potential in the mitochondria. It is then injected after oligomycin resulting in 

removal of the inhibition on electron flow through the electron transport chain, which 

subsequently causes oxygen consumption by complex IV until the upper limit is 

achieved.319 Antimycin A, a complex III inhibitor, shuts down mitochondrial respiration 

and therefore enables the calculation of respiration driven by processes outside the 

mitochondria.319  

The impacts of the inhibitors on the cellular bioenergetics are illustrated below 

(Figure 2.9). 

 

Figure 2. 9: The Seahorse inhibitors and their effects on the mitochondria.  Oligomycin inhibits mitochondrial complex 

V, inhibiting ATP synthase in the mitochondria. Finally, injection of FCCP an oxidative phosphorylation uncoupler, 

allows maximum non-mitochondrial respiration to occur. Antimycin A inhibits the mitochondrial complex III in turn, 

inhibiting the electron transport chain. Image made in Biorender online. 
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2.5.1 Mitochondrial stress (MitoStress)Test 

The MitoStress test is an assay that determines the mitochondrial metabolic 

endpoints of live cells (Figure 2.10).  

The basal OCR is a measure  of the amount of oxygen required for ATP 

production in the mitochondria under basal conditions. Proton leak depicts the basal 

respiration not coupled to ATP production and is an indicator of mitochondrial 

dysfunction. All cells would have a baseline level of proton leak for regulation of 

mitochondrial ATP production, but alteration of levels may indicate mitochondrial 

dysfunction. Maximal respiration is the maximum rate of oxygen consumption after the 

stimulation of the high energy demands with the addition of the uncoupler FCCP. This 

results in generating an environment in which the cells maximum respiration rate can be 

determined. Non-mitochondrial respiration is the respiration that occurs outside of the 

mitochondria, such as fatty acid oxidation, glycolysis, and the use of glycogen stores. 

Overall, the use of the MitoStress test allows for respiration in the mitochondria to be 

examined and can indicate if mitochondrial dysfunction has occurred.  

 

 

Figure 2. 10: Mitochondrial Stress (MitoStress) Assay: The MitoStress assay identifies the elements of mitochondrial 

metabolism. Basal OCR is measured before the addition of any inhibitors. Oligomycin is added to the cells, decreasing 

OCR allowing for the ATP linked respiration and the proton leak to be calculated. FCCP is added to increase the OCR, 

from this the spare respiratory capacity and maximal respiration of the cell is calculated. The addition of Antimycin A 

causes the OCR to plummet allowing for non-mitochondrial respiration to be calculated.319 Image by Agilent 

Technologies.  
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2.5.1.1 MitoStress test protocol  

Cells were seeded at 6x104 cells/well in duplicate in the 24-well XF microplate 

(Agilent Technologies, Santa Clara, CA, USA) at a volume of 100 µL and incubated for 

24 h at 37 ℃ and 5 % CO2/95 % air. Cells were washed with glucose-free seahorse XF 

assay medium (Agilent Technologies, Santa Clara, CA, USA.) supplemented with 

11 mM, 5.5 mM, and 0 mM D-(+)-glucose (Sigma-Aldrich) respectively and 5 mM 

sodium pyruvate. To each well, 500 µL of the supplemented glucose-free seahorse XF 

assay medium (Agilent Technologies, Santa Clara, CA, USA) was added. Specific 

inhibitors and uncouplers were prepared in XF assay media, supplemented with 0 mM D-

(+)-glucose for sequential addition at the appropriate final concentrations of oligomycin 

A (1.8 µM), FCCP (4 µM) and antimycin A (5 µM) (all Sigma-Aldrich). Cells were 

placed in a non-CO2 incubator at 37 ℃ for 1 h prior to the assay. Basal respiration (OCR) 

and extracellular acidification rate (ECAR) were measured by the Seahorse Biosciences 

XFe24 Extracellular Flux Analyser (Agilent Technologies, Santa Clara, CA, USA). All 

recorded measurements were normalised to cell number using the crystal violet assay in 

Section 4.3.2. The metabolic endpoints were calculated as described in Table 2.2, below.  

Table 2.2: Metabolic Endpoint Calculations from the MitoStress Test 

Metabolic Parameters Calculations 

Basal Respiration (OCR) OCR = Baseline OCR - OCR after Antimycin A 

Proton Leak Proton Leak = OCR after Oligomycin - OCR after Antimycin A 

Maximal Respiration Maximal Respiration = OCR after FCCP - OCR after Antimycin A 

Non-Mitochondrial Respiration Non-Mitochondrial Respiration = OCR after Antimycin A 

ATP Production ATP Production = Baseline OCR - OCR after Oligomycin 
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2.5.2 ATP rate test  

The adenosine triphosphate (ATP) rate assay allows the determination of the amount 

of ATP produced through both  OxPhos and glycolysis . The distinction between these 

processes can be made through the measurement of OCR, which indicates mitochondrial 

respiration and EACR indicates glycolysis. ATP in the cell is the predominant glucose-

derived energy source in the process of metabolism. The metabolic regulation of the cell can 

alter the demands of the ATP required for regular function; thus, its production is vital for 

normal cellular processes.320  

The ATP rate assay takes a basal reading of OCR and EACR prior to the serial 

injection of the mitochondrial inhibitors, oligomycin and antimycin A. The initial OCR 

decreases with the addition of oligomycin, and this allows for the determination of 

mitochondrial ATP and glycolytic ATP. The later addition of antimycin A causes further 

drop in OCR due to the complete inhibition of oxidative phosphorylation, which allows for 

the determination of the mitochondrial-associated acidification in the cell media. The 

remaining acidification is due to lactic acid production, derived from the production of 

glycolytic ATP by glycolysis.321,320 Representative ATP rate assay outputs from the seahorse 

are presented in Figure 2.11. 

 

 

Figure 2. 11: ATP Rate Assay outputs:  (A.) The extracellular acidification measured due to the addition of oligomycin 

allows for the determination of the mitochondrial ATP. With the addition of antimycin A, oxidative phosphorylation is 

completely inhibited, and the remaining acidification can be attributed to lactic acid production by glycolysis (glycolytic 

ATP). (B.) The ATP rate assay distinguishes the amount of ATP produced through oxidative phosphorylation and glycolysis 

respectively. This can be converted to the %oxidative phosphorylation and the %glycolysis.320 Images by Agilent 

Technologies. 

 

2.5.2.1 ATP rate test protocol 

Cells were seeded at 6x104 cells / well in duplicate in the 24-well XF microplate 

(Agilent Technologies, Santa Clara, CA, USA) at a volume of 100 µL and incubated for 24 h 

at 37 ℃ and 5 % CO2/95 % air. Cells were washed with glucose-free seahorse XF assay 

medium (Agilent Technologies, Santa Clara, CA, USA.) supplemented with 11 mM, 5.5 mM 

and 0 mM D-(+)-glucose (Sigma-Aldrich) respectively and 5 mM sodium pyruvate. To each 

well, 500 µL of the supplemented glucose-free seahorse XF assay medium (Agilent 
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Technologies, Santa Clara, CA, USA) was added. Specific inhibitors were prepared in XF 

assay media supplemented with 0 mM D-(+)-glucose for sequential addition at the 

appropriate final concentrations of oligomycin A (1.8 µM) and antimycin A (5 µM) (all 

Sigma-Aldrich). Cells were placed in a non-CO2 incubator at 37 ℃ for 1 h prior to the assay. 

OCR and ECAR were measured by the Seahorse Biosciences XFe24 Extracellular Flux 

Analyser (Agilent Technologies, Santa Clara, CA, USA). All recorded measurements were 

normalised to cell number using the crystal violet assay.  

 

2.5.3 Crystal violet normalisation 

The crystal violet assay was used to normalise the number of cells undergoing the 

extracellular flux assays described above. This is vital to allow comparisons of the cell lines 

and the treatments as they are all normalised to a cell value and thus can be compared. Cells 

were fixed in 99.9 % ice-cold methanol for 15 mins on ice. The fixative was removed, and 

cells were washed with PBS and stained with 0.1 % crystal violet for 20 mins at room 

temperature. Crystal violet was removed, and cells were washed twice with water, air dried 

overnight, then placed in 1% Triton X-100 on a plate shaker for 1 h. Absorbance was 

recorded at 595 nm on the GloMax plate reader.  
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2.6 Flowcytometry and mitochondrial profiling.  

Mitochondrial profiling examines the functional and structural properties of 

mitochondria, which have important implications for number of disease states, including 

cancer, neurodegenerative disorders, and metabolic disorders. To profile mitochondria from 

prostate cell lines, flowcytometry is required, hence the Amins Cell Stream was selected. The 

Amins Cell Stream allows for the real time examination of a single tube in addition to a 96-

well plate of samples, yielding multiparametric single-cell data results. The Amins Cell 

Stream holds up to 7 lasers (Figure 2.8), which allow for a wide range of endpoint 

examinations such as, cell identification, cell counting, cell viability, cell cycle analysis and 

apoptosis analysis.322  The cellular mitochondrial health can be determined through flow 

analysis of reactive oxygen species (ROS) in the cells, mitochondrial membrane potential, 

and the apoptosis and DNA damage markers. The Amins Cell Stream lasers used for 

examination of cells in this study are  detailed in Figure 2.14 and Figure 2.15. 

 

 

Figure 2. 12: The Amins Cell Stream Laser Channels:  The cell stream covers the wavelengths of 375 – 730 nm, allowing 

for the examination of multiple endpoints. The cell stream holds lasers including a pink, violet, blue (pacific blue), green 

(FitC), yellow (PE), red (APC) and deep red(Cy7). Image by Amnis by Luminex.322  
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Figure 2. 13: The Cell Stream components:  (1.) The lasers of the cell stream as detailed in Figure 2.14 (2.) The cells pass 

through the lasers where the fluorophores on the cells under examination generate emissions, and the fluorescence is 

collected and directed to the image pane. (3.) The filter deconvolutes the discrete vertical positions from the image pane into 

22 data channels. (4.) The 22 data channels fit onto the charged coupled device array, where the sensor then interprets the 

data. Image by Amnis by Luminex.322
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2.6.1 Oxyburst Green H2DCFDA (Thermofisher):  

Oxyburst Green H2DCFDA succinimidyl ester (2',7'-dichlorodihydrofluorescein 

diacetate, SE) is an amine-reactive assay reagent that can be used to prepare oxidation-

sensitive conjugates of a wide variety of biomolecules and particles, including antibodies, 

antigens, peptides, proteins, dextrans, bacteria, yeast, and polystyrene microspheres. 

Following conjugation to amines, the two acetates of Oxyburst Green H2DCFDA can be 

removed by treatment with hydroxylamine at neutral pH to yield the dihydrofluorescein 

conjugate. Oxyburst Green H2DCFDA conjugates are nonfluorescent until they are oxidized 

to the corresponding fluorescein derivatives.161 The range of concentrations used for carrying 

out the experiments is detailed in Chapter 2, Table 2.1. For the Oxyburst assay, hydrogen 

peroxide (H2O2) is used as a control molecule. The representative fluorocytogram of 

Oxyburst is presented in Figure 2.16. 

 

Figure 2. 14: Representative fluorocytograms of ROS analysis of PNT1a cells. The Oxyburst negative cells are in the left 

quadrant (blue) and the Oxyburst positive cells are in the right quadrant (green). Oxyburst positive cells indicate ROS 

positivity in the cell. 
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2.6.2 JC-1 Dye (Thermofisher) 

5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) is a 

mitochondrial membrane potential probe. It is a cationic carbocyanine dye that is known to 

accumulate in the mitochondria 

The membrane-permeant JC-1 dye is widely used in apoptosis studies to monitor 

mitochondrial health JC-1 dye exhibits potential-dependent accumulation in mitochondria, 

indicated by a green fluorescence emission at (~529 nm) for the monomeric form of the 

probe, which shifts to red (~590 nm) with a concentration-dependent formation of red 

fluorescent J-aggregates. Consequently, mitochondrial depolarization is indicated by a 

decrease in the red/green fluorescence intensity ratio.323 

At higher concentrations (aqueous solutions above 0.1 µM) or higher potentials, JC-1 

dye monomer forms red fluorescent "J-aggregates" where it has accumulated within the 

mitochondria. The J-aggregates exhibit a broad excitation spectrum and an emission 

maximum at ~590 nm. At lower internal mitochondrial concentrations or low membrane 

potential, the JC-1 dye is present as monomers, exhibiting an emission of 529 nm.323 FCCP is 

used as a control molecule in this assay. The colour change seen with the JC1 assay is 

illustrated in Figure 2.17 with the representative fluorocytogram for the JC1 assay presented 

in Figure 2.18. 

 

Figure 2. 15: JC-1 assay monomeric form and its j-aggregates.  JC-1 Red (j-aggregate) indicates healthy mitochondria, 

with high MMP, healthy intact mitochondria with functional ATP synthesis and hyperpolarised mitochondria. JC-1 Green 

(monomer) indicates unhealthy mitochondria, with low MMP, high apoptosis and cell death, metabolic uncoupling and 

increased mitochondrial depolarisation. Image made in Biorender. 
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Figure 2. 16: JC-1 MMP fluorocytograms: (A) Representative fluorocytograms of MMP analysis of LNCaP cells under 

5.5mM glucose. Viable/healthy cells are in the lower left quadrant (blue). Cells with healthy and or high MMP are in the 

upper left quadrant (red). Cells with dual staining of JC-1 are in the upper right quadrant (yellow). The cells with 

unhealthy/ low MMP are in the lower right quadrant (green). The data from the 5.5mM untreated conditions are shown here 

in all 4 cell lines used. (B) JC-1 MMP quadrants from the fluorocytograms.
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2.6.3 Annexin AV-Pacific Blue (BioLegend) and Propidium Iodide  

Annexin V (Av) is used to determine cell death by apoptosis. It is an intracellular 

protein that binds in a calcium dependant binding process to phosphatidylserine (PS). PS is 

typically located in the intracellular leaflet in healthy cells, but during apoptosis it is found in 

the external leaflet, due to membrane asymmetry. Av is often combined with a DNA binding 

dye to confirm cell death and further, DNA damage. See the representative fluorocytogram in 

Figure 2.19 for further details.  

 

Figure 2. 17: Av PI fluorocytograms : (A)Representative fluorocytograms of Apoptosis analysis of PC3 cells under 5.5mM 

glucose. (B) Representative fluorocytograms of Apoptosis analysis of Du145 untreated cells under 5.5mM glucose 

conditions. Viable/healthy cells are in the lower left quadrant (brown). Necrotic cells are in the upper left quadrant 

(yellow). Cells in late apoptosis are in the upper right quadrant (blue). The cells in early apoptosis are in the lower right 

quadrant (green). (C) Av PI quadrants from the fluorocytograms.  

 

Propidium Iodide (PI) is a DNA and RNA binding agent, that binds to dead or dying 

cells to allow for the determination of cell viability and DNA damage. PI can be used along 

with Av to determine between the stages of apoptosis, DNA quantification and chromosomal 

analysis. PI can be excited through the blue, green, and yellow-green laser channels in 

flowcytometry analysis.  
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2.6.4 Gating Strategy  

The single cell population was identified in the unstained cell population. From 

this, the alive single cell population was identified to allow the determination of the 

%gated cells positive for the individual cell markers examined. All markers were checked 

to be negative in the unstained cell population. The Oxyburst population was identified 

under the FitC channel. The JC-1 populations identified with the FitC vs PE channel. The 

Av PI populations were identified through the D4 and A2 channels. The marker quadrants 

were set due to the cell populations present in the flow-cytogram. This is detailed in 

Figure 2.20. 

 

 

Figure 2. 18: Gating strategy used in the experimental design . (1.) Single cell population identified in the unstained 

cell population. (2.) from this, the alive single cell population, R1 was identified to allow the determination of the 

%gated cells positive for the individual cell markers examined. (3.) All marker checked to be not positive in the 

unstained cell population. (4.) Oxyburst population identified under the FitC channel. (5.) JC-1 populations identified 

with the FitC vs D4 (FIND NAME) channel. (6.) Av PI populations identified through the D4 and A2 channels. 

Quadrants set due to the populations present in the flow-cytogram.  
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2.6.5 The flow cytometry protocol  

Cells were seeded at 6 x 104 cells per well for 24 h in a 96-well plate. Following 

24 h incubation at 37 ℃, cells were placed under three different glucose conditions; 0 

mM, 5.5 mM and 11 mM glucose and treated with compounds; menadione, TH4 and TH6 

treatments for 24 h. Following 24 h treatment the cells were centrifuged at 200 xg for 3 

mins. Media was aspirated from each well, cells were trypsinised using 50 µL of trypsin 

EDTA and incubated at 37 ℃ for 10 mins. 50 µL of warm RPMI media was subsequently 

added to the trypsinised cells and the cells were centrifuged again at 200 xg for 3 mins. 

Supernatant aspirated from the plate. Cells were washed with 100 µL of warm DPBS. 

Cells centrifuged at 200 xg for 3 mins. PBS aspirated. Annexin binding buffer was added 

to the required wells. Cells were centrifuged at 200 xg for 3 mins. The binding buffer was 

removed. Fluorescent dyes were added to the plate for 30 mins at room temperature in 

foil. Cells were centrifuged at 200 xg for 3 mins. Cells were washed in 100 µL of warm 

PBS then, 100 µL Flow Cytometry Staining Buffer (FACS). Cells then centrifuged at 200 

xg for 3 mins and the buffer removed. Cells were all resuspended in 60 µL of FACS. 

Compensation was performed with positive and negative compensation beads. Gating and 

analysis were performed using the CellStream Analysis software.  

Details of the fluorescent dyes used in the cell stream analysis of the cell lines are 

presented in  

Table 2.3. 

Table 2.3: Cell Stream Fluorescent dyes 

 

Fluorescent Dye Excitation Laser Channel Concentration Purpose 

Oxyburst - Green 492-495 nm FitC 0.01 µM Reactive oxygen species 

production 

JC-1 590 nm FitC-APC 0.01 µM Mitochondrial Membrane 

potential 

Mito Tracker – 

Deep Red 

644/655 nm Allophycocyanin 

(APC) 

0.01 µM Mitochondrial Tracker in live 

cells 

Annexin AV-

Pacific Blue 

 Pacific Blue 

(PacBlue) 

0.05 µM Apoptosis identifier 

Propidium 

Iodide (PI) 

561-488 nm FitC/Phycoerythrin 

(PE) /PacBlue 

0.05 µM Cell Viability 

H2O2 Standard - - 10 % ROS production Standard 



72 

 

2.7 Metabolomics  

The metabolomic analysis by Liquid Chromatography (LC) tandem Mass 

Spectrum (MS) was performed with the QTRAP 6500 LC-MS/MS system with a multi-

component Ion Drive. This method combines high sensitivity and performance, with the 

SCIEX patented Ion Drive technology increases the number of ions produced while 

enhancing the way ions are transmitted and detected in the machine.324 This machine has 

improved polarity switching and multiple reaction monitoring (MRM) speeds, allowing 

for faster chromatography and better throughput. The built-in QTRAP allows for 

quantitative MRMs and qualitative QTRAP scans in the same injection to maximize 

throughput.324 

2.7.1 Sample Preparation  

PNT1a, LNCaP, PC3 and Du145 cells were plated at 5 × 106 cells/well in a T75 

flask for 24 h. Cells were washed with DPBS, then 8 mL of RPMI assay medium with the 

required glucose concentration (0 – 11 mM glucose) (Sigma Aldrich), supplemented with 

10 % dialysed FBS (Sigma Aldrich), was added to each flask. Vitamins solutions were 

prepared using sterile water at the IC50 concentrations of the; Menadione, Trojan Horse 4 

and Trojan Horse 6 compounds. To each flask 1 mL of each treatment was added 

respectively, then each cells flask was incubated for 24 h. A negative control containing 

the cell lines in RPMI-1640 medium in all three glucose conditions (0 mM, 5.5 mM, and 

11 mM glucose) was also prepared under the same conditions as the treated cells. After 

24 h, the cells were gently trypsinised to detach them from the flask, then centrifuged at 

300 xg to pellet the cells. The supernatant was removed and discarded, then the cells were 

washed with PBS, resuspended in PBS and placed into labelled cryovials. The samples 

were quickly flash-frozen in liquid nitrogen and stored at -80 ℃. Cells were sent to the 

University College Dublin (UCD) Metabolomics core facility for preparation and 

examination. 

2.7.2 Metabolomics Analysis 

This experimental work was carried out by Dr. Xiaofei Yin and Dr. Lorraine 

Brennan of the Conway Institute, University College Dublin and the methods above were 

provided by Dr. Yin. Dr. Brennan’s group is well known for their metabolomic works and 

are the gold standard used in Ireland for metabolomic analysis.  

Cell lysate samples were analysed using a targeted metabolomic platform and 

were prepared according to the MxP® Quant 500 assay manual (Biocrates Life Sciences, 

Innsbruck, Austria). 10 µL of each sample (in a 96-well format) was dried and derivatised 

using 50 µL of derivatization solution (5% phenyl isothiocyanate in 

ethanol/water/pyridine (volume ratio 1:1:1)) and incubated for 60 mins at room 

temperature. The plate was then dried for 60 mins under nitrogen. Following addition of 

300 µL of 5 mM ammonium acetate in methanol to each well the plate was left to shake 

for 30 mins. In the next step, the plate was centrifuged at 500 xg for 2 mins, and 150 μL 

of high-performance liquid chromatography (HPLC)-grade water was added for analysis 

by liquid chromatography tandem mass spectrometry (LC-MS/MS). Additionally, 10 μL 

of eluate was diluted with 490 μL of methanol running solvent for flow injection analysis 

tandem mass spectrometry (FIA-MS/MS) analysis. 

The prepared 96-well plate was analysed by a Sciex ExionLC series UHPLC 

system coupled to a Sciex QTRAP 6500+ mass spectrometer. The UHPLC column, 
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provided by Biocrates Life Sciences were installed and mobile phase A and B were 100 

% water and 95 % acetonitrile (both added 0.2 % formic acid), respectively. In the LC-

MS/MS analysis, amino acids (n = 20), amino acid related (n = 30), bile acids (n = 14), 

biogenic amines (n = 9), carboxylic acids (7), hormones and related (n=4), indoles and 

derivatives (n = 4), nucleobases and related (n = 2), fatty acids (n = 12), trigonelline, 

trimethylamine N-oxide, p-Cresol sulfate, and choline were quantified. Lipid classes such 

as lysophosphatidylcholines (n = 14), phosphatidylcholines (n = 76), sphingomyelins (n = 

15), ceramides (n = 28), dihydroceramides(n = 8), hexosylceramides (n = 19), 

dihexosylceramides (n = 9), trihexosylceramides (n = 6), cholesteryl esters (n = 22), 

diglycerides (n = 44), triglycerides (n = 242) were quantified in FIA-MS/MS analysis, 

furthermore acylcarnitines (n = 40) and the sum of hexose were also quantified in FIA-

MS/MS analysis. The multiple reaction monitoring (MRM) method, which was optimized 

by Biocrates Life Sciences, was applied to identify, and quantify all of the metabolites. 

2.7.3 Data processing and metabolite quantification 

Once more, the preliminary data processing and metabolite quantification was 

carried out by Dr. Xiaofei Yin and Dr. Lorraine Brennan of the Conway Institute, 

University College Dublin and the methods above were provided by Dr. Yin. 

Data were processed using MetIDQ software provided by Biocrates Life Sciences. 

Amino acids and part of amino acid related metabolites and biogenic amines were 

quantified based on isotopically labelled internal standards and seven-point calibration 

curves. All other metabolites were semi-quantified by using internal standards. Data 

quality was assessed by investigating the accuracy and reproducibility of QC sample, 

provided with Quant 500 assay. 

The dataset including metabolite concentrations in micromolar were exported. 

Metabolites were included for further statistical analyses only when their concentrations 

were above the limit of detection (LOD) in more than 50 % of samples. 

2.7.4 Data and statistical analysis of metabolite concentrations: 

The raw data was reordered to match the technical and biological replicates, cell 

lines and glucose conditions. Two hundred and eleven metabolites were detected above 

the LOD of the five hundred examined. A two tailed-t-test was performed in Excel 

between the groups of interest, where metabolites of significance were identified 

(p≤0.05). Following identification of significant metabolites, each significant metabolite 

was graphed in GraphPad prism for each cell line, treatment, and glucose condition, 

where a repeated measure (Bonferroni) 1-way ANOVA was conducted with multiple 

comparisons applied. Data was presented as mean ± SEM in the graphs in Section Results  
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Chapter 3.  

a) The synthesis and characterisation of Trojan 

Horse compounds 

b) Determining the cytotoxicity of Vitamin C, 

Menadione and Trojan Horse compounds  
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3.1 Introduction  

Current treatment regimens do not consider the variable nature of cancer cell 

biology and the adaptability of cancer cells. There is an urgent need for a therapeutic 

strategy that effectively targets cancers at multiple mechanistic and metabolic endpoints, 

and that utilises novel approaches to limit cancer cell adaptability. We aim to achieve this 

important outcome by exploiting the Warburg effect to target cancer cell metabolism and 

develop compounds that target multiple aspects of cancer biology.  

The majority of anticancer agents are hydrophilic molecules; they rely on active ligand 

transport mechanisms to be efficiently internalized into cells (e.g., folate receptor, 

nucleoside transporters). However, rapid development of resistance to therapy often 

occurs via downregulation of these receptors. Lipid modification can enhance passive 

transport of these hydrophilic drugs mediated by the lipid moiety.325,326 The resultant 

drugs no longer require active ligand transport mechanisms and are therefore able to 

overcome transport resistance barriers. Lipid conjugation can also lead to a reduction in 

the amount of drug effluxes out of the cell by these transporters, resulting in increased 

accumulation compared to the free drug.325,326 Therefore, increased antitumor efficacy can 

be achieved using lipid conjugation strategies by increasing cell permeability and 

retention of anticancer agent.  

We propose that the selective delivery of a toxic moiety to cancer cells is possible 

when coupled to a “natural substrate”. In this regard, a Trojan Horse (TH) principle was 

used to trick the cancer cells into taking up Vitamin C and Menadione, attached to a 

substrate such as simple sugars and lipids which are highly sought-after by proliferative 

cancer cells, with prospects of achieving ideal candidates for a selective range of 

attractive, yet toxic TH compounds which are presented in Figure 3.1.
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Figure 3.1: The TH Strategy:  Coupling of Vitamin C and Menadione with simple sugars and lipids. Image made in PowerPoint.
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Vitamin C has shown some success as a cancer therapeutic, but it has been found 

that the cancer cells tend to develop resistance to this therapeutic approach through 

upregulation of efflux mechanisms often resulting in this treatment being non-viable.262 

Our approach will couple Vitamin C to simple sugars and lipids to target selective cellular 

uptake of an antioxidant in cancer cells. It is expected to remove cancer’s ability to adapt 

to Vitamin C antioxidant treatment by employing the TH principle to trick the cancer 

cells into a continued uptake of Vitamin C coupled to a highly desirable target fuel 

moiety like glucose.  

Alterations to the levels of cellular ROS modifies the signalling pathways required 

for cell division and rapid proliferation, but can also be used to trigger apoptosis in cancer 

cells.327 Endogenous ROS in proliferative cancer cell lines can be altered depending on 

the redox capabilities of the moiety bound to the natural substrate. Accordingly, by 

binding a ROS generator, such as Menadione to a natural substrate, the cancer cell will be 

tricked into internalizing a toxic moiety capable of increasing ROS concentration and 

inducing apoptosis.304  

Dr. Barry Sharpless’ introduced the theory of click chemistry in 1999 at the 217th 

American Chemical Society annual meeting.328 Click chemistry describes the functional 

groups on a compound that rapidly and selectively react with each other in an aqueous 

environment. The concept of Click Chemistry has been transformed into convenient, 

versatile and reliable two step coupling procedure of two molecules and is particularly used 

in drug discovery.328 In pharmaceutical chemistry, the discovery of compounds with 

specific properties is always a necessity. Once the compound is identified, it is important 

to establish an efficient method of synthesis and purification.329 

Click chemistry is growing in popularity for the synthesis of simple molecules by 

connecting two existing molecules to each other through the addition of a triazole linker 

group.328,330 In click chemistry, the copper(I)-catalyzed 1,2,3-triazole-forming reaction 

between azides and terminal alkynes is now the gold-standard reaction.329 This reaction 

involves the use of the triazole linker. These linkers not only work to conjugate two existing 

molecules, it also readily associates with biological targets, through interactions such as 

hydrogen-bonding and dipole interactions possibly adding to the action of the conjugated 

compound.329  
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Many applications of click chemistry are apparent in the drug discovery field, with 

novel compound synthesis being the main application.330 The characteristics increasing the 

popularity and prevalence of click chemistry in drug discovery includes high compound 

yield, high compound specificity, and the simplicity of reactions.331 In some applications, 

click chemistry has been used in the modification of biological ligands, after nanoparticles 

production without altering functions of the nano-particle while enhancing the process of 

drug delivery to a biological site. This is greatly important to maintain the function of the 

nano-particle.332 Click chemistry was utilized in the synthesis of the novel TH compounds, 

due to the aforementioned benefits in the method of synthesis and the high compound yield 

and compound specificity. 

Glucose is an essential energy source in cells, with significant implications in many 

cellular processes. In PCa, glucose can directly and indirectly impact cancer progression 

and development.317 In this study we examine the relationship between prostate cancer 

progression, metabolism, and the effects of the range of novel compounds on the glucose 

milieu in which the cells are present, due to the role of glucose in the disease progression 

and survival. 

Cancer cells require high energy levels to support their rapid growth, where glucose 

serves as a primary energy source. PCa cells have been shown to exhibit heightened glucose 

uptake and utilisation compared to that of normal prostate cells. This metabolic alteration, 

the Warburg effect or aerobic glycolysis, enables cancer cells to generate energy efficiently, 

even in the presence of sufficient oxygen.253,333 High availability of glucose provides the 

fuel required for the growth and proliferation of PCa cells.  The PCa cells can adapt their 

metabolism to efficiently utilise glucose through increased expression of glucose 

transporters (such as GLUT1 and GLUT4) and other biomolecules involved in glucose 

metabolism to allow an adequate supply of glucose to quench their high energy 

demands.334,335 This metabolic adaptation contributes to the survival and growth of PCa 

cells in high glucose environments, as seen in patients with unmanaged insulin resistance 

or diabetes.336  

Glucose metabolism can influence signalling pathways involved in prostate cancer 

growth and progression, where increased glucose uptake and metabolism have been shown 

to activate pathways like PI3K, AKT and mTOR, which promote cell growth, survival, and 

proliferation.336 These pathways are known to contribute to the aggressive behaviour of 



79 

 

prostate cancer cells and aid in their resistance to therapy.337,338 The implications of glucose 

metabolism on androgen signalling is important in PCa where studies have shown that high 

glucose concentrations can influence the activity of the AR.339 These high glucose levels 

can enhance AR-mediated gene expression, promoting growth and survival of PCa 

cells.340,341  

The maintenance of optimal blood glucose in individuals with diabetes or insulin 

resistance may aid in managing the metabolic aspects of prostate cancer. However, further 

research is necessary to understand the intricate interactions between glucose metabolism 

and PCa and in the development of effective targeted therapies. This work aims to bridge 

this knowledge gap, through examining the effect of the glucose milieu on PCa metabolism 

and how effective glycoconjugated compounds can be in the targeting of PCa metabolism 

and the treatment of the disease.  
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3.2 Hypothesis and Aims 

We propose to synthesise novel Trojan Horse compounds through the application 

of ‘click chemistry’ by coupling simple sugars and lipids with native Vitamin C and 

Menadione and evaluate these agents for their ability to specifically target cancer cell 

metabolism and cause cell death.  

• To synthesise and characterize the structure of the novel TH compounds designed 

by the University of South Australia (UniSA) team and the Trinity College Dublin 

Molecular Pathology (TCD) Research group.  

• To determine the cytotoxicity of Vitamin C and Menadione in a panel of prostate 

cell lines, under 0mM, 5.5mM and 11mM glucose conditions. From this an IC50 

concentration can be determined for further experiments. 

• To determine the cytotoxicity of the novel TH compounds and select compounds 

for further downstream cellular evaluations. 

• To determine the cytotoxicity of two glucose-Menadione compounds and 1 fatty 

acid-Menadione compound in a panel of prostate cell lines, under 0mM, 5.5mM 

and 11mM glucose conditions. 
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Figure 3.2: Experimental workflow (A.) The panel of cell lines were plated for 24hrs, following this, cells were washed and placed in 0mM. 5.5mM and 11mM glucose conditions 

respectively. Cells were treated with native vitamins, and novel TH compounds. (B.) Treated cells were incubated for; 2hrs, 24hrs and 48hrs respectively in the different glucose conditions. 

(C.) Cells were washed and 10% alamar blue was added to each well. (D.) Cells were incubated for 4hrs to allow the dye to develop. (E.) The cells were read on the GloMax fluorescent 

reader at emission 604nm, and excitation 578nm  (F.) Data was analysed and IC50 concentrations were determined.  Image made in Biorender.
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3.3 Methods and Materials 

3.3.1 Novel Trojan Horse Synthesis: 

The full details of the TH compound synthesis are detailed in Chapter 2, Section 2.2. 

3.3.2 Cell culture:  

The full details of the cell lines and the methods for the culturing of the cell lines 

is detailed in Chapter 2, Section 2.3. 

3.3.3 Alamar blue cell viability  

Alamar blue assay was used to determine the viability of the cell lines detailed in 

Chapter 2 Section 2.4.  

3.3.4 Statistical Analysis  

Statistical analysis was performed using GraphPad Prism version 9.0. The results 

were expressed as mean ± SEM. Data was log transformed, normalised, and plotted on a 

non-linear regression graph, using GraphPad Prism version 9.0 and p < 0.05 was 

considered significant.  
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3.4 Results: 

3.4.1 Optimisation of cell seeding density of prostate cancer cell lines at 24hr by 

alamar blue assay 

Cells were seeded in a 96 well plate at various cell densities with 11mM glucose 

RPMI media. The density range was 10– 1x105 cells/well. Cell viability was determined 

after 24 hours to mimic treatment times. After 24 hours the cells were stained with alamar 

blue (10% v/v) and incubated for 4hrs at 37°C in the dark. The cell viability was 

determined through UV/Vis spectroscopy, at 595nm. The results are summarised in 

Figure 3.3. 

A linear correlation was observed between cell density and absorbance in the 

cells. A cell seeding density of 2x104 cells per well was determined to be optimal for 

performing subsequent drug treatment experiments for all 4 cell lines. A representative 

graph for the seeding densities is presented in Figure 3.3. 
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Figure 3. 3: Determination of optimum seeding density for Du145 cells by alamar blue assay. Du145 cells were 

seeded at different densities ranging from 10– 1x105 cells/well. Alamar blue dye was added after 24hrs, and 

absorbance determined after four hours of incubation. Values represent the mean ± S.E.M of three 

independent experiments. Results were plotted using GraphPad Prism 9.0.  

Initial experiments included time points of 2hrs, 4hrs, 8hrs, 16hrs, 24hrs and 

48hrs, this was reduced down to 24hrs and 48hrs shortly after the commencement of the 

study. Further, from the results obtained, the time point of 24hrs treatment was taken 

forward for all further experiments. Treatments less than 24hrs required very high 

concentrations of the novel compound, in which we did not have, to obtain sufficient cell 

death. However, treatments greater than 24hrs under glucose starvation posed the 
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question, if cell death was in fact due to the novel compound treatment, or that of the 

starvation of a vital fuel source for the proliferating cancer cells.
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3.4.2 Trojan Horse Compound 1 (TH1) 

3.4.2.1 The effect of varying glucose concentrations on the cytotoxicity of the TH 1 

compound in the PC3 cell line under 11mM glucose.  

 

Trojan Horse 1 is a Menadione-amine-glucose compound, as detailed in Chapter 

2. 

Preliminary cytotoxicity analysis was carried out on TH1 compound in the PC3 

cells under media glucose conditions (11mM) there was very little cell kill, and the IC50 

values were high, as shown in Figure 3.4. This suggested that perhaps due to the glucose 

molecule conjugated to Menadione, the uptake of the compound was being inhibited and 

therefore it prompted us to consider the impact of the glucose milieu on the uptake of the 

Trojan horse compounds and the role of media glucose in modulating cytotoxicity. We 

therefore examined varying glucose conditions to represent glucose starvation (0mM), 

normal physiological glucose (5.5mM), and pre-diabetic glucose (11mM) conditions as 

detailed in Figure 3.5. 
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Figure 3. 4: Early examination of TH1 compound effects on PC3 cells in 11mM Glucose media after 24hrs treatment. 
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Figure 3. 5: The Glucose milieu:  The cellular experiments were conducted under 3 glucose milieus, to represent: 

glucose starvation, normal physiological glucose, and pre-diabetic glucose.  

The preliminary cytotoxicity experiments to follow are conducted under 3 

different glucose milieus, due to the results obtained in Figure 3.4. The time points of 

24hrs and 48hrs were continued in the examination of the cytotoxicity of the novel 

compounds.   
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3.4.2.2 The effect of the varying glucose conditions on the IC50 values of TH1 in the 

PNT1a cell line.  

 

PNT1a cells under glucose starvation treated with TH1 resulted in IC50 values of 

14.4µM under 24hrs incubation and 405.3µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH1 treatment, cells presented with IC50 values of 

148.0µM after 24hrs and 393.6µM after 48hrs. Finally, PNT1a cells treated with TH1 

under 11mM glucose media resulted in IC50 values of 284.5µM after 24hrs and 208.1µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.4. 

Table 3.4: IC50 values for TH1 treated PNT1a cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 14.4µM 405.3µM 

5.5mM 148.0µM 393.6µM 

11mM 284.5µM 208.1µM 

 

An overlay of the 3 response curves for 24hr treatments in PNT1a cells is shown 

in Figure 3.6 depicting the effect of varying glucose conditions on the IC50 values of TH1.  
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Figure 3. 6: Effect of TH1 on PNT1a cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3. 
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3.4.2.3 The effect of the varying glucose conditions on the IC50 values of TH1 in the 

LNCaP cell line.  

 

LNCaP cells under glucose starvation treated with TH1 resulted in IC50 values of 

339.8µM under 24hrs incubation and 194.7µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH1 treatment, cells presented with IC50 values of 

368.8µM after 24hrs and 428.8µM after 48hrs. Finally, LNCaP cells treated with TH1 

under 11mM glucose media resulted in IC50 values 377.5µM after 24hrs and 538.6µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.5. 

Table 3.5: IC50 values for TH1 treated LNCaP cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 339.8µM 194.7µM 

5.5mM 368.8µM 428.8µM 

11mM 377.5µM 538.6µM 

 

An overlay of the 3 response curves for 24hr treatments in LNCaP cells is shown 

in Figure 3.7, depicting the effect of varying glucose conditions on the IC50 values of 

TH1.  
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Figure 3. 7: Effect of TH1 on LNCaP cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3. 
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3.4.2.4 The effect of the varying glucose conditions on the IC50 values of TH1 in 

the PC3 cell line.  

 

PC3 cells were tested under the outlined conditions, however no response to the 

TH1 compound was reported. From this, 1000µM of TH1 was tested on the PC3 cell lines 

in further experiments, in the hopes of seeing some drug activity.  

3.4.2.5 The effect of the varying glucose conditions on the IC50 values of TH1 in the 

Du145 cell line.  

 

Du145 cells under glucose starvation treated with TH1 resulted in IC50 values 

37.7µM under 24hrs incubation and 6.5µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH1 treatment, cells presented with IC50 values of 

241.1µM after 24hrs and 95.75µM after 48hrs. Finally, Du145 cells treated with TH1 

under 11mM glucose media resulted in IC50 values of 214.5µM after 24hrs and 230.4µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.6. 

Table 3.6: IC50 values for TH1 treated Du145 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 37.7 µM 6.5µM 

5.5mM 241.1 µM 95.75µM 

11mM 214.5 µM 230.4µM 

 

An overlay of the 3 response curves for 24hr treatments in Du145 cells is shown 

in Figure 3.8 depicting the effect of varying glucose conditions on the IC50 values of TH1.  
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Figure 3. 8: Effect of TH1 on Du145 cell line viability cells under 3 different glucose RPMI conditions at 24 hours. The 

data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.3 Effect of Vitamin C cytotoxicity on panel of prostate cell line viability under 

varying glucose conditions 

A range of Vitamin C concentrations (1-1x104 µM) were tested to determine an 

optimal cytotoxicity concentration, that would not cause total cell death, but demonstrate 

the anticancer effects of the substance. Vitamin C treatments decreased the viability of the 

cell lines in a dose dependent manner and time dependent manner when the treatments 

were carried out under three different glucose RPMI conditions. The IC50 values were 

determined from the response graphs and were plotted as % cell viability.  

3.4.3.1 The effect of the varying glucose conditions on the IC50 values of Vitamin C 

in the PNT1a cell line.  

 

PNT1a cells under glucose starvation treated with Vitamin C resulted in IC50 

values of 1035µM under 2hrs incubation, 201.7µM under 24hrs incubation and 264.1µM 

under 48hrs incubation. Under normoglycemia of 5.5mM glucose and Vitamin C 

treatment, cells presented with IC50 values of 958µM after 2hrs, 333.8µM after 24hrs and 

346.4µM after 48hrs. Finally, PNT1a cells treated with Vitamin C under 11mM glucose 

media resulted in IC50 values of 1013µM after 2hrs, 347.7µM after 24hrs and 1912µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.7. 

Table 3.7: IC50 values for Vitamin C treated PNT1a cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 1035µM 201.7µM 264.1µM 

5.5mM 958µM 333.8µM 346.4µM 

11mM 1013µM 347.7µM 1912µM 

 

An overlay of the 3 response curves for 24hr treatments in PNT1a cells is shown 

in Figure 3.9, depicting the effect of varying glucose conditions on the IC50 values of 

Vitamin C.  
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Figure 3. 9: Effect of Vitamin C on PNT1a cell line viability under 3 glucose conditions at 24 hours. The data shown is 

expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.3.2 The effect of the varying glucose conditions on the IC50 values of Vitamin C 

in the LNCaP cell line.  

 

LNCaP cells under glucose starvation treated with Vitamin C resulted in IC50 

values of 1038.1µM under 2hrs incubation, 521.9µM under 24hrs incubation and 

782.1µM under 48hrs incubation. Under normoglycemia of 5.5mM glucose and Vitamin 

C treatment, cells presented with IC50 values of 3481.6µM after 2hrs, 2098µM after 24hrs 

and 3039µM after 48hrs. Finally, LNCaP cells treated with Vitamin C under 11mM 

glucose media resulted in IC50 values of 3562.8µM after 2hrs, 33357µM after 24hrs and 

3419µM after 48hrs. The results for all IC50 determinations are summarised in Table 3.8.  

Table 3.8: IC50 values for Vitamin C treated LNCaP cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 1038.1µM 521.9µM 782.1µM 

5.5mM 3481.6µM 2098µM 3039µM 

11mM 3562.8µM 3357µM 3419µM 

 

An overlay of the 3 response curves for 24hr treatments is shown in Figure 3.10, 

depicting the effect of varying glucose conditions on the IC50 values of Vitamin C.  
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Figure 3. 10: Effect of Vitamin C on LNCaP cell line viability under 3 glucose conditions at 24 hours.  The data shown 

is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.3.3 The effect of the varying glucose conditions on the IC50 values of Vitamin C 

in the PC3 cell line.  

 

PC3 cells under glucose starvation treated with Vitamin C resulted in IC50 values 

of 332.5µM under 2hrs incubation, 243.3uM under 24hrs incubation and 306.7µM under 

48hrs incubation. Under normoglycemia of 5.5mM glucose and Vitamin C treatment, 

cells presented with IC50 values of 1079µM after 2hrs, 905.7uM after 24hrs and 

1834.2µM after 48hrs. Finally, PNT1a cells treated with Vitamin C under 11mM glucose 

media resulted in IC50 values of 2116µM after 2hrs, 1001.0µM after 24hrs and 2281.6µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.9.  

Table 3.9: IC50 values for Vitamin C treated PC3 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 332.5µM 243.3µM 306.7µM 

5.5mM 1079µM 905.7µM 1834.2µM 

11mM 2116µM 1001.0µM 2281.6µM 

 

An overlay of the 3 response curves for PC3 under 24hr treatment is shown in 

Figure 3.11 depicting the effect of varying glucose conditions on the IC50 values of 

Vitamin C.  
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Figure 3. 11: Effect of Vitamin C on PC3 cell line viability under 3 glucose conditions at 24 hours.  The data shown is 

expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.3.4 The effect of the varying glucose conditions on the IC50 values of Vitamin C 

in the Du145 cell line.  

 

In Du145 cells, Vitamin C at physiological glucose (5.5mM) was found to be 

comparable to that of existing literature. With an IC50 concentration of 3197µM at 2 

hours, decrease 3-fold  to 1002µM at 24hrs and 2980.6µM at 48hrs (n=3).342 In high 

glucose conditions (11mM), the IC50 for Vitamin C was determined to be 432.2µM at 2 

hours with a 3-fold decrease to 114.3µM after 24 hours and 433.7µM at 48hrs (n=3). An 

emerging trend was observed, with the IC50 concentration 3-fold decreasing by 3fold 

between 2 hours and 24 hours, in the presence of glucose. Conversely, Du145 cells 

treated with Vitamin C in 0mM glucose conditions saw an opposite effect, with lower 

IC50 concentrations of 206.4µM at 2 hours and 900.9µM at 24 hours and 1032.1µM at 

48hrs.The results for all IC50 determinations are summarised in Table 3.10. 

Table 3.10: IC50 values for Vitamin C treated Du145 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 206.4µM 900.9µM 1032.1µM 

5.5mM 3197µM 1002µM 2980.6µM 

11mM 432.2µM 114.3µM 433.7µM 

 

An overlay of the 3 response curves for 24hr treatments is shown in Figure 3.12, 

depicting the effect of varying glucose conditions on the IC50 values of Vitamin C on 

Du145 cells.  
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Figure 3. 12: Effect of Vitamin C on Du145 cell line viability under 3 glucose conditions at 24 hours.  The data shown 

is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3. 
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3.4.4 Effect of Menadione on cell line viability relative to the untreated under 3 

glucose conditions 

In this study, a range of concentrations of Menadione from 0.1-1x103 µM were 

tested to determine a concentration, that would not cause total cell death, but illustrate the 

anticancer effects of the substance. IC50 values were determined following Menadione 

treatment at two different time points 2 hours and 24 hours and three different RPMI 

glucose conditions; 0mM, 5.5mM and 11mM. 

3.4.4.1 The effect of the varying glucose conditions on the IC50 values of 

Menadione in the PNT1a cell line.  

 

PNT1a cells under glucose starvation treated with Menadione resulted in IC50 

values of 147.1µM under 2hrs incubation, 10.6µM under 24hrs incubation and 16.9µM 

under 48hrs incubation. Under normoglycemia of 5.5mM glucose and Menadione 

treatment, cells presented with IC50 values of 95.9µM after 2hrs, 24.2µM after 24hrs and 

37.6µM after 48hrs. Finally, PNT1a cells treated with Menadione under 11mM glucose 

media resulted in IC50 values of 101.3µM after 2hrs, 24.4µM after 24hrs and 147.0µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.8. 

Table 3.11: IC50 values for Menadione treated PNT1a cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 147.1µM 10.6µM 16.9µM 

5.5mM 95.9µM 24.2µM 37.6µM 

11mM 101.3µM 24.4µM 147.0µM 

 

An overlay of the 3 response curves for 24hr treatments in PNT1a cells is shown 

in Figure 3.13, depicting the effect of varying glucose conditions on the IC50 values of 

Menadione.  
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Figure 3. 13: Effect of Menadione on PNT1a cell line viability under 3 glucose conditions at 24 hours.  The data shown 

is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.4.2 The effect of the varying glucose conditions on the IC50 values of Menadione 

in the LNCaP cell line.  

 

LNCaP cells under glucose starvation treated with Menadione resulted in IC50 

values of 121.2µM under 2hrs incubation, 26.4µM under 24hrs incubation and 23.5µM 

under 48hrs incubation. Under normoglycemia of 5.5mM glucose and Menadione 

treatment, cells presented with IC50 values of 201.3µM after 2hrs, 30.1µM after 24hrs and 

30.2µM after 48hrs. Finally, LNCaP cells treated with Menadione under 11mM glucose 

media resulted in IC50 values of 203.4µM after 2hrs, 40.4µM after 24hrs and 35.8µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.12. 

Table 3.12: IC50 values for Menadione treated LNCaP cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 121.2µM 26.4µM 23.5µM 

5.5mM 201.3µM 30.1µM 30.2µM 

11mM 203.4µM 40.4µM 35.8µM 

 

An overlay of the 3 response curves for 24hr treatments in LNCaP cells is shown 

in Figure 3.14, depicting the effect of varying glucose conditions on the IC50 values of 

Menadione.  
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Figure 3. 14: Effect of Menadione on LNCaP cell line viability under 3 glucose conditions at 24 hours.  The data shown 

is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.4.3 The effect of the varying glucose conditions on the IC50 values of Menadione 

in the PC3 cell line.  

 

PC3 cells under glucose starvation treated with Menadione resulted in IC50 values 

of 78.7µM under 2hrs incubation, 19.3µM under 24hrs incubation and 10.4µM under 

48hrs incubation. Under normoglycemia of 5.5mM glucose and Menadione treatment, 

cells presented with IC50 values of 83.7µM after 2hrs, 26.0µM after 24hrs and 14.7µM 

after 48hrs. Finally, PC3 cells treated with Menadione under 11mM glucose media 

resulted in IC50 values of  71.3µM after 2hrs, 26.7µM after 24hrs and 25.9µM after 48hrs. 

The results for all IC50 determinations are summarised in Table 3.13. 

Table 3.13: IC50 values for Menadione treated PC3 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

2 hours 24 hours 48 hours 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 78.7µM 19.3µM 10.4µM 

5.5mM 83.7µM 26.0µM 14.7µM 

11mM 71.3µM 26.7µM 25.9µM 

 

An overlay of the 3 response curves for 24hr treatments is shown in Figure 3.15, 

depicting the effect of varying glucose conditions on the IC50 values of Menadione in PC3 

cells.  
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Figure 3. 15: Effect of Menadione on PC3 cell line viability under 3 glucose conditions at 24 hours. The data shown is 

expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.4.4 The effect of the varying glucose conditions on the IC50 values of Menadione 

in the Du145 cell line.  

 

IC50 values changed in a time dependent manner when Du145 cells were treated in 

0mM RPMI glucose conditions from 12.33µM at 2 hours to 5.68µM at 24 hours. 

However, the was no noticeable time dependent change in IC50 values when cells were 

plated in 5.5mM RPMI glucose and 11mM RPMI glucose (P=0.93). Although it was 

interesting to note, that for 2-hour treatment the IC50 values increased from 12.44µM in 

0mM RPMI glucose conditions, to nearly three times that at 30.43µM and 35.66µM in 

5.5mM and 11mM RPMI glucose concentrations respectively. The results are presented 

in Table 3.11.  

Table 3.14: IC50 values for Menadione treated Du145 cells under 3 different glucose RPMI conditions and 3 time points 

Glucose 

Condition 

2 hours 24 hours 48hrs 

IC50 (µM) IC50 (µM) IC50 (µM) 

0mM 12.2µM 5.7µM 10.1µM 

5.5mM 30.4µM 34.8µM 30.4µM 

11mM 35.7µM 30.8µM 30.6µM 

 

An overlay of the 3 response curves for 24hr treatments in 3 glucose different 

conditions is shown in Figure 3.16. The change in IC50 values for Menadione is 

influenced by glucose conditions.  
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Figure 3. 16: Effect of Menadione on Du145 cell line viability under 3 different glucose conditions at 24 hours.  The 

data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.  
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3.4.5 The Trojan Horse Compounds  

3.4.5.1 The pre-screening of the range of Menadione TH compounds in the prostate 

cell lines under 5.5mM glucose conditions.  

 

A panel of novel compounds were sent from the UniSA lab to the molecular 

pathology lab, the coombe hospital in November 2020 for analysis. Initially, 20 

Menadione and Vitamin C compounds had been discussed for synthesis, but in total 6 

compounds were received. These compounds included 5 Menadione – glucose 

compounds and one Menadione – fatty acid compound. These 6 novel compounds were 

pre-screened to determine which of the novel compounds were best to take forward for 

full analysis in this study. TH compound 1 was received year 2 of the study, in 2019 and 

thus was not included in the pre-screening but has undergone full analysis. No Vitamin C 

compounds were received for analysis in this study as per November 2022.  

Table 3.15: Novel Trojan Horse Compound Pre-Screening under 5.5mM Glucose RPMI  

Compound PNT1a LNCaP PC3 Du145 

TH2 1131µM 1129.3µM No 

response 

1275µM 

TH3 557.8µM 988.9µM No 

response 

2535µM 

TH4 151.2µM 90.1µM 729.6µM 86.5µM 

TH5 171.5µM 306.7µM 999.6µM 316.0µM 

TH6 1106µM 30.95µM 75.47µM 426.2µM 

 

The pre-screening of the compounds found glucose compound TH4 and the fatty 

acid compound TH6, the optimum compounds to take forward for further analysis. 
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3.4.5.2 The synthesis and characterisation of the TH compounds.  

The compounds were synthesized as per Chapter 2. Following synthesis, the 

compound structures were confirmed through many spectroscopic methods. 

3.4.5.2.1 Menadione-Amine Backbone 

The Electrospray Ionisation -Mass Spectrometer (ESI-MS) had a calculated mass: 

charge (m/z) mass ion peak [M+H]+ of 226.087g/mol with a m/z of 226.220 found for the 

TH1 amine backbone structure seen in Figure 3.17. 

The Proton Non-Magnetic Resonance (1H NMR) determined the compound 

structure through the determination of the number protons (hydrogens) present, their 

nearest proton neighbours, and their location in the compound. This confirms the 

compound backbone has been achieved. 1H NMR (500 MHz, CDCl3): δ 8.07 (1H, dd, J = 

8, 1 H­z, H8), 8.00 (1H, dd, J = 7.5, 1 Hz, H5), 7.68 (1H, td, J = 7.5, 1.5 Hz, H7), 7.59 

(1H, td, J = 8, 1.5 Hz, H6), 5.76 (1H, bs, NH), 4.27 (2H, dd, J = 6.5, 2.5 Hz, H12), 2.33 

(1H, t, J = 2.5 Hz, H14), 2.27 (3H, s, H11). The 1H NMR is found in Figure 3.18. 

The Carbon-13 NMR (13C NMR) determines the placement of the carbons present 

in the compound, with signals indicating the number of carbons present, their number of 

nearest neighbours and also the location of the carbons within the compound. 13C NMR 

(125 MHz, CDCl3): δ 184.1 (C1), 182.3 (C4), 145.6 (C3), 134.5 (C7), 133.3 (C9), 132.4 

(C6), 130.5 (C10), 126.5 (C8), 126.3 (C7), 115.6 (C2), 80.2 (C13), 73.3 (C14), 35.4 

(C12), 11.1 (C11). This technique confirms the structure required, as seen in Figure 3.19.  

 

Figure 3. 17: Mass Spectrum of the glucose Amine compound backbone:  ESI-MS, m/z: calculated, [M+H]+ 226.087; 

found 226.220. 
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Figure 3. 18: The Proton NMR of the Menadione-Amine backbone :  1H NMR (500 MHz, CDCl3): δ 8.07 (1H, dd, J = 

8, 1 H­z, H8), 8.00 (1H, dd, J = 7.5, 1 Hz, H5), 7.68 (1H, td, J = 7.5, 1.5 Hz, H7), 7.59 (1H, td, J = 8, 1.5 Hz, H6), 5.76 

(1H, bs, NH), 4.27 (2H, dd, J = 6.5, 2.5 Hz, H12), 2.33 (1H, t, J = 2.5 Hz, H14),2 

 

 

Figure 3. 19: The Carbon NMR of the Menadione-amine backbone.  13C NMR (125 MHz, CDCl3): δ 184.1 (C1), 182.3 

(C4), 145.6 (C3), 134.5 (C7), 133.3 (C9), 132.4 (C6), 130.5 (C10), 126.5 (C8), 126.3 (C7), 115.6 (C2), 80.2 (C13), 73.3 

(C14), 35.4 (C12), 11.1 (C11).
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3.4.5.2.2 Menadione-amine-glucose (Trojan Horse 1) 

The Electrospray Ionisation -Mass Spectrometer (ESI-MS) had a calculated mass: 

charge (m/z) mass ion peak [M+H]+ of 431.1567g/mol with a m/z of 431.1734 found for 

the TH1 structure seen in Figure 3.20. 

The Proton Non-Magnetic Resonance (1H NMR) determined the compound 

structure through the determination of the number protons (hydrogens) present, their 

nearest proton neighbour and their location in the compound. This confirms the 

compound backbone has been achieved. 1H NMR (500 MHz, D2O): δ 8.18 (1H, s, H14), 

7.32 (4H, m, H5,6,7,8), 5.76 (1H, d, J = 9 Hz, H15), 4.58 (2H, s, H12), 4.05 (1H, t, J = 9 

Hz, H16), 3.90 (1H, d, J = 10.5 Hz, H20), 3.79 (3H, m, H17, H19, H20), 1.60 (3H, s, 

H11). The 1H NMR is Figure 3.21. 

The Carbon-13 NMR (13C NMR) determines the placement of the carbons present 

in the compound, with signals indicating the number of carbons present, their number of 

nearest neighbours and also the location of the carbons within the compound. 13C NMR 

(125 MHz, D2O): δ 183.5 (C1), 181.5 (C4), 146.5 (C13), 146.3 (C3), 134.6 (C6), 132.3 

(C7), 131.7 (C9), 129.2 (C10), 125.7 (C5), 125.2 (C8), 123.1 (C14), 112.2 (C2), 87.5 

(C15), 78.9 (C19), 76.0 (C17), 72.3 (C16), 68.9 (C18), 60.4 (C20), 39.6 (C12), 9.8 

(C11). This technique confirms the structure required, as seen in Figure 3.22. 
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Figure 3. 20: ESI-MS of trojan horse compound 1: m/z: calculated, [M+H]+ 431.1567; found 431.1734.  

 

 

Figure 3. 21: 1H NMR  (500 MHz, D2O): δ 8.18 (1H, s, H14), 7.32 (4H, m, H5,6,7,8), 5.76 (1H, d, J = 9 Hz, H15), 4.58 

(2H, s, H12), 4.05 (1H, t, J = 9 Hz, H16), 3.90 (1H, d, J = 10.5 Hz, H20), 3.79 (3H, m, H17, H19, H20), 1.60 (3H, s, 

H11). 
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Figure 3. 22: 13C NMR  (125 MHz, D2O): δ 183.5 (C1), 181.5 (C4), 146.5 (C13), 146.3 (C3), 134.6 (C6), 132.3 (C7), 

131.7 (C9), 129.2 (C10), 125.7 (C5), 125.2 (C8), 123.1 (C14), 112.2 (C2), 87.5 (C15), 78.9 (C19), 76.0 (C17), 72.3 

(C16), 68.9 (C18), 60.4 (C20), 39.6 (C12), 9.8 (C11).



108 

 

3.4.5.2.3 Menadione-alkyl 

Making the backbone of TH4 

The ESI-MS had a calculated m/z mass ion peak [M+H]+ of 239.1072g/mol with a 

m/z of 239.3654 found for the Menadione-alkyl structure seen in Figure 3.23. 

The Proton Non-Magnetic Resonance (1H NMR) Figure 3.24, determined the 

compound structure through the determination of the number protons (hydrogens) 

present, their nearest proton neighbours, and their location in the compound. This 

confirms the compound backbone has been achieved. 1H NMR (500 MHz, CDCl3): δ 8.06 

(2H, t, J = 3.25 Hz, Ar-H),7.69 (2H, t, J = 4.25 Hz, Ar-H), 2.77 (2H, t, J = 8 Hz, H12), 

2.31 (2H, td, J = 6.75 Hz, H14), 2.21 (3H, s, H11), 2.00 (1H, s, H16), 1.74 (2H, p, J = 

7.38 Hz, H13). 

The Carbon-13 NMR (13C NMR) determines the placement of the carbons present 

in the compound, with signals indicating the number of carbons present, their number of 

nearest neighbours and also the location of the carbons within the compound. 13C NMR 

(125 MHz, CDCl3): δ 185.4 (C1/C4), 184.8 (C1/C4), 146.6 (C3), 144.0 (C2), 133.6 

(C5,C8), 132.3 (C9,C10), 126.5 (C6/C7), 126.4 (C6/C7), 83.9 (C15), 69.3 (C16), 27.6 

(C13), 26.4 (C12), 18.9 (C14), 12.9 (C11).This technique confirms the structure required, 

as seen in Figure 3.25. 
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Figure 3. 23: ESI-MS , m/z: calculated, [M+H]+ 239.1072; found 239.3654. 

 

 

Figure 3. 24: 1H NMR (500 MHz, CDCl3): δ 8.06 (2H, t, J = 3.25 Hz, Ar-H),7.69 (2H, t, J = 4.25 Hz, Ar-H), 2.77 (2H, 

t, J = 8 Hz, H12), 2.31 (2H, td, J = 6.75 Hz, H14), 2.21 (3H, s, H11), 2.00 (1H, s, H16), 1.74 (2H, p, J = 7.38 Hz, 

H13). 
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Figure 3. 25: 13C NMR (125 MHz, CDCl3): δ 185.4 (C1/C4), 184.8 (C1/C4), 146.6 (C3), 144.0 (C2), 133.6 (C5,C8), 

132.3 (C9,C10), 126.5 (C6/C7), 126.4 (C6/C7), 83.9 (C15), 69.3 (C16), 27.6 (C13), 26.4 (C12), 18.9 (C14), 12.9 (C11).
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3.4.5.2.4 Menadione-alkyl-glucose -Trojan Horse 4 

The ESI-MS had a calculated m/z mass ion peak [M+H]+ of 444.1771g/mol with a 

m/z of 444.2313g/mol found for the Menadione-alkyl-glucose structure seen in Figure 

3.26. 

The Proton Non-Magnetic Resonance (1H NMR) Figure 3.27, determined the 

compound structure through the determination of the number protons (hydrogens) 

present, their nearest proton neighbours, and their location in the compound. This 

confirms the compound backbone has been achieved. 1H NMR (500 MHz, DMSO): δ 

8.07 (1H, s, H16), 8.01 (2H, q, J = 3.75 Hz, H5,8), 7.84 (2H, m, H6,7), 5.47 (1H, d, J = 

8.5 Hz, H17), 5.34 (1H, d, J = 6 Hz, OH), 5.30 (1H, bs, OH), 5.16 (1H, d, J = 4.5 Hz, 

OH), 4.62 (1H, t, J = 5 Hz, OH), 3.73 (2H, m, Sugar-H, H22), 3.43 (2H, m, Sugar-H, 

H22), Obscured (1H, Sugar-H), 3.21 (1H, d, J = 4.5 Hz, Sugar-H), 2.73 (2H, t, J = 7.75 

Hz, H12), 2.68 (2H, t, J = 7.75 Hz, H14), 2.11 (3H, s, H11), 1.79 (3H, qui, J = 7.5 Hz, 

H13). 

The Carbon-13 NMR (13C NMR) determines the placement of the carbons present 

in the compound, with signals indicating the number of carbons present, their number of 

nearest neighbours and the location of the carbons within the compound. v13C NMR (125 

MHz, DMSO): δ 184.6 (Carbonyl), 184.1 (Carbonyl), 146.4 (Ar-C), 146.1 (Ar-C), 

143.3 (Ar-C), 133.8 (C5,8), 131.7 (Ar-C), 131.6 (Ar-C), 125.9 (C6/7), 125.8 (C6/7), 

121.0 (C16), 87.4 (C17), 79.9 (Sugar-C), 77.0 (Sugar-C), 72.1 (Sugar-C), 69.6 (Sugar-

C), 60.8 (C22), 27.9 (C13), 26.3 (C14), 25.2 (C12), 12.5 (C11). This technique confirms 

the structure required, as seen in Figure 3.28. 
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Figure 3. 26: ESI-MS, m/z: calculated, [M+H]+ 444.1771; found 444.2313.  

 

 

Figure 3. 27: 1H NMR (500 MHz, DMSO): δ 8.07 (1H, s, H16), 8.01 (2H, q, J = 3.75 Hz, H5,8), 7.84 (2H, m, H6,7), 

5.47 (1H, d, J = 8.5 Hz, H17), 5.34 (1H, d, J = 6 Hz, OH), 5.30 (1H, bs, OH), 5.16 (1H, d, J = 4.5 Hz, OH), 4.62 (1H, 

t, J = 5 Hz, OH), 3.73 (2H, m, Sugar-H, H22), 3.43 (2H, m, Sugar-H, H22), Obscured (1H, Sugar-H), 3.21 (1H, d, J 

= 4.5 Hz, Sugar-H), 2.73 (2H, t, J = 7.75 Hz, H12), 2.68 (2H, t, J = 7.75 Hz, H14), 2.11 (3H, s, H11), 1.79 (3H, qui, J 

= 7.5 Hz, H13). 
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Figure 3. 28: 13C NMR (125 MHz, DMSO): δ 184.6 (Carbonyl), 184.1 (Carbonyl), 146.4 (Ar-C), 146.1 (Ar-C), 143.3 

(Ar-C), 133.8 (C5,8), 131.7 (Ar-C), 131.6 (Ar-C), 125.9 (C6/7), 125.8 (C6/7), 121.0 (C16), 87.4 (C17), 79.9 (Sugar-C), 

77.0 (Sugar-C), 72.1 (Sugar-C), 69.6 (Sugar-C), 60.8 (C22), 27.9 (C13), 26.3 (C14), 25.2 (C12), 12.5 (C11). 
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3.4.5.2.5 Menadione-amine-Azido hexanoic acid – Trojan Horse 6 

The ESI-MS had a calculated m/z mass ion peak [M+H]+ of 383.1719g/mol with a 

m/z of 383.1982g/mol found for the Menadione-alkyl-glucose structure seen in Figure 

3.29. 

The Proton Non-Magnetic Resonance (1H NMR) Figure 3.30, determined the 

compound structure through the determination of the number protons (hydrogens) 

present, their nearest proton neighbours, and their location in the compound. This 

confirms the compound backbone has been achieved. 1H NMR (500 MHz, DMSO): δ 

7.98 (1H, s, H14), 7.93 (2H, d, J = 8 Hz, H5/8), 78.79 (1H, t, J = 7.5 Hz, H6/7), 7.71 

(1H, t, J = 7.5 Hz, H6/7), 7.05 (1H, t, J = 7 Hz, NH), 4.81 (2H, d, J = 6.5 Hz, H12), 4.31 

(2H, t, J = 7 Hz, H15), 2.16 (2H, t, J = 7.5 Hz, H19), 2.08 (3H, s, H11), 1.79 (2H, qui, J 

= 7.38 Hz, H16), 1.50 (2H, qui, J = 7.5 Hz, H18), 1.21 (2H, qui, J = 7.63 Hz, H17).  

The Carbon-13 NMR (13C NMR) determines the placement of the carbons present 

in the compound, with signals indicating the number of carbons present, their number of 

nearest neighbours and the location of the carbons within the compound. 13C NMR (125 

MHz, DMSO): δ 181.2 (Carbonyl), 180.9 (Carbonyl), 173.3 (C20), 145.4 (Ar-C), 144.7 

(Ar-C), 133.4 (C6/7), 131.6 (Ar-C), 131.2 (C6/7), 129.4 (Ar-C), 124.6 (C5/8), 124.4 

(C5/8), 121.5 (C14), 111.1 (Ar-C), 48.2 (C15), obscured (C12), 32.4 (C19), 28.5 (C16), 

24.4 (C17), 22.8 (C18), 9.4 (C11). This technique confirms the structure required, as seen 

in Figure 3.31. 
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Figure 3. 29: ESI-MS , m/z: calculated, [M+H]+ 383.1719; found, 383.1982 

 

 

Figure 3. 30: 1H NMR  (500 MHz, DMSO): δ 7.98 (1H, s, H14), 7.93 (2H, d, J = 8 Hz, H5/8), 78.79 (1H, t, J = 7.5 Hz, 

H6/7), 7.71 (1H, t, J = 7.5 Hz, H6/7), 7.05 (1H, t, J = 7 Hz, NH), 4.81 (2H, d, J = 6.5 Hz, H12), 4.31 (2H, t, J = 7 Hz, 

H15), 2.16 (2H, t, J = 7.5 Hz, H19), 2.08 (3H, s, H11), 1.79 (2H, qui, J = 7.38 Hz, H16), 1.50 (2H, qui, J = 7.5 Hz, 

H18), 1.21 (2H, qui, J = 7.63 Hz, H17).  
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Figure 3. 31: 13C NMR  (125 MHz, DMSO): δ 181.2 (Carbonyl), 180.9 (Carbonyl), 173.3 (C20), 145.4 (Ar-C), 144.7 

(Ar-C), 133.4 (C6/7), 131.6 (Ar-C), 131.2 (C6/7), 129.4 (Ar-C), 124.6 (C5/8), 124.4 (C5/8), 121.5 (C14), 111.1 (Ar-C), 

48.2 (C15), obscured (C12), 32.4 (C19), 28.5 (C16), 24.4 (C17), 22.8 (C18), 9.4 (C11). 
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3.4.6 Trojan Horse Compound 4 (TH4) 

Trojan Horse 4 is a Menadione-alkyl-glucose compound, as detailed in Chapter 2. 

3.4.6.1 The effect of the varying glucose conditions on the IC50 values of TH4 in the 

PNT1a cell line.  

 

PNT1a cells under glucose starvation treated with TH4 resulted in IC50 values of 

27.7µM under 24hrs incubation and 25.9µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH4 treatment, cells presented with IC50 values of 

323.8µM after 24hrs and 301.2µM after 48hrs. Finally, PNT1a cells treated with TH4 

under 11mM glucose media resulted in IC50 values of 338.2µM after 24hrs and 305.4µM 

after 48hrs. The results for all IC50 determinations are summarised in Table 3.16. 

Table 3.16: IC50 values for TH4 treated PNT1a cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 27.7µM 25.9µM 

5.5mM 323.8µM 301.2µM 

11mM 338.2µM 305.4µM 

 

An overlay of the 3 response curves for 24hr treatments in PNT1a cells is shown 

in Figure 3.32, depicting the effect of varying glucose conditions on the IC50 values of 

TH4.  
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Figure 3. 32: Effect of TH4 on PNT1a cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3. 
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3.4.6.2 The effect of the varying glucose conditions on the IC50 values of TH4 in the 

LNCaP cell line.  

 

LNCaP cells under glucose starvation treated with TH4 resulted in IC50 values of 

82.4µM under 24hrs incubation and 90.1µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH4 treatment, cells presented with IC50 values of 

179.6µM after 24hrs and 72.8µM after 48hrs. Finally, LNCaP cells treated with TH1 

under 11mM glucose media resulted in IC50 values of 86.6µM at 24hrs and 100.6µM after 

48hrs. The results for all IC50 determinations are summarised in Table 3.17. 

Table 3.17: IC50 values for TH4 treated LNCaP cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 82.4 µM 90.1µM 

5.5mM 79.6 µM 72.8µM 

11mM 86.6 µM 100.6µM 

 

An overlay of the 3 response curves for 24hr treatments in LNCaP cells is shown 

in Figure 3.33, depicting the effect of varying glucose conditions on the IC50 values of 

TH4.  

-1 0 1 2 3 4

0

50

100

150

LNCaP Trojan Horse 4: 24hrs

Log [Trojan Horse] uM

%
 C

el
l 

V
ia

b
il

it
y

0mM Glucose

5.5mM Glucose

11mM Glucose

 

Figure 3. 33: Effect of TH4 on LNCaP cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3.
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3.4.6.3 The effect of the varying glucose conditions on the IC50 values of TH4 in the 

PC3 cell line.  

 

PC3 cells under glucose starvation treated with TH4 resulted in IC50 values of 

317.5µM under 24hrs incubation and 512.9µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH4 treatment, cells presented with IC50 values of 

1537µM after 24hrs and 869.7µM after 48hrs. Finally, cells treated with TH4 under 

11mM glucose media resulted in IC50 values of 2085µM after 24hrs and 1137.0µM after 

48hrs. The results for all IC50 determinations are summarised in Table 3.18. 

Table 3.18: IC50 values for TH4 treated PC3 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 317.5µM 512.9µM 

5.5mM 1537.0µM 869.7µM 

11mM 2085.0µM 1137.0µM 

 

An overlay of the 3 response curves for 24hr treatments in PC3 cells is shown in 

Figure 3.34 depicting the effect of varying glucose conditions on the IC50 values of TH4.  
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Figure 3. 34: Effect of TH4 on PC3 cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  The 

data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate. 
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3.4.6.4 The effect of the varying glucose conditions on the IC50 values of TH4 in the 

Du145 cell line.  

 

Du145 cells under glucose starvation treated with TH4 resulted in IC50 values of 

103.6µM under 24hrs incubation and 133.7µM under 48hrs incubation. Under 

normoglycemia of 5.5mM glucose and TH4 treatment, cells presented with IC50 values of 

162.8µM after 24hrs and 163.8µM after 48hrs. Finally, Du145 cells treated with TH4 

under 11mM glucose media resulted in IC50 values of 241.6µM following 24hrs treatment 

and 194.1µM after 48hrs. The results for all IC50 determinations are summarised in Table 

3.19. 

Table 3.19: IC50 values for TH4 treated Du145 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 48 hours 

IC50 (µM) IC50 (µM) 

0mM 103.6µM 133.7µM 

5.5mM 162.8µM 163.8µM 

11mM 241.6µM 194.1µM 

 

An overlay of the 3 response curves for 24hr treatments in Du145 cells is shown 

in Figure 3.35 depicting the effect of varying glucose conditions on the IC50 values of 

TH4.  
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Figure 3. 35: Effect of TH4 on Du145 cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3. 
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3.4.7 Trojan Horse Compound 6 (TH6) 

Trojan Horse 6 is a Menadione-amine-fatty acid compound, as detailed in Chapter 

2. 

3.4.7.1 The effect of the varying glucose conditions on the IC50 values of TH6 in 

the PNT1a cell line.  

 

PNT1a cells under glucose starvation treated with TH6 resulted in IC50 values 

92.8µM under 24hrs incubation. Under normoglycemia of 5.5mM glucose and TH6 

treatment, cells presented with IC50 values of 341.0µM after 24hrs. Finally, PNT1a cells 

treated with TH6 under 11mM glucose media resulted in IC50 values of 315.2µM after 

24hrs. The results for all IC50 determinations are summarised in Table 3.20. 

Table 3.20: IC50 values for TH6 treated PNT1a cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 

IC50 (µM) 

0mM 92.8µM 

5.5mM 341.0µM 

11mM 315.2µM 

 

An overlay of the 3 response curves for 24hr treatments in PNT1a cells is shown 

in Figure 3.36, depicting the effect of varying glucose conditions on the IC50 values of 

TH6.  
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Figure 3. 36: Effect of TH6 on PNT1a cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3. 
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3.4.7.2 The effect of the varying glucose conditions on the IC50 values of TH6 in the 

LNCaP cell line.  

 

LNCaP cells under glucose starvation treated with TH6 resulted in IC50 values of 

297.7µM under 24hrs incubation. Under normoglycemia of 5.5mM glucose and TH6 

treatment, cells presented with IC50 values of 295.7µM after 24hrs. Finally, LNCaP cells 

treated with TH6 under 11mM glucose media resulted in IC50 values of 344.9µM after 

24hrs. The results for all IC50 determinations are summarised in Table 3.21. 

Table 3.21: IC50 values for TH6 treated LNCaP cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 

IC50 (µM) 

0mM 297.7µM 

5.5mM 295.7µM 

11mM 344.9µM 

 

An overlay of the 3 response curves for 24hr treatments in LNCaP cells is shown 

in Figure 3.37, depicting the effect of varying glucose conditions on the IC50 values of 

TH6.  
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Figure 3. 37: Effect of TH6 on LNCaP cell line viability cells under 3 different glucose RPMI conditions at 24 hours. 

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3.
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3.4.7.3 The effect of the varying glucose conditions on the IC50 values of TH6 in the 

PC3 cell line.  

 

PC3 cells under glucose starvation treated with TH6 resulted in IC50 values of 

113.8µM under 24hrs incubation. Under normoglycemia of 5.5mM glucose and TH6 

treatment, cells presented with IC50 values of 329.8µM after 24hrs. Finally, PC3 cells 

treated with TH6 under 11mM glucose media resulted in IC50 values of 309.9µM after 

24hrs. The results for all IC50 determinations are summarised in Table 3.22. 

Table 3.22: IC50 values for TH6 treated PC3 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 

IC50 (µM) 

0mM 113.8µM 

5.5mM 326.8µM 

11mM 309.9µM 

 

An overlay of the 3 response curves for 24hr treatments in PC3 cells is shown in 

Figure 3.38 depicting the effect of varying glucose conditions on the IC50 values of TH6.  
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Figure 3. 38: Effect of TH6 on PC3 cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  The 

data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 3.
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3.4.7.4 The effect of the varying glucose conditions on the IC50 values of TH6 in the 

Du145 cell line.  

 

Du145 cells under glucose starvation treated with TH6 resulted in IC50 values of 

29.9µM under 24hrs incubation. Under normoglycemia of 5.5mM glucose and TH6 

treatment, cells presented with IC50 values of 305.9µM after 24hrs. Finally, Du145 cells 

treated with TH6 under 11mM glucose media resulted in IC50 values of 317.2µM after 

24hrs. The results for all IC50 determinations are summarised in Table 3.23. 

Table 3.23: IC50 values for TH6 treated Du145 cells under 3 glucose RPMI conditions and 3 time points 

Media glucose 

concentration 

24 hours 

IC50 (µM) 

0mM 29.9µM 

5.5mM 305.9µM 

11mM 317.2µM 

 

An overlay of the 3 response curves for 24hr treatments in Du145 cells is shown 

in Figure 3.39 depicting the effect of varying glucose conditions on the IC50 values of 

TH6.  
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Figure 3.39: Effect of TH6 on Du145 cell line viability cells under 3 different glucose RPMI conditions at 24 hours.  

The data shown is expressed as mean ± SEM. Each experiment is in technical replicate of 3 and biological replicate of 

3.  



125 

 

3.4.7.5 The selectivity of the TH compounds in the LNCaP, PC3 and Du145 cell 

lines in the zero, 5.5mM and 11mM glucose conditions.  

 

The selectivity index (SI) is a ratio that measures the cytotoxic activity of a 

compound by dividing the IC50 of the non-malignant cells by the IC50 of the malignant 

cells. The higher the SI ratio in vitro, the theoretically more effective and safe a drug would 

be in vivo. 

The selectivity of TH compounds was calculated to determine the compound with 

the optimal selectivity towards the killing of the PCa cells. 

TH4 has shown greater selectivity than TH1 in all of the PCa cell lines in the zero, 

5.5mM and 11mM glucose conditions, with TH6 performing similarly to that of TH4 in the 

cells across the glucose milieu, as presented in Table 2.21 below. 

 Table 2.21: The SI of TH1, TH4 and TH6 in the PCa cell lines in the zero, 5.5mM and 11mM glucose conditions.  

 

Cell 

Line 

zero Glucose 5.5mM Glucose 11mM Glucose 

VC K3 TH1 TH4 TH6 VC K3 TH1 TH4 TH6 VC K3 TH1 TH4 TH6 

LNCaP 0.4 0.4 0.04 0.3 0.3 0.2 0.8 0.4 1.8 1.2 0.1 0.6 0.8 1.8 0.9 

PC3 0.8 0.6 N/A 0.09 0.8 0.4 0.9 N/A 0.2 1.0 0.4 0.9 N/A 0.2 1.0 

Du145 0.2 1.7 0.3 0.3 3.1 0.3 0.7 0.6 2.0 1.1 3.0 0.8 1.3 1.4 0.99 
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3.5 Summary of results  

 

Chapter 3 Highlights. 

• Vitamin C presents with a glucose dependent cytotoxicity in the cell lines. 

• Menadione does not present with a glucose dependent cytotoxicity in the cell 

lines. 

• TH1 and TH4 present with a glucose dependent cytotoxicity in the cell lines. 

• All of the cell lines present with an IC50 of ~300µM across the three glucose 

conditions, treated with TH6.  

• TH4 and TH6 present with an increased SI in LNCaP and Du145 cell lines 

compared to the Menadione treatment 
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3.6 Discussion 

The TH strategy aims to create a novel treatment that exploits the Warburg effect 

to target PCa metabolism and to target multiple aspects of the cancer biology, by 

complexing Menadione and Vitamin C to simple sugars and lipids required by the cell for 

normal growth and proliferation. This method of cancer targeting is a unique approach, 

creating a therapeutic compound that is comprised of molecules required by the cell, but at 

a high enough dosage to induce cell death. The approach of coupling the vitamins to sugars 

and lipids aims to increase the overall uptake of the compound into the cell, due to the 

cancers unrelenting need for fuel to meet the high energy demands.  

First and foremost, cell viability was examined through the use of an alamar blue 

viability assay, which indirectly determines cell viability through measuring the reduction 

of resazurin to resorufin, through cellular metabolism. However, it does not provide 

specific information about the underlying mechanisms of cell death, or the precise cellular 

processes affected.343 The performance of the alamar blue assay can be influenced by 

various experimental conditions. Experimental factors such as pH, temperature, and the 

addition of some compounds or drugs can affect the accuracy and reliability of the dye 

reduction reaction.344 With this, in some situations, alamar blue may not accurately reflect 

cell viability, for example if autophagy is induced or if particular compounds, such as 

reducing agents are used. Autophagy can impact cellular metabolic activity and alter the 

reduction of resazurin, leading to misleading viability measurements.343,345 In the case of 

this study, vitamin C is a reducing agent, thus would affect the colour changes determined 

with the alamar blue assay, to combat this, following treatment the cells were washed twice 

with PBS in an attempt to reduce the interferences caused. 262 Consequently, the use of 

additional assays or techniques would be more optimal in the cytotoxicity determination of 

the vitamin-based compounds in future works. Despite the limitations, an alamar blue 

viability assay remains a widely used method for assessing cell viability and metabolic 

activity in many research applications, which lent to its use in this study. However, further 

knowledge of the benefits and limitations of the assay and further understanding of when 

it is appropriate would have been beneficial prior to study commencement. 

Initial testing of TH1 in PC3 cells was not very promising, with a low cytotoxicity 

profile displayed by the compound. Following the analysis of the experimental conditions, 

it was concluded that the media glucose concentration (11mM) may play a role in inhibiting 

the uptake of the compound. It was therefore decided to consider media glucose 
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concentrations as a factor in mediating the uptake of these compounds. Therefore, all 

further evaluations were undertaken in the zero, 5.5mM and 11mM glucose conditions. 

Since these are novel compounds, and we can only infer about their potential to kill 

cells, we first wanted to determine the cytotoxicity profiles of these compounds to evaluate 

their potential for therapeutic efficacy. Interestingly when we tested our first compound, 

we observed very limited cytotoxicity effects from the TH1 compound on the PC3 cells 

under 11mM glucose conditions following 24hrs incubation.  

Vitamin C and glucose have very similar chemical structures (see Figure 3.40), 

allowing both to be transported into the cell by the glucose (GLUT) and sodium Vitamin C 

transporters,262,269  

 

Figure 3. 40: Vitamin C vs Glucose chemical structure. 

Previous studies evaluating the anti-cancer effects of Vitamin C in PCa cell lines 

have reported cytotoxicity values similar to our findings, and are within the range of 1.9 to 

3.5 mM 346,279 In the zero glucose media conditions, Vitamin C treatment resulted in low 

IC50 values in all the cell lines. In zero glucose, the cells would likely be more vulnerable 

to drug treatment due to the lack of glucose present for conventional glycolytic energy 

production by cancer cells.317,347 Nevertheless, the absence of glucose for transport by 

SVCT and GLUT into the cell, would reduce competitive uptake between glucose and 

Vitamin C.262,269 When glucose was reintroduced in the 5.5mM and in the 11mM glucose 

media conditions, the IC50 values increased, perhaps298 due to the cells being in more 

favourable conditions to undergo glucose metabolism for energy production.298,282, 348 Our 

macroscale study of Vitamin C is in agreement with the existing literature, where similar 

cytotoxicity is observed, however the existing studies were conducted only in normal media 

glucose conditions. 

Menadione has also sparked interest in the cancer therapeutics community, due to 

its high ROS generating abilities.292,299,342 The TH strategy which we have outlined 
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complexes Menadione to the sugar and lipid molecules to induce Menadione uptake in the 

cell. This would result in an increase in intracellular ROS production by Menadione 

resulting in cell death.294,299 Existing research has shown some promise in the use of 

Menadione as a cancer killing compound, with cytotoxicity reached at ~40μM within in 

vitro studies of pancreatic cancer, with Menadione examined in many other cancer 

types.349,304,305,308,309,312,350 Once more, the existing literature has not determined the 

cytotoxicity of the native vitamins across a range of glucose milieu which is unique to this 

study.  

With Menadione we do not see a strong effect of the glucose conditions on the IC50 

values in the cell lines. Yet, lower concentrations of Menadione are required to achieve cell 

death in zero glucose across the cell lines. This may be a result of the vulnerable nature of 

the cells in these undesirable conditions. We do examine the effect of the zero-glucose 

condition on the cell lines, without the addition of a drug treatment in Chapters 4 and 5 to 

assure the cell death observed is not due to the glucose starvation. In the presence of glucose 

(5.5mM and 11mM glucose) the cytotoxicity outcomes determined for the cell lines showed 

a plateau effect. This is indicative of how menadione uptake is not glucose dependent, 

unlike vitamin C which has proven to be glucose dependent, likely due to their similarities 

in structure and in cellular uptake mechanisms  

Overall, the findings indicate that in the presence of glucose, Vitamin C is required 

at higher concentrations to achieve cell kill, due to the structural similarities between 

glucose and Vitamin C, resulting in competitive cellular uptake. This effect is less apparent 

in the Menadione treated cells, with very low concentrations resulting in cell death. When 

comparing the cytotoxicity values achieved for Vitamin C and Menadione. Menadione was 

pursued for the TH strategy due to the improved cytotoxicity profiles in the cancer cells.  

A panel of six novel TH Menadione compounds were received by the TCD 

laboratory for analysis consisting of five glucose compounds and one fatty acid compound. 

Due to the nature of the project, a screening process was undertaken where preliminary 

cytotoxicity examinations allowed the elimination of the less optimal compounds and the 

superlative compounds were taken forward including, two glucose TH compounds (TH1 

and TH4) and the one fatty acid compound (TH6).  

TH1 is comprised of Menadione and glucose with an amine linker group. This 

structure aims to allow the continuous uptake of the high volumes of Menadione, resulting 



130 

 

in cell death. The amine linker group comprised of a nitrogenous backbone aims to allow 

the compound to stay intact during cellular uptake allowing for the generation of high levels 

of ROS and promoting cell kill within the cancer cells. TH4, the second Menadione glucose 

compound in the study is comprise of an aryl linker group which contains a long carbon 

chain linker group. Little is known regarding stability of these compounds once entering 

the cell, but overall, the stability and cytotoxicity profiles appeared improved with the TH4 

treatments, compared to TH1. This work aims to enlighten future discovery with the novel 

compounds to inform which of the linker groups is optimal for the greatest drug efficacy.  

The practice of conjugating a natural substrate to a toxic compound is seen across 

the literature, with Glufosfomide (D-glucose isophosphoramide mustard) entering stage III 

clinical trials in patients with metastatic pancreatic adenocarcinoma in 2013. The study 

found an 18% increase in overall survival with the Glufosfomide treatment but overall, it 

was found that low activity of glufosfamide was found patient population.351 These early 

clinical trials lead the way for the use of natural compounds, coupled to glucose to be trialed 

as new chemotherapeutics. 

Glycoconjugation is a means by which compounds are combined with a glucose 

molecule, this is used in the therapeutic space to enhance uptake of the conjugated toxic 

moiety by the cells of interest. Annunziata A. Et al have shown that glycoconjugated 

platinum compounds exhibit high in vitro cytotoxicity and malignant cell selectivity when 

compared to non-glycoconjugated versions of the platinum compounds.352 Supporting the 

use of glycosylation in the design of novel cancer therapeutics. Our work aimed to improve 

the cytotoxicity and the selectivity of the native menadione, through glycoconjugation seen 

in TH1 and TH4. In the evaluation of the TH compounds, an improvement in SI was noted 

in the 5.5mM glucose conditions where SI is higher in the LNCaP cells treated with TH4 

than the menadione treated cells, and in the Du145 cells treated with TH4. TH4 again out 

preformed Menadione in the LNCaP and the Du145 cells compared to the native menadione 

with improved SI established. Some studies call an SI of greater than 1 to be a good 

selectivity index, however, the highest possible SI is desired as low cell death is required 

in the non-malignant cells versus the malignant cells.353  

On the other hand, the exploration into the clinical relevance of quinone derivatives 

in cancer treatment is rising showing some success both in vitro and in vivo.354–359 Many 

novel quinone derivatives have been explored in cancer with one study examining the 
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effects of chromenopyrazolediones (a combination of a quinone and a cannabinoid) in PCa 

with the aim to exhibit the toxicity of the quinone and the anti-cancer activities of the 

cannabinoid. This study showed success in the LNCaP cells and PC3 cell lines generated 

in mice, with significant growth hindrance observed due to the chromenopyrazoledione 

treatment, with the significant success attributed to the quinone toxicity.360 A study of the 

effectiveness of nonglycoside quinones in HeLa and normal mouse JB6 P+ Cl41 cells was 

undertaken where p53-independent cell death was observed in the cells treated with the 

novel quinones. The selectivity index determined for these novel quinone compounds 

ranged from 1.67 in the unsubstituted 1,4-Naphthoquinone derivatives to 4.71 in the 

hydroxyderivative 1,4-Naphthoquinone. This study found that the group attached to the 

carbon-2 (C2) of the quinone carbon ring determined the cytotoxicity of the compound in 

the cells through structure activity relationship (SAR) analysis.355 Our novel compounds 

are glycoconjugated on C2 of the quinone ring of Menadione, with this existing work 

highlighting the importance of this choice in stereochemistry. However, the linker group 

used in the work by N. Pelageev et al is a much shorter hydrocarbon chain than used in our 

TH technique, which may improve the cytotoxicity of the menadione and also a smaller 

molecule would have preferential uptake by GLUT into the cell.  

Further examinations of the cytotoxicity of glycoconjugated naphthoquinones in 

PCa showed some success in LNCaP, PC3, Du145 and PNT2 cell lines, with SI ranging 

from 0.7 to 2.8 following 48hrs treatments.361 These compounds were substituted at C6 of 

the glucose molecule and was found to be optimal for uptake by GLUT1.361 With some 

structural similarities to the quinone compounds in this study, one could propose similar 

uptake by the GLUT1 of our novel compounds, however the work we have performed was 

across a glucose milieu but this study was conducted only in normal media glucose which 

would also impact the uptake by GLUT1 and requires further investigation.  

The results obtained in this chapter highlight a glucose dependent uptake of the 

glucose conjugated compound thus it is important to note, that all of the studies discussed 

from the literature were only conducted in cellular media glucose. Unique to our study, the 

effect of three glucose conditions was also examined on the efficacy of our novel TH 

compounds, which is important in the examination and further improvement of the novel 

compounds and their cellular uptake. 
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While we examined two glucose Menadione compounds, we wanted to look at the 

impact of a lipid based Menadione compound, to examine its role in promoting cell death. 

TH6 is comprised of Menadione complexed to 6-azidohexanoic acid by an amine linker 

group. This compound aims to target the fatty acid metabolic pathways utilised by the cell 

for ATP production during intermediate/late-stage prostate cancer.362–365 Breyer et al 

examined the conjugation of thymoquinone to fatty acid conjugates to determine the effects 

in HL-60 leukemia, 518A2 melanoma, KB-V1/Vbl cervix, and MCF-7/Topo breast 

carcinoma cells.361 The study found that the unsaturated side chains of the fatty acid used 

showed greater activities than that of saturated chains of equal length, with the number of 

carbon to carbon double bonds being less significant than the fatty acid carbon chain 

length.361 The use in this work of the 6-azidohexanoic acid is comprised of a 6 carbon chain 

with no additional saturated or unsaturated side chains. Examining the makeup of the fatty 

acid used in the novel TH compound construction may be useful in improving the 

compound selectivity. The use of fatty acid conjugation has not only occurred with natural 

moieties but with conventional therapies with aims to improve the selectivity once more. 

Mice studies of docosahexaenoic acid and paclitaxel, the anticancer drug, with aims to 

target tumours and reduce toxicity to normal tissues, with the conjugated compound 

presenting itself as less toxic than paclitaxel alone with a 4.4-fold higher molar doses 

tolerated in the mice.361 The evidence of the impact of fatty acid conjugation, from these 

studies and others highlights the potential for the fatty acid menadione compound in 

achieving selective cell death to the cancer cells. In our work the SI of the TH compounds 

and Menadione were similar across the zero glucose conditions, however in Du145 cells 

the SI of TH6 was 3.1, which is greatly improved from the SI of 1.7 seen in the Menadione 

treated Du145 cells. Improvement in SI was noted in the 5.5mM glucose conditions where 

SI is higher in the LNCaP cells treated with TH6 than the menadione cells. Although the 

IC50 values achieved with the TH6 compound is greater than that of the Menadione, an 

improvement in selective killing of the cancer cells is observed which is important. 

Overall, the findings indicate that some of the microscale TH compounds are 

displaying cytotoxic effects in the prostate cell lines. For the glucose-Menadione TH 

compounds TH1 and TH4, cytotoxicity was achieved in the PNT1a, LNCaP and the Du145 

cell lines, with TH4 showing an increased SI than TH1. In the PC3 cell line, TH1 showed 

no cytotoxic effects, with cytotoxicity achieved with TH4 treatments, but the values were 

very high to achieve an IC50 value. Interestingly, in the presence of 5.5mM and 11mM 
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glucose, all the cells resulted with an IC50 of ~300µM when treated with TH6, indicating 

that the uptake of TH6 is not impeded by the glucose gradient. TH4 and TH6 are showing 

some promise in the LNCaP and Du145 cell lines, with increased selectivity compared to 

the Menadione treatment.  
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Chapter 4. An investigation into the effects of 

Vitamin C, Menadione and the TH compounds 

on the metabolic phenotypes and the cellular 

bioenergetics profiles of a panel of prostate cell 

lines under varying glucose conditions. 
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4.1 Introduction:  

The reprogramming of metabolic pathways is now considered an emerging 

hallmark of cancer.240,366,367 Further investigations into the mechanisms adopted by cancer 

cells to fulfil their energy requirements to sustain and support their growth and 

proliferation could lead to potential new avenues of treatment.  

This chapter examines the metabolic bioenergetic profiles and the AR status of a 

panel of prostate cell lines during exposure to different glucose substrate concentrations. 

Furthermore, the impact on the cellular bioenergetic profiles was also determined after 

treating the prostate cell lines with Vitamin C, Menadione and the TH compounds. 

 

Figure 4. 1: The structure of the mitochondrion.  The mitochondrion is made up of an outer membrane, which 

differentiates the cytoplasm from an inner membrane. The inner membrane encloses the internal matrix and cristae of 

the mitochondrion where the large surface area allows for efficient ATP production.  

 

4.1.1 The Mitochondrion  

The powerhouse of the cell, the mitochondrion is the organelle responsible for the 

majority of energy production in normal cells. It is home to many important cellular 

processes, such as bioenergetics, metabolism, and oxidative stress regulation.368  

The mitochondrion occurs as a large tubular network, throughout the cytosol and 

close to the nucleus, the Endoplasmic Reticulum, the Golgi network, as well as 

interacting with the cytoskeleton of the cell for motility.369 It is comprised of an inner 

boundary membrane, an outer membrane, and the cristae.369,370 The cristae are structural 

invaginations of the mitochondrial matrix that provide an increased surface area for 

metabolic processes.370,371 Within the cristae, multiple protein complexes (such as 

caspases) play an important role in mediating metabolic and apoptotic pathways.369, 372 



136 

 

The mitochondrial membrane potential (MMP) is located in the space between the inner 

and outer mitochondrial membranes and allows the movement of ions to and from the 

mitochondria.371,373 Within the inner membrane the mitochondrial matrix is where 

metabolic processes such as the TCA cycle occur. 373 Mitochondria play a large role in 

cancer metabolism with some of these processes illustrated in Figure 4.2. 

 

Figure 4. 2: The role of mitochondria in cancer.  Mitochondria are involved in many biological processes including, 

the production/regulation of Reactive Oxygen Species (ROS), Cellular Bioenergetics, DNA mutations, autophagy 

regulation, and alterations in metabolism. These mechanisms are often critical in tumourigenesis and cancer 

progression. 
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4.1.2 Alterations in metabolism and the Warburg effect. 

In normal cellular metabolism, glucose is converted to pyruvate and transported to 

the mitochondrion to enter the Krebs’s cycle and undergo oxidative phosphorylation 

(OxPhos).260,366,374 Cancer cells are thought to employ aerobic glycolysis described as the 

“Warburg effect”.250 Despite being highly inefficient compared to OxPhos in terms of 

ATP production, aerobic glycolysis is substantially faster,375 thereby fuelling the energy 

requirements of the rapidly proliferating cancer cells.242,251,253,260,376  

Figure 4. 3: Cellular metabolism:  (A.) Warburg Glycolysis; Glucose molecules enter the cell via the GLUT 

transporters located in the cell membrane. Glucose is converted to pyruvate regardless of the presence of oxygen. 

Pyruvate is further broken down into lactate (85%) and removed from the cell into the extracellular space. This process 

of aerobic glycolysis results in lower ATP production with ~4 molecules of ATP / Glucose molecule being produced 

when compared to the TCA cycle (36 molecules of ATP/glucose). (B) Metabolic pathways within the mitochondria, 

contributing to ATP production.  

Since mitochondria play a key role in driving cellular metabolic processes, cancer 

cells exploit this to promote growth and proliferation and to provide survival advantage 

when the cancer cells are exposed to hypoxia, nutrient starvation and during therapeutic 

treatments .377 It has also been proposed that cancer cells can alter their metabolic 

dependencies based on the presence of internal and external stimuli, such as surrounding 

glucose concentration, which may operate during disease initiation, progression and 

metastasis.378 

A. B. 
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4.1.3 Mitochondrial Bioenergetics and ROS 

Bioenergetics used in the evaluation of the cellular function and health. Cancer 

cells can alter their bioenergetic requirements to sustain growth and proliferation due to 

the presence or lack of nutrients, such as glucose, fatty acids, and glutamine.379 The 

bioenergetics parameters linking the mitochondrial metabolic reprogramming, the 

mitochondrial metabolic phenotype, and the cells substrate preference includes the 

oxygen consumption rate (OCR), which represents the sum of all cellular processes with 

the ability to consume oxygen.379,380 It is a good indicator of the health of mitochondria, 

with high OCR levels indicating a healthy mitochondrion.379–381  

 

Figure 4. 4: The Mitochondria and its complex transporters for the electron transport chain and ROS production:  

Mitochondrial Complex I to V are used in the electron transport chain for mitochondrial metabolism. Mitochondrial 

complex I, II and III are thought to be responsible for the generation of 90% of cellular ROS. Complex V is implicated 

in the production of ATP from ADP.  

Mitochondrial complex I/II/III are the mitochondria’s own sources of ROS and 

are known to contribute to oxidative stress in the mitochondria. ROS production is a 

regulated process, with an alteration in ROS levels indicating a possible dysfunction of 

the mitochondria. ROS levels would indicate a dysfunctional mitochondrion, hence the 

relationship between OCR and ROS levels is a useful tool to determine mitochondrial 

health.
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4.1.4 The role of AR in inducing alterations in metabolic phenotypes and metabolic 

reprogramming in PCa.  

PCa cells display an altered metabolic profile in different stages of cancer 

development from Prostate Intraepithelial Neoplasia (PIN) to metastatic disease.244,317 To 

understand the complexity of prostate metabolism, the role of the androgen receptor (AR) 

must be considered, as it is an orchestrator of prostate cellular processes. AR promotes 

both glycolysis and OxPhos, hence its importance as a regulator of early disease 

establisment and progression.233 Understanding the link between AR and prostate 

metabolism is essential in recognizing the metabolic switches that occur during disease 

progression and in the search for a cure for mCRPC. 

The normal prostate epithelium employs AR signalling to maintain its metabolic 

requirements, and results in the accumulation of Zinc in the mitochondria due to the zinc 

transporters ZIPI-4 (uptake) and ZnTI-10 (release).382 This in turn results in the inhibition 

of m-aconitase (mitochondrial enzyme involved in the citric acid cycle, required for iron 

concentration regulation) causing the TCA cycle to be cut short, with accretion of 

citrate.245,383 AR signalling is responsible for the increase in citrate production by the 

increase in citrate synthase, OAA and Acetyl Co A in the mitochondria.233 Normal 

mammalian cells rely on the TCA cycle for ATP production, resulting in ~38ATP 

molecules/glucose, however, with the normal prostate epithelium’s unique metabolism it 

is found to produce ~14ATP molecules/glucose.384 This is characterized by a more 

glycolytic metabolic phenotype, due to the truncation of the TCA cycle and allows for the 

sustained secretion of citrate in the seminal fluid.362  

A drop in Zinc concentrations from the reduction of ZIPI-4 is an early indicator of 

cancer development, and results in a metabolic shift, with corresponding lower citrate 

secretion. 28,32 Early prostate adenocarcinoma uses citrate as a substrate for energy 

production activating the TCA cycle, and this is mediated by AR signalling.244,245,383 This 

instigates a metabolic dependency on oxidative phosphorylation and lipogenesis. AR 

regulates fatty acid (FA) metabolism by the expression of a wide range of enzymes such 

as fatty acid synthase and acetyl-CoA carboxylase shown to be involved in FA 

metabolism.385 The activation of AR in PCa can increase FA synthesis, while its 

inhibition does the opposite.385 

AR signalling is present in normal prostate epithelium and continues through to 

malignancy. 386 However, AR antagonism, with help from cancer associated fibroblasts 
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(CAFS) and adipocytes, initiate a Warburg phenotype further promoting the androgen 

independent (AI) disease, with corresponding lactate secretions fuelling further metabolic 

activities. 244,245,317,365,387,388 Androgen deprivation treatment resistance frequently results 

in the development in AI disease progression which is linked to Warburg altered 

metabolism and is incurable.84,386 Thus highlighting the importance of recognizing the 

metabolic phentotypes and the androgen status of the different stages of disease 

progression. The implications of AR on the metabolic processes in the cell is illustrated in 

Figure 4.5. 

4.1.5 The role of glucose and diabetes in PCa pathogenesis.  

Metabolic disorders such as altered glucose metabolism and diabetes are linked to 

the pathogenesis of PCa.389 The prevalence of diabetes in men (18–99 years) was found to 

be 8.9% in 2017, with the peak prevalence found to be at the age 65-69 years where the 

risk of PCa begins to rise dramatically.390,40 By 2045 this prevalence is expected to rise to 

9.9%.390 Studies suggest that diabetes can have a protective effect to patients with PCa.391 

Overall, it has been found that patients with diabetes have worse outcomes and are of a 

higher disease risk, however this is often also linked to high apodicticity and obesity, with 

inferior efficacy of available treatments.389,7 Literature states that low levels of androgens 

are a possible risk factor for diabetes in males.391 We hypothesise that this in turn may 

affect PCa disease type, depending on its metabolic dependencies. 

Blood glucose levels of less than 7.8mM is considered within a normal range, 

with a reading of more than 11.1mM after 2hrs, considered within a diabetic range. 

Between 7.8mM and 11.0mM blood glucose is a prediabetic range.392 With the evaluation 

of a glucose milieu in this study, biologically relevant concentrations were chosen to 

represent glucose starvation (zero glucose), ‘normal’ glucose (5.5mM glucose) and 

prediabetic/diabetic glucose (11mM glucose). 

The cellular microenvironment, through its nutrient (glucose, oxygen etc.) 

gradient and pH, is expected to alter metabolic bioenergetics in cancer cells. The effects 

of therapeutic intervention in modifying bioenergetics may be mediated by the glucose 

microenvironment of the cancer cells and is important in understanding the role of both 

the glucose milieu in this study and the effects of the vitamins and novel compound 

treatments. 

. 
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Figure 4. 5: The progression of prostate cancer from oxidative phosphorylation dependent early-stage androgen dependent disease to Warburg dependent late-stage androgen independent 

disease. (1.) Normal prostate epithelium, here there is high citrate output as the TCA cycle cut is short and a glycolytic metabolic phenotype is observed. (2.) Early-stage adenocarcinoma 

(androgen dependent), here citrate is used for ATP production for the completion of the TCA cycle. (3.) Late-stage adenocarcinoma (androgen Independent) a switch to a Warburg 

phenotype is observed here, again with high citrate secretions.  
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4.2 Aims and Hypothesis 

We propose that the cellular bioenergetics of a panel of prostate cell lines can be 

altered by varying glucose conditions, and with the treatments of Vitamin C, Menadione 

and TH compounds.  

• To determine the metabolic phenotypes and the basal bioenergetic profiles of 

the PCa cell lines; PNT1a, LNCaP, PC3 and Du145 under zero, 5.5mM and 

11mM glucose conditions.  

• To determine the metabolic phenotypes and the bioenergetic profiles of the 

PCa cell lines; PNT1a, LNCaP, PC3 and Du145 when treated with the native 

vitamins, Menadione and Vitamin C under zero, 5.5mM and 11mM glucose 

conditions. 

• To determine the metabolic phenotypes and the bioenergetic profiles of the 

PCa cell lines; PNT1a, LNCaP, PC3 and Du145 when treated with two 

glucose-based TH compounds (TH1, TH4) and one fatty acid TH compound 

(TH6) under zero, 5.5mM and 11mM glucose conditions. 

• To determine if the androgen receptor expression is altered by the varying 

glucose conditions in the non-malignant and cancer cell lines under zero, 

5.5mM and 11mM glucose conditions. 
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Figure 4. 6: Metabolic bioenergetics workflow .(A.) Non-malignant and malignant prostate cancer cells were cultured to 90% confluency in RPMI-1640 complete culture media. Cells were 

plated and incubated for 24hrs, then placed in zero, 5.5mM and 11mM glucose media and treated with Vitamin C, Menadione. TH1, TH4 and TH6 respectively. (B.) Cells were incubated 

for 24hrs prior to performing the assay. (C.) Cells run on the Agilent Seahorse XFe24 with the MitoStress or the ATP rate assay. (D.) Results were analysed on the Agilent online analyser 

and graphs were generated with GraphPad Prism.  
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4.3 Methodology 

Refer to Chapter 2 for full details of the methods used in this chapter.  

4.3.1 Seahorse analysis of the prostate cell lines 

The OxPhos in the mitochondria and the rate of ATP production of the prostate 

cell lines, PNT1a, LNCaP, PC3 and Du145 were determined with the Seahorse XFe24 

Analyzer (Agilent Technologies Inc., Santa Clara, CA, US). See Section 2.5 in Chapter 2 

for the full methods. 

4.3.2 Statistical Analysis  

Statistical analysis was performed using GraphPad Prism version 9.0. The results 

were expressed as mean ± SEM. Parametric one-way analysis of variance (ANOVA) and 

two tailed t-tests were carried out, using GraphPad Prism version 9.0 and p < 0.05 was 

considered significant, see Table 4.24 for reference.  

Table 4.24: Symbols of statistical significance from GraphPad Prism

Symbol Meaning 

Ns P > 0.05 

* P ≤ 0.05 

** P ≤ 0.01 

*** P ≤ 0.001 

**** P ≤ 0.0001 
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4.4 Results  

4.4.1 The basal bioenergetic profiles of the prostate cell lines under zero, 5.5mM 

and 11mM glucose culture media conditions 

 

The effect of the three glucose conditions in the study, were examined to 

determine the baseline effects on the cell’s metabolic phenotypes and bioenergetics. Not 

only was this to determine how the novel compounds would react in the glucose milieu, 

but the values chosen were to represent glucose starvation (zero glucose), the ‘normal’ 

physiological glucose (5.5mM glucose) and the high pre-diabetic and diabetic glucose 

(11mM glucose) As aforementioned, patients with PCa tend to be older men where 

increased likeliness of comorbidities such as diabetes is prevalent.  

4.4.1.1 Varying glucose culture media conditions affect rates of ATP production by 

OxPhos and glycolysis in PNT1a cells 

 

Non-malignant PNT1a cells, cultured in zero glucose conditions, had a total ATP 

of  24.6pmol/min, of which the majority of the ATP (81.8%) was produced by OxPhos, 

and the rest was produced by glycolysis (18.2%).  In 5.5mM glucose the balance changed 

to nearly equal ATP production, with 11.4pmol/min of ATP (54.3%) being produced with 

by OxPhos and 45.7% by glycolysis. In 11mM glucose there were also similar amounts of 

ATP produced Oxphos (58.6%)  and  glycolysis (41.4%). In non-malignant PNT1a cells 

glucose was able to influence glycolysis and OxPhos in a concentration dependent 

manner (Figure 4.7 A and B).  
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Figure 4. 7: Results of the ATP Rate Assay of non-malignant PNT1a) cells showing the metabolic phenotype of the cell 

line under zero, 5.5mM and 11mM glucose media conditions. (A.) % ATP production by glycolysis. (B.) % ATP 

Production by OxPhos. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) 

A. B. 
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4.4.1.2 The zero-glucose conditions increase the mitochondrial endpoints in the 

non-malignant PNT1a cells 

 

Basal OCR was comparatively higher at 67.8pmol/min in zero media glucose 

conditions, when compared to OCR rates in 5mM and 11mM media glucose which were 

29.9pmol/min and 32.4pmol/min. This was found to be statistically significant (P= 0.03) 

when OCR values were compared between 5.5mM and zero glucose. The increase in 

OCR observed is an indication of higher use of OxPhos by the cells under zero glucose 

conditions. 

Proton leak at zero glucose was 6.2pmol/min and decreased by half to 

8.6pmol/min at 5.5 mM glucose and 6.5pmol/min at 11mM glucose. These differences in 

Proton leak were found to be significantly different (P=0.04) between zero and 11mM 

glucose. An increase in proton leak can be an indication of mitochondrial dysfunction 

which may be the case due to the lack of glucose in the cell media, but the increase may 

also be due to the higher reliance on oxphos, increasing mitochondrial metabolic 

mechanisms, such as proton leak.  

Maximal respiration under zero media glucose conditions was found to be 

94.5pmol/min. At 5.5mM glucose it was established to be 16.7pmol/min and 

22.9pmol/min in the 11mM glucose conditions. On comparing across the three glucose 

conditions, a significant decrease (P= 0.0006) was observed between the zero glucose 

conditions versus the cells in the presence of 5.5mM and 11mM glucose, which also 

indicates the higher use of oxphos by the zero glucose cells. 

In the presence of zero glucose, non-mitochondrial respiration was observed to be 

at 51.9pmol/min and  decreased to 35.8pmol/min in 5.5mM media glucose and 

6.78pmol/min in 11mM media glucose. This decrease was found to be statistically 

significant by one-way ANOVA across all three media glucose conditions (P <0.0001). 

The decrease in non-mitochondrial respiration is interesting here, considering that the 

cells in the presence of glucose have previously shown to rely on glycolysis which occurs 

in the cell’s cytoplasm. 
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Figure 4. 8: MitoStress Assay of the PNT1a (non-malignant) cell line, in zero, 5.5mM and 11mM glucose media, 

showing the effects on the; (A) Basal OCR was decreased in the 5.5mM and the 11mM glucose conditions. (B) Proton 

leak was decreased in the 11mM vs the zero glucose conditions. (C) Maximal respiration was decreased in the 5.5mM 

and the 11mM glucose compared to the zero glucose cells, and (D) The non-mitochondrial respiration was decreased 

in the 5.5mM and the 11mM glucose conditions compared to the zero glucose conditions. (n=3) 1-way ANOVA) (* P > 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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4.4.1.3 Increased glucose conditions in the cellular medium increases the rates of 

ATP production by glycolysis and decreases OxPhos in LNCaP cells 

 

In zero glucose media conditions, ATP production of 200.8pmol/min was 

observed in the cells with majority (90.1%) being produced by OxPhos and a small 

proportion (9.9%) by glycolysis. In 5.5mM media glucose conditions, there was a 

significant decrease in ATP production at 146.2pmol/min, with 76.2% being produced by 

OxPhos  and 23.8% by glycolysis in the 11mM glucose media conditions although there 

was a slight increase in ATP production at167.4pmol/min with 67.6% being produced by 

OxPhos and 32.4% by glycolysis the rate of ATP production was lower than that 

observed for zero glucose conditions. Overall, the ATP production was found to 

significantly vary across the three glucose conditions (P= 0.004). From these findings it 

is clear that there is a glucose concentration dependent decrease in OxPhos, and a 

correlating glucose dependent increase in glycolysis observed in Figure 4.9 A and B of 

the LNCaP cells. 
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Figure 4. 9: Results of the ATP Rate Assay of LNCaP (early-stage disease) cell line, showing the metabolic phenotype 

of the cell line under zero, 5.5mM and 11mM glucose media conditions.  (A.) % ATP production by glycolysis, was 

increased in the presence of 5.5mM and 11mM glucose conditions. (B.) % ATP Production by OxPhos was highest in 

the zero glucose conditions than in the 5.5mM and 11mM glucose conditions. (n=3) 1-way ANOVA). (* P > 0.05, ** P 

≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) 

A. B. 
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4.4.1.4 Varying media glucose conditions do not have an impact on mitochondrial 

function in LNCaP cells 

 

Basal OCR was found to be highest in zero media glucose  conditions at 

281.0pmol/min, followed by OCR at 255.0pmol/min in the 11mM glucose conditions and 

was lowest in 5.5mM media glucose at 233.3pmol/min. The results are presented in 

Figure 4.10 A. the higher levels of OCR in the zero glucose conditions illustrates a 

greater reliance on OxPhos for energy production in the LNCaP cells. 

Proton leak was found to be lower at 80.2pmol/min in zero glucose media 

conditions when compared to proton leak at 5.5mM and 11mM glucose where it was 

determined to be 87.1pmol/min and 87.6pmol/min. The results are presented in Figure 

4.10 B. The similar levels of proton leak are likely due to the LNCaP cell’s majority 

reliance on OxPhos for ATP production, regardless of the glucose concentration present 

in the cell medium. 

Maximal respiration was highest in zero media glucose conditions at 

380.1pmol/min, followed by 323.8pmol/min in the 11mM glucose conditions and 

303.4pmol/min in the 5.5mM glucose conditions, as shown in Figure 4.10 C. No 

significant changes were observed in the maximal respiration of the LNCaP cells in the 

three glucose conditions, again likely due to the heavy reliance on OxPhos overall.  

Non-mitochondrial respiration was established to be 41.7pmol/min in the zero 

glucose conditions. In the 5.5mM glucose it was found to be 34.6pmol/min and under 

11mM it was determined as 36.4pmol/min. The results are presented in Figure 4.10 D. 

Although a reported increase in glycolysis was established in the LNCaP cells in the 

presence of glucose the comparable values achieved in the non-mitochondrial respiration 

indicates that LNCaP is more reliant on other metabolic processes and not glycolysis. 

Overall, as per results are presented in Figure 4.10, there was no significant 

difference for any of the MitoStress endpoints between the three glucose conditions for 

the LNCaP cells. 
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Figure 4. 10: MitoStress Assay of LNCaP cell line, under zero, 5.5mM and 11mM glucose media, showing the effects 

on the; (A) Basal OCR was unchanged between the glucose conditions, (B) Proton leak was unchanged between the 

glucose conditions, (C) Maximal respiration was unchanged between the glucose conditions, and (D) The non-

mitochondrial respiration was unchanged between the glucose conditions. (n=3) 1-way ANOVA) (* P > 0.05, ** P ≤ 

0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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4.4.1.5 An increase in glucose in the cell media increases the rated ATP production 

by glycolysis and decreases the use of OxPhos in the PC3 cells 

 

In Figure 4.11, the PC3 cells, in zero glucose media conditions, ATP production 

was 50.5pmol/min, with nearly 75.0% being produced by OxPhos and a small proportion 

25% by glycolysis. Under media glucose conditions, although ATP production rates 

similar to those in zero glucose conditions, with ATP production of 51.3pmol/min in 

5mM glucose and 49.4pmol/min 11mM glucose, it was interesting to observe that the 

cells relied heavily on glycolysis for ATP production with 75.2 % of ATP being produced 

by glycolysis in 5mM glucose conditions and 77.1% by glycolysis in 11mM glucose.  

There was a significant increase in ATP production by glycolysis in 5.5mM and 

11mM glucose compared to cells in zero glucose (P=0.001). The ATP production rate by 

OxPhos was significantly decreased, with a correlating increase in glycolysis across the 

three media glucose conditions (P=0.01). Overall, PC3 cells present with a glucose 

concentration dependence on glycolysis where the reliance on glycolysis increases in the 

presence of glucose, and the reliance on OxPhos decreases congruently as glucose 

concentrations increase in the cell media.  
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Figure 4. 11: Results of the ATP Rate Assay of PC3 (metastatic androgen independent) cell line, showing the metabolic 

phenotype of the cell line under zero, 5.5mM and 11mM glucose media conditions.  (A.) % ATP production by 

glycolysis was increased in the 5.5mM and the 11mM glucose conditions. (B.) % ATP Production by OxPhos was 

decreased in the 5.5mM and the 11mM glucose conditions. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 

0.001, **** P ≤ 0.0001). 

 

  

A. B. 
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4.4.1.6 The impact of varying media glucose concentrations on mitochondrial 

function in PC3 cells 

 

The basal OCR at zero glucose was found to be 67.5pmol/min, at 5.5mM glucose 

it was 54.1pmol/min and under 11mM glucose, OCR was determined to be significantly 

increased (P=0.04) to 87.4pmol/min. The increase in OCR determined is possibly due to 

the increase in fuel for PC3s metabolic processes allowing for its rate of oxygen 

consumption to increase. 

Proton leak in the zero-glucose condition was found to be 24.8pmol/min, in the 

5.5mM glucose it was found to be 26.5pmol/min and under 11mM glucose it was 

increased to 41.7pmol/min. No significance was determined in the proton leak between 

the three different glucose concentrations in the PC3 cells. the increase in proton leak in 

the 11mM glucose conditions ins interesting, as PC3 cells are in the optimal conditions 

for energy production with plenty of glucose substrate to fulfil their metabolic demands. 

Again, the reliance on OxPhos here is low, which should account for a lower proton leak 

value determined, however an overall increase in OCR was found in the PC3 cells in the 

11mM glucose conditions and may account for this rise in proton leak. 

Maximal respiration of the cells in the zero glucose conditions was found to be 

156.0pmol/min. Under 5.5mM glucose it was found to be 171.4pmol/min and in the 

11mM glucose conditions, the maximal respiration was determined as 235.5pmol/min. 

No significance was established in the maximal respiration capacity across the three 

different  glucose concentrations in the PC3 cells. the increase in the presence of glucose 

may allow for the PC3 cells to increase their metabolic capabilities by providing more 

fuel for their metabolic processes, overall resulting in a glucose dependent increase in 

maximal respiration.  

Non-mitochondrial respiration was found to be 3.46pmol/min under zero glucose. 

This was significantly increased (P= 0.02) to 20.7pmol/min in the 5.5mM, and 

20.4pmol/min and in the 11mM glucose conditions. The glucose concentration dependent 

increase in non-mitochondrial respiration is likely due to the large increase in reliance on 

glycolysis for ATP production as seen in Figure 4.12 previously, due to glycolysis 

occurring outside of the mitochondria.  
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Figure 4. 12: MitoStress Assay of PC3 (malignant and androgen independent) cell line, under zero, 5.5mM and 11mM 

glucose media, showing the effects on the; (A) Basal OCR was increased in the 11mM glucose versus the 5.5mM 

glucose conditions, (B) Proton leak was unchanged between the glucose conditions, (C) Maximal respiration was 

unchanged between the glucose conditions, and (D) The non-mitochondrial respiration was increased in the 5.5mM 

and 11mM glucose condition versus the zero glucose conditions. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P 

≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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4.4.1.7 Varying media glucose conditions affect rates of ATP production by 

OxPhos and glycolysis in Du145 

 

In Du145, the cell line representing the metastatic androgen independent disease 

model ATP production was 113.2pmol/min, with 17.6% by glycolysis and 82.5% by 

OxPhos under zero glucose media conditions. In the 5.5mM media glucose, cells had an 

ATP production of 147.1pmol/min, with 71.0% by glycolysis and 30% by OxPhos. For 

the cells under 11mM media glucose, ATP production was found to be 106.4pmol/min, 

with 63.0% by glycolysis and 37.0% by OxPhos. Du145 cells displayed a preference for 

ATP production by OxPhos under zero glucose conditions. They however switched their 

preference to glycolysis for ATP production in the presence of 5.5mM and 11mM glucose 

conditions and can be seen in Figure 4.13 A and B. 
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Figure 4. 13: Results of the ATP Rate Assay of Du145 (metastatic androgen independent) cell line, showing the 

metabolic phenotype of the cell line under zero, 5.5mM and 11mM glucose media conditions.  (A.) % ATP production 

by glycolysis was increased in the 5.5mM and the 11mM glucose conditions. (B.) % ATP Production by OxPhos was 

decreased in the 5.5mM and the 11mM glucose conditions. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 

0.001, **** P ≤ 0.0001). 
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4.4.1.8 The increase in glucose concentrations in the cell media decreases proton 

leak and non-mitochondrial respiration and increased maximal respiration 

in Du145 cells 

 

Basal OCR was found to be 130.47pmol/min under zero glucose media conditions 

and was quite similar at 137.8pmol/min in 5.5mM glucose and in the 11mM glucose it 

was found as 124.9pmol/min. Overall, there was no significant change in the OCR across 

the three glucose conditions. The sustained levels of OCR observed in the Du145 cells 

across the glucose gradient may be due to the cells in the presence of glucose still relying 

partially on mitochondrial metabolism for their ATP production. 

Proton leak at zero glucose was found to be 41.0pmol/min, in the 5.5mM glucose 

conditions it was found to be decreased significantly (P=0.004) to 29.4pmol/min and 

25.1pmol/min in the 11mM glucose conditions, with the decrease likely due to the 

decreased reliance on oxphos for ATP production, and less dysfunction to the 

mitochondria due to the glucose starvation of the cells in the zero glucose conditions. 

Maximal respiration of the cells in the zero glucose conditions was 

177.76pmol/min. under 5.5mM and 11mM media glucose conditions it increased to 

259.4pmol/min and 255.8pmol/min. and was statistically significant  (P=0.0006) and 

illustrates the glucose dependent decrease in reliance on OxPhos by the Du145 cells. 

Non-mitochondrial respiration was found to be 19.2pmol/min in zero glucose 

media with 15.2pmol/min determined in the 5.5mM glucose media and  a significant 

decrease in the 11mM glucose media at 7.9pmol/min (P=0.02). 

The MitoStress results are presented in Figure 4.14 below. 
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Figure 4. 14: MitoStress Assay of Du145 (metastatic androgen independent) cell line, under zero, 5.5mM and 11mM 

glucose media, showing the effects on the;  (A) Basal OCR was unchanged between the glucose concentrations, (B) 

Proton leak was decreased in the 5.5mM and 11mM glucose conditions compared to the zero glucose conditions. (C) 

Maximal respiration was increased in the 5.5mM and 11mM glucose conditions compared to the zero glucose 

conditions, and (D) The non-mitochondrial respiration was decreased in the 11mM glucose conditions compared to the 

zero glucose conditions. (n=3) 1-way ANOVA) (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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4.4.2 The effects of Menadione (macro) and the Novel TH compounds (micro) on 

the metabolic phenotype of a panel of prostate cell lines under zero, 5.5mM 

and 11mM glucose conditions 

The effect of the macro and micro scale on the metabolic phenotype of the cell 

lines will allow for the determination of the TH compounds ability to disrupt the Warburg 

effect, altering the cells reliance on glycolysis. This work was conducted under the 

glucose gradient to determine if the compounds would have a heightened effect in the 

different glucose conditions.  

Due to no Vitamin C TH compounds being received for this study, the Vitamin C 

bioenergetics is presented in Appendix 2 to Appendix 37 of the thesis. Overall, Vitamin C 

increased the proton leak in the cell lines, with the results of significance discussed in the 

chapter discussion.    
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4.4.2.1 Treatments with Menadione and the Novel TH compounds did not result in 

significant alterations to the metabolic phenotype of Prostate cells in 5.5mM 

glucose conditions. 

 

In zero glucose conditions, the untreated and the Menadione treated PNT1a cells 

metabolic phenotypes were found to be reliant on OxPhos (80% - 75%). The treatment 

with the novel TH compounds TH1, TH4 and TH6 did not change the metabolic 

phenotype for ATP production, as presented in Figure 4.16 A and B, where the cells 

remained with a majority reliance on OxPhos. 
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Figure 4. 15: The ATP endpoints of %OxPhos and %Glycolysis for PNT1a cells treated with novel compounds TH1, 

TH4 and TH6 under zero glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

LNCaP has a preferential reliance on OxPhos (90%) for its ATP production when 

in the zero glucose conditions. The treatments of TH1 (87.4%), TH4 (91.0%) and TH6 

(73.9%), the ATP production was found to remain within the pathway of OxPhos. 

Overall, the reliance on glycolysis was found to be low across all treatment groups and 

the untreated PNT1a cells.  

 

Figure 4. 16: The ATP endpoints of %OxPhos and %Glycolysis for LNCaP cells treated with novel compounds TH1, 

TH4 and TH6 under zero glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

A. B. 
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PC3 cells present with a metabolic dependency on OxPhos in zero glucose as 

presented in Figure 4.18 A and B. This reliance on OxPhos is found to be undisrupted by 

the treatment with the TH compounds, with all the cells presenting with an ~80% OxPhos 

reliance.  
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Figure 4. 17: The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with novel compounds TH1, TH4 

and TH6 under zero glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

In the zero glucose conditions, basal Du145 cells express a heavy reliance on 

OxPhos for ATP production (~80%). This is unchanged with the addition of the novel TH 

compounds, with the metabolic phenotype maintaining its reliance on OxPhos pathway 

for energy production also at ~80%. The levels of glycolysis remained low across all the 

treatment groups, including the untreated Du145 illustrated Figure 4.19 A and B with no 

significance achieved between the treatment groups. 
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Figure 4. 18: The ATP endpoints of %OxPhos and %Glycolysis for Du145 cells treated with novel compounds TH1, 

TH4 and TH6 under zero glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

A. B. 
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4.4.2.2 The metabolic reliance on glycolysis and OxPhos was significantly altered 

across the cell lines in the untreated, and the treated cells in the 5.5mM 

glucose conditions.  

 

The % glycolysis of the prostate cancer cell lines untreated and treated with 

menadione, TH1, TH4 and TH6 was compared across the zero glucose conditions. No 

significant alterations were observed across the cell lines within the treatment groups as 

illustrated in Figure 4.20. The values obtained for the % glycolysis of the cell lines under 

0mM glucose are tabulated in Table 4.2, also showing the similarities in % glycolysis 

between the cell lines in the different treatment groups.  
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Figure 4. 19: The % glycolysis of the prostate cell lines across the treatment groups in zero glucose conditions where 

no significant changes were determined between the cell lines in the untreated and the treatments. (n=3) 2-way 

ANOVA. (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

In the zero glucose conditions, all the prostate cell lines display low levels of 

glycolysis in both the untreated and the treated cells.  

Table 4.25: The % Glycolysis determined for the prostate cell lines untreated and when treated with Menadione, TH1, 

TH4 and TH6 in the zero glucose conditions. 

 PNT1a LNCaP PC3 Du145 

Untreated (NT) 14.5± 2.7 9.4 ± 2.2 16.7 ± 8.5 16.8 ± 0.6 

Menadione (K3) 22.3± 3.8 22.2 ± 17.4 22.0 ± 9.3 11.3 ± 1.7 

TH1 8.5± 2.5 12.6 ±13.6 8.3 ± 4.1 17.7 ± 2.3 

TH4 13.3± 7.5 9.0 ± 3.0 20.0 ± 6.3 21.9 ± 3.6 

TH6 22.6± 6.5 26.1 ± 11.9 28.0 ± 10.4 23.6 ± 4.2 
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The % OxPhos was found to be similar between the cell lines across the treatment 

groups as shown in Figure 4.21. The values obtained for the % OxPhos of the cell lines 

under 0mM glucose are tabulated in Table 4.3, also showing the similarities in % OxPhos 

between the cell lines in the different treatment groups.  
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Figure 4. 20: The % oxphos of the prostate cell lines across the treatment groups in zero glucose conditions  where no 

significant changes were determined between the cell lines in the untreated and the treatments. (n=3) 2-way ANOVA. (* 

P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

The prostate cell lines all present with a high reliance on OxPhos for ATP 

production in the presence of zero glucose conditions. 

Table 4.26: The % OxPhos determined for the prostate cell lines untreated and when treated with Menadione, TH1, 

TH4 and TH6 in the zero glucose conditions. 

 PNT1a LNCaP PC3 Du145 

Untreated (NT) 85.5 ± 2.7 90.6 ± 2.2 83.3 ± 8.5 83.2 ± 0.6 

Menadione (K3) 77.7 ± 3.8 77.8 ± 17.4 78.0 ± 9.3 88.7 ± 1.7 

TH1 91.5 ± 2.5 87.4 ± 13.6 91.7 ± 4.1 82.3 ± 2.3 

TH4 86.7 ± 7.5 91.0 ± 3.0 80.0 ± 6.3 78.1 ± 3.6 

TH6 77.4 ± 6.5 73.9 ± 11.9 72.0 ± 10.4 76.4 ± 4.2 
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4.4.2.3 Treatments with the Novel Trojan Horse compounds did not significantly 

alter the metabolic phenotype of the Prostate cells under 5.5M glucose 

conditions  

 

In the 5.5mM glucose conditions, the PNT1a cells were found to be reliant on 

glycolysis, however this does decrease with the addition of the novel TH compounds, 

TH4 and TH6. The treatment with TH4 and TH6 result in a 50:50  reliance on OxPhos 

and glycolysis for ATP production, whereas the untreated PNT1a show a greater reliance 

on glycolysis as presented in Figure 4.22 A and B . 
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Figure 4. 21: The ATP endpoints of %OxPhos and %Glycolysis for PNT1a cells treated with novel compounds TH1, 

TH4 and TH6 under zero glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

In the presence of 5.5mM glucose conditions, LNCaP cell line is found to 

primarily rely on OxPhos for its ATP production. With the addition of the novel TH 

compounds, this is found to be unchanged; TH1 (70.0%) TH4 (66.6%) and TH6 (77.1%). 

The levels of glycolysis reported are low, averaging at around 30% across all the 

treatment groups as seen in Figure 4.23. 
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Figure 4. 22: The ATP endpoints of %OxPhos and %Glycolysis for LNCaP cells treated with novel compounds TH1, 

TH4 and TH6 under 5.5mM glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

A. B. 
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In the presence of 5.5mM glucose, the PC3 cells increase their glycolytic capacity 

(50.3%). However, the treatment with TH1 (69.2%) and TH6 (69.0%) results in a non-

significant increase in glycolysis for ATP production as presented in Figure 4.24. 
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Figure 4. 23: The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with novel compounds TH1, TH4 

and TH6 under 5.5mM glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

The 5.5mM glucose conditions results in a more glycolytic (52.8%) phenotype for 

the basal Du145 cells. With the novel TH compounds, TH1 (57.7%), TH4 (48.2%) and 

TH6 (71.7%) treatments, no significant change was observed as in Figure 4.25 below. 
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Figure 4. 24: The ATP endpoints of %OxPhos and %Glycolysis for Du145 cells treated with novel compounds TH1, 

TH4 and TH6 under 5.5mM glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

  

A. B. 

A. B. 
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4.4.2.4 The metabolic reliance on glycolysis and OxPhos was diverse across the cell 

lines in the untreated, and the treatment groups in the 5.5mM glucose 

conditions.  

 

The untreated PNT1a compared to the untreated LNCaP and the Du145 cells 

showed an increase in glycolysis in the 5.5mM glucose conditions as seen in Figure 4.26. 

similar levels of glycolysis were seen between the LNCaP, PC3 and Du145 cells treated 

with Menadione, however an increase in glycolysis is observed in the PNT1a cells. An 

increase in glycolysis was seen in the PC3 and the Du145 cells treated with TH1 

compared to the LNCaP cells treated with TH1. PNT1a, PC3 and Du145 cells showed 

higher glycolysis as seen in Table 4.4 when treated with TH6 compared to the LNCaP 

cells treated with TH6. Significance determined for the comparison of the cell lines was P 

<0.0001. 
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Figure 4. 25: The % glycolysis of the prostate cell lines across the treatment groups in 5.5mM glucose conditions with 

significance observed between the cell lines in the untreated and the treatment groups. (n=3) 2-way ANOVA. (* P > 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

Similar levels of glycolysis were determined in the PC3 cells and the Du145 cells 

in the 5.5mM glucose conditions in the untreated and the treated cells. Overall, LNCaP 

had the lowest reliance on glycolysis of all the cell lines in 5.5mM glucose conditions as 

further detailed in Table 4.4 below.  

Table 4.27: The % Glycolysis determined for the prostate cell lines untreated and when treated with Menadione, TH1, 

TH4 and TH6 in the 5.5mM glucose conditions. 

 PNT1a LNCaP PC3 Du145 

Untreated (NT) 74.4 ± 14.9 27.7 ± 3.4 50.3 ± 5.9 52.8 ± 2.8 

Menadione (K3) 68.5 ± 28.5 39.2 ± 5.1 47.8 ± 13.6 44.2 ± 5.0 

TH1 46.8 ± 7.1 30.0 ± 7.3 69.2 ± 17.9 57.7 ± 2.1 

TH4 58.8 ± 12.8 33.4 ± 1.4 61.7 ± 9.1 48.2 ± 4.0 

TH6 49.1 ± 3.9 22.9 ± 17.1 69.0± 9.3 71.7 ± 5.0 
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LNCaP exhibits increased OxPhos in the untreated cells compared to the PNT1a 

and the Du145 cells in the 5.5mM glucose conditions. Decreased levels of Oxphos was 

determined in the PNT1a cell line versus the LNCaP and the Du145 cell line all treated 

with Menadione, with LNCaP, PC3 and Du145 exhibiting a similar level of glycolysis in 

the Menadione treatment as seen in Figure 4.27 below. PC3 was shown to have lower 

levels of OxPhos than the LNCaP cells when treated with TH1. In the TH4 treated cells, 

LNCaP display increased levels of OxPhos compared to the PNT1a and PC3 cells, 

whereas in the TH6 treated cells, the LNCaP cells had higher oxphos than all three other 

cell lines. Significance determined for the comparison of the cell lines was P <0.0001. 
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Figure 4. 26: The % oxphos of the prostate cell lines across the treatment groups in 5.5mM glucose conditions with 

significance observed between the cell lines in the untreated and the treatment groups. (n=3) 2-way ANOVA. (* P > 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

LNCaP displays the greatest reliance on oxphos across the cell lines, even when 

treated with Menadione and the TH compounds, with PNT1a and PC3 showing the lowest 

reliance on OxPhos. The results are further detailed in Table 4.5 below. 

Table 4.28: The % OxPhos determined for the prostate cell lines untreated and when treated with Menadione, TH1, 

TH4 and TH6 in the 5.5mM glucose conditions. 

 PNT1a LNCaP PC3 Du145 

Untreated (NT) 25.6 ± 14.9 72.3 ± 3.4 49.7 ± 5.9 47.2 ± 2.8 

Menadione (K3) 31.5 ± 28.5 60.8 ± 5.1 52.2 ± 13.6 55.8 ± 5.0 

TH1 52.7 ± 7.1 70.0 ± 7.3 30.8 ± 17.9 42.3 ± 2.1 

TH4 41.2 ± 12.8 66.6 ± 1.4 38.3 ± 9.1 51.8 ± 4.0 

TH6 50.9 ± 3.9 77.1 ± 17.1 31.0 ± 9.3 28.3 ± 5.0 
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4.4.2.5 Treatments with Menadione and the Novel TH compounds did not 

significantly alter the metabolic phenotype of prostate cancer cells under 

11mM glucose conditions 

 

The high glucose (11mM) media concentration results in a predominant reliance 

on glycolysis for ATP production (62.1%). This is found to be unchanged in the treatment 

with Menadione (47.6%), TH1 (52.3%) and TH4 (62.2%), however, treatment with TH6 

resulted in a decrease in glycolytic dependency (24.1%) increasing its OxPhos 

dependency (75.9%) when compared to the OxPhos (37.9%) levels in the untreated 

PNT1a cells. Overall, the cells remain with a majority reliance on glycolysis, but 

treatment with TH6 increased OxPhos. 

 

Figure 4. 27: The ATP endpoints of %OxPhos and %Glycolysis for PNT1a cells treated with novel compounds TH1, 

TH4 and TH6 under zero glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

In 11mM glucose, LNCaP remains with a predominant reliance on OxPhos 

(55.5%) as presented in Figure 4.29. This is found to be unchanged in the treatment with 

Menadione (56.1%), TH1 (66.2%) and TH4 (69.3%). Nevertheless, the treatment of 

LNCaP with TH6 resulted in a drop in glycolytic dependency and an increase in OxPhos 

to 81.7%.  

 

A. B. 
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Figure 4. 28: The ATP endpoints of %OxPhos and %Glycolysis for LNCaP cells treated with novel compounds TH1, 

TH4 and TH6 under 5.5mM glucose . (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

The 11mM glucose conditions result in a preponderant dependence on glycolysis 

of 56.0% for the untreated PC3 cells. The PC3 cells are unhindered by treatment with the 

novel TH compounds and remain in their metabolic phenotypes with a ~60% dependence 

on glycolysis. The results are presented in Figure 4.30. 
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Figure 4. 29: The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with novel compounds TH1, TH4 

and TH6 under 11mM glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

The 11mM glucose environment shifts the Du145 metabolic phenotype more 

towards glycolysis (58.6%). All the treatment groups result in Du145 cells maintaining 

their glycolytic reliance (~55%) for ATP production as shown in Figure 4.31. 

A. B. 

A. B. 
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Figure 4. 30: The MitoStress endpoints for Du145 cells treated with novel compounds TH1, TH4 and TH6 under 

5.5mM  glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the treated cells. (B.) 

% ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA). (* P 

> 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 
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4.4.2.6 The metabolic reliance on glycolysis and OxPhos was different across the 

cell lines in the untreated, and the treatment groups in the 11mM glucose 

conditions.  

 

An increase in glycolysis was seen in the PC3 and the Du145 cells treated with 

TH1 compared to the LNCaP cells treated with TH1. In the TH4 treatment group,  PC3 

cells display a greater reliance on glycolysis compared to the LNCaP cells. The PC3 and 

Du145 cells present with a higher glycolytic phenotype than PNT1a and PC3 cells when 

treated with TH6 in the 11mM glucose conditions with results presented in Figure 4.32. 

Significance for the comparison of the cell lines was P <0.0001. 
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Figure 4. 31: The % glycolysis of the prostate cell lines across the treatment groups in 11mM glucose conditions. 

Significant alterations were observed across the cell lines in the TH1, TH4 and TH6 treatments. (n=3) 2-way ANOVA. 

(* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

Similar levels of glycolysis were determined in the untreated PNT1a, PC3 cells 

and the Du145 cells in the 11mM, while treatment with Menadione resulted in all the cell 

lines displaying a comparable glycolytic reliance. However, levels of glycolysis were 

varied when the cell lines were treated with the novel TH compounds. Once more, even 

in the presence of glucose LNCaP had the lowest reliance on glycolysis of all the cell 

lines in the 11mM glucose conditions.  

Table 4.29: The % Glycolysis determined for the prostate cell lines untreated and when treated with Menadione, TH1, 

TH4 and TH6 in the 11mM glucose conditions. 

 PNT1a LNCaP PC3 Du145 

Untreated (NT) 62.1 ± 20.4 44.5 ± 6.7 56.0 ± 4.7 58.6 ± 5.1 

Menadione (K3) 47.6 ± 26.3 43.9 ± 17.0 58.3 ± 28.1 49.2 ± 7.6 

TH1 52.3 ± 12.4 33.8 ± 4.4 75.6 ± 2.7 64.3 ± 3.7 

TH4 62.2 ± 16.2 30.7 ± 9.2 57.6 ± 2.8 56.4 ± 7.4 

TH6 24.1 ± 13.7 18.3 ± 13.5 66.8 ± 7.7 56.0 ± 5.1 
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LNCaP exhibits increased OxPhos in the untreated cells compared to the PNT1a 

and the Du145 cells in the 5.5mM glucose conditions. Decreased levels of Oxphos was 

determined in the PNT1a cell line versus the LNCaP and the Du145 cell line all treated 

with Menadione, with LNCaP, PC3 and Du145 exhibiting a similar level of glycolysis in 

the Menadione treatment as seen in Figure 4.33 below. PC3 was shown to have lower 

levels of OxPhos than the LNCaP cells when treated with TH1. In the TH4 treated cells, 

LNCaP display increased levels of OxPhos compared to the PNT1a and PC3 cells, 

whereas in the TH6 treated cells, the LNCaP cells had higher oxphos than all three other 

cell lines. Significance determined for the comparison of the cell lines was P <0.0001.  
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Figure 4. 32: The % OxPhos of the prostate cell lines across the treatment groups in 11mM glucose conditions.  

Significant alterations were observed across the cell lines in the TH1, TH4 and TH6 treatments. (n=3) 2-way ANOVA. 

(* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

The TH treatments resulted in LNCaP to have significantly increased OxPhos 

compared to the PC3 and Du145 cell lines in the 11mM glucose conditions.  

Table 4.30: The % OxPhos determined for the prostate cell lines untreated and when treated with Menadione, TH1, 

TH4 and TH6 in the 11mM glucose conditions. 

 PNT1a LNCaP PC3 Du145 

Untreated (NT) 37.9 ± 20.4 55.5 ± 6.7 44.0 ± 4.7 41.4 ± 5.1 

Menadione (K3) 52.4 ± 26.4 56.1 ± 17.0 41.7 ± 28.1 50.8 ± 7.6 

TH1 47.7 ± 12.4 66.2 ± 4.4 26.4 ± 2.7 35.7 ± 3.7 

TH4 37.8 ± 16.1 69.3 ± 9.2 43.4 ± 2.8 43.6 ± 7.4 

TH6 75.9 ± 13.7 81.7 ± 13.5 33.2 ± 7.7 44.0 ± 5.1 
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4.4.3 The effects of Menadione (macro) and the Novel TH compounds (micro) on 

the mitochondrial bioenergetics of a panel of prostate cell lines under zero, 

5.5mM and 11mM glucose conditions 

 

The effect of the macro and micro scale on the mitochondrial bioenergetics of the 

cell lines will allow for insight into the mechanism of cell kill that we have proposed for 

the compounds. The proposed ROS producing capabilities of the compounds should 

result in alterations to the mitochondrial bioenergetics, resulting in mitochondrial 

dysfunction due to oxidative stress. Once more, this work was conducted under the 

glucose gradient to determine if the compounds would have a heightened effect in the 

different glucose conditions, and to determine if the glucose conditions will allow for 

recovery of the cells mitochondrial following treatment and the resulting oxidative stress.  
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4.4.3.1 Menadione and the TH compounds alter the OCR, proton leak, maximal 

respiration, and the non-mitochondrial respiration of the panel of prostate 

cell lines in the zero glucose conditions 

 

The OCR of PNT1a cells (134.4pmol/min) under zero glucose was found to be 

reduced (P= 0.02) when treated with TH1 (69.5pmol/min) and TH4 (40.8pmol/min), 

compared to the TH6 treated cells (151.1pmol/min). Otherwise, no significant changes 

were observed in the mitochondrial metabolism for the PNT1a cells in the presence of 

zero glucose, between the untreated and the treated cells as presented in Figure 4.34. 
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Figure 4. 33: The MitoStress endpoints for PNT1a cells treated with Menadione (K3), TH1, TH4 and TH6 under zero 

glucose showing the effects on the; (A) Basal OCR, decreased in the TH1 and TH4 treated cells. (B) Proton leak, 

unchanged across the treatment and the untreated cells. (C) Maximal respiration was unchanged across the treatments 

and the untreated cells. (D) The non-mitochondrial respiration was unchanged in the untreated and the treated cells. 

(n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

A. B. 

C. D. 
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The OCR of LNCaP (522.4pmol/min) treated with TH4 showed no change in 

levels (457.4pmol/min). LNCaP treated with TH1 (237.1pmol/min) TH6 

(119.9pmol/min) was found to have a decrease in OCR levels. A significance decrease 

(P= 0.0002) in OCR was found between Menadione treated LNCaP (469.7pmol/min) and 

the TH6 treated LNCaP cells. highlighting the compounds’ ability to alter the 

mitochondrial function. 

Proton leak for the LNCaP (132.0pmol/min) cells was decreased (P= 0.04) with 

the TH6 (23.3pmol/min) treatment. Maximal respiration of the LNCaP (647.1pmol/min) 

cells was decreased (P=0.03) with the TH1 (214.5pmol/min) treatment. The non-

mitochondrial respiration of LNCaP was found to be unchanged with the novel compound 

treatments. This highlights the possible dysfunction to the mitochondria, due to the ROS 

producing TH compounds. The results of the MitoStress test are presented in Figure 4.35. 
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Figure 4. 34: The MitoStress endpoints for LNCaP cells treated with novel compounds TH1, TH4 and TH6 under zero 

glucose  showing the effects on the; (A) Basal OCR was decreased in the TH1 and TH6 treatments. (B) Proton leak was 

decreased in the cells treated with TH6. (C) Maximal respiration was decreased in the TH1 treated cells. (D) The non-

mitochondrial respiration was unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA). (* P > 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

C. D. 
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In zero glucose, the basal OCR of the PC3 cells is unhindered by the treatment 

with the novel TH compounds. Proton leak was found to be consistent across the 

treatments to the untreated PC3 cells. No significant alterations were observed in the 

maximal respiration and the non-mitochondrial respiration of PC3 in the zero glucose and 

the novel TH treatments, as observed in Figure 4.36.  
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Figure 4. 35: The MitoStress endpoints for PC3 cells treated with novel compounds TH1, TH4 and TH6 under zero 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. (B) 

Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was unchanged 

between the untreated and the treated cells. (D) The non-mitochondrial respiration was unchanged between the 

untreated and the treated cells (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).  

A. B. 

C. D. 
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In the zero glucose conditions, the OCR of Du145 was found to be unchanged 

across the treatment groups. The proton leak was found to be unchanged for the treatment 

with TH1 and TH4. The treatment with TH6 (44.2pmol/min) resulted in an increase 

(P=0.02) in the proton leak, compared to the untreated cells (26.2pmol/min). The 

maximal respiration of Du145 cells were unchanged across the treatment groups, with TH 

treatments resulting in no significant alteration to the levels recorded. The non-

mitochondrial respiration (14.8pmol/min) of the Du145 cells were unchanged with the 

TH1 (17.6pmol/min) and TH4 (11.8pmol/min) treatments. However, the treatment with 

TH6 (-7.2pmol/min) resulted in a decrease (P=0.04) in non-mitochondrial respiration. 

The results reported indicate some alterations to the function of the mitochondria, when 

treated with the novel TH compounds as seen in Figure 4.37. 
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Figure 4. 36: The MitoStress endpoints for Du145 cells treated with novel compounds TH1, TH4 and TH6 under zero 

glucose  showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. (B) 

Proton leak was increased in the TH6 treated cells. (C) Maximal respiration was unchanged between the untreated and 

the treated cells and (D) The non-mitochondrial respiration was decreased in the cells treated with TH6. (n=3) 1-way 

ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

C. D. 
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The OCR of the cell lines in zero glucose was highest in the LNCaP cells across 

the untreated and the Menadione, TH1 and TH4 treated cells (P≤0.0001), but in the TH6 

treated cells, the OCR levels were all similar, with the same trend was observed in the 

proton leak (P≤0.0001). Implicating the impact of TH6 on the function of the 

mitochondria in the cell lines. 

LNCaP presents with the highest maximal respiration of the cell lines in the zero-

glucose media in all the untreated and treated groups (P≤0.0001). The untreated, 

menadione and TH4 treated cells had similar non-mitochondrial respiration levels, while 

LNCaP treated with TH1 and PNT1a treated with TH6 had the highest levels of non-

mitochondrial respiration (P≤0.0001). The difference in the MitoStress endpoints is found 

in Figure 4.38 below, illustrating that LNCaP had the highest reliance on oxphos of the 

cell lines, due to having the highest mitochondrial bioenergetics in the zero glucose 

conditions. 

.
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Figure 4. 37: The MitoStress endpoints for PNT1a, LNCaP, PC3 and Du145 cells untreated and treated with Menadione, TH1, TH4 and TH6 under zero glucose  showing the effects on 

the; (A) Basal OCR was highest in the LNCaP cells. (B) Proton highest in the LNCaP cells expect similar levels were found in all cell lines treated with TH6. (C) Maximal respiration was 

highest in the LNCaP cells and (D) The non-mitochondrial respiration was similar in the cell lines in the untreated, menadione and TH4 treated cells but highest in the TH1 treated LNCaP 

and highest in the TH6 treated PNT1a cells. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

C. D. 
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4.4.3.2 Menadione and the TH compounds alter the OCR, proton leak, maximal 

respiration, and the non-mitochondrial respiration of the panel of prostate 

cell lines in the 5.5mM glucose conditions 

 

The OCR of the PNT1a cells (240.2pmol/min) under 5.5mM glucose, was reduced 

(P= 0.004) when treated with TH1 (19.7pmol/min) and TH4 (42.3pmol/min) when 

compared to the Menadione (252.6pmol/min) treated cells as presented in Figure 4.39 A. 

Similar levels of proton leak were observed between the untreated (42.9pmol/min), 

Menadione (43.1pmol/min) treated and the TH6 (45.5pmol/min) treated PNT1a cells. The 

OCR was decreased (P= 0.004) in the TH1 (2.3pmol/min) and the TH4 (11.0pmol/min) 

treatments as presented in Figure 4.39 B. No significant change was observed in the 

maximal respiration and non-mitochondrial respiration of the PNT1a cells under 5.5mM 

glucose. The decrease in OCR and proton leak, may be indicators of alteration to the 

PNT1a cells mitochondria, following treatment. 
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Figure 4. 38: The MitoStress endpoints for PNT1a cells treated with Menadione (K3), TH1, TH4 and TH6 under 

5.5mM glucose showing the effects on the; (A) Basal OCR was decreased in the cells treated with TH1 and TH4, (B) 

Proton leak decreased in the cells treated with TH1 and TH4. (C) Maximal respiration was unchanged between the 

untreated and the treated cells. (D) The non-mitochondrial respiration was unchanged between the untreated and the 

treated cells. (n=3) 1-way ANOVA. (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

C. D. 
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The basal OCR for LNCaP under 5.5mM glucose was found to be at 

546.9pmol/min, the treatment with TH1 (57.0pmol/min) TH6 (142.4pmol/min) reduced 

the OCR levels significantly (P<0.0001). The proton leak (160.6pmol/min) was found to 

be unchanged with the addition of TH4 (107.2pmol/min). The treatment with Menadione 

(94.2pmol/min), TH1 (35.5pmol/min) TH6 (37.0pmol/min) reduced (P= 0.0006) the 

proton leak. The maximal respiration of LNCaP (761.5pmol/min) was decreased (P= 

0.03) with the TH1 (42.1pmol/min) and TH6 (95.4pmol/min) treatment. The non-

mitochondrial respiration was found to increase with the novel TH4 and TH6 treatments, 

but not to significance. The results are presented in Figure 4.40 below. 
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Figure 4. 39: The MitoStress endpoints for LNCaP cells treated with novel compounds TH1, TH4 and TH6 under 

5.5mM glucose showing the effects on the; (A) Basal OCR was decreased in the TH1 and the TH6 treated cells. (B) 

Proton leak was decreased in the Menadione, TH1 and TH6 treated cells. (C) Maximal respiration was decreased in 

the TH1 and the TH6 treated cells. (D) The non-mitochondrial respiration was unchanged between the untreated and 

the treated cells. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

 

A. B. 

C. D. 
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In the 5.5mM glucose, the PC3 cells basal OCR (262.5pmol/min) saw a reduction 

in levels, with the novel TH treatments. TH4 (71.8pmol/min) and TH6 (54.3pmol/min) 

resulted in a significant loss (P= 0.02) of OCR. Proton leak was reduced with the novel 

compound, TH6 (15.6pmol/min) treatment resulted in a decrease (P=0.0003), compared 

to the TH4 (43.6pmol/min) treated cells. Maximal respiration saw a reduction observed 

across the treatment groups, with significance observed in the TH6 treatment group 

(P=0.03). Non-mitochondrial respiration was unchanged between the untreated cells and 

the treated cells, with the results presented in Figure 4.41. 
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Figure 4. 40: The MitoStress endpoints for PC3 cells treated with novel compounds TH1, TH4 and TH6 under 11mM 

glucose  showing the effects on the; (A) Basal OCR was decreased in the TH4 and TH6 treated cells. (B) Proton leak 

was decreased in the cells treated with TH6. (C) Maximal respiration was decreased in the cells treated with TH6. (D) 

The non-mitochondrial respiration was unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA). 

(* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 
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In the presence of 5.5mM glucose condition, the Du145 cells resulted in no 

change to the OCR (~150pmol/min). The Du145 proton leak (18.9pmol/min) increased 

with the novel TH treatments, however significance was only reported with the TH6 

treatment (40.8pmol/min), (P<0.0001). The maximal respiration (150.1pmol/min) under 

5.5mM was unchanged with the TH1 and TH4 treatments. However, the treatment with 

TH6 (69.3pmol/min) resulted in a decrease (P=0.02) in the maximal respiration. Non-

mitochondrial respiration (22.0pmol/min) was increased with the novel TH treatments. 

TH1 (30.4pmol/min) and TH4 (34.7pmol/min) did not results in a significant increase, 

however TH6 (45.6pmol/min) has resulted in an increase (P=0.04) of significance. The 

results are illustrated in Figure 4.42. 
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Figure 4. 41: The MitoStress endpoints for Du145 cells treated with novel compounds TH1, TH4 and TH6 under 

5.5mM glucose  showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells 

(B) Proton leak was increased in the cells treated with TH6. (C) Maximal respiration was decreased in the TH6 treated 

cells. (D) The non-mitochondrial respiration was increased in the TH6 treated cells. (n=3) 1-way ANOVA). (* P > 

0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 
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In the prostate cells in the 5.5mM glucose conditions, LNCaP had the highest 

OCR in the untreated, Menadione and TH4 treated cells (P<0.0001), while the cells 

treated with TH1 all present with similar OCR levels. In the cells treated with TH6, PC3 

presented with the highest OCR levels (P<0.0001). LNCaP once more had the highest 

proton leak in the untreated, Menadione, TH1 and TH4 treated cells (P<0.0001), where 

all the cell lines show similar levels of proton leak when treated with TH6, PC3 cells 

present with the highest maximal respiration in the untreated and TH1 treated cells, with 

PNT1a cells having the highest levels when treated with Menadione (P<0.0001). When 

cells were treated with TH4, Du145 cells had the highest maximal respiration, where 

similar readings were reported in all the prostate cell lines when treated with TH6 

(P<0.0001) as seen in Figure 4.43 below.  
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Figure 4. 42: The MitoStress endpoints for PNT1a, LNCaP, PC3 and Du145 cells untreated and treated with Menadione, TH1, TH4 and TH6 under 5.5mM glucose showing the effects on 

the; (A) Basal OCR was highest in the LNCaP cells in the untreated, menadione and TH4 treated cells, with increased levels in the TH6 treated PC3 cells and similar levels in the TH1 

treated cells. (B) Proton highest in the LNCaP cells expect similar levels were found in all cell lines treated with TH6. (C) Maximal respiration was found not to be highest in the LNCaP 

but was altered in the different treatments. (D) The non-mitochondrial respiration was similar in the cell lines in the untreated, Menadione treated cells but highest in the TH1 treated 

LNCaP and highest in the TH6 treated PC3 and Du145 cells. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 

A. B. 

C. D. 
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4.4.3.3 Menadione and the TH compounds alter the OCR, proton leak, maximal 

respiration and the non-mitochondrial respiration of the panel of prostate 

cell lines in the 11mM glucose conditions 

 

OCR of PNT1a cells under 11mM glucose, was decreased (P= 0.001) with the 

treatments of TH1 (57.5pmol/min) and TH4 (13.3pmol/min) in comparison to the TH6 

(252.2pmol/min) treated cells. The proton leak did not significantly change across the 

untreated and treated cells and the results are presented in Figure 4.44 B. No significant 

change was found in the maximal respiration of the PNT1a cells in the presence of 11mM 

glucose. The results are presented in Figure 4.44 C. The non-mitochondrial respiration 

was decreased (P= 0.02) in the TH1 (-8.5pmol/min) and TH4 (-0.5 pmol/min) when 

compared to the non-mitochondrial respiration of the cells treated with TH6 

(53.7pmol/min).  
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Figure 4. 43: The MitoStress endpoints for PNT1a  cells treated with Menadione (K3), TH1, TH4 and TH6 under 

5.5mM glucose  showing the effects on the; (A) Basal OCR was decreased in the cells treated with TH1 and TH4. (B) 

Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was unchanged 

between the untreated and the treated cells. (D) The non-mitochondrial respiration was decreased in the cells treated 

with TH1 and TH4. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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The OCR of LNCaP under 11mM glucose (541.5pmol/min) was found to decrease 

(P=0.007) with the treatment with Menadione (170.3pmol/min) and the novel TH 

compounds; TH1 (52.5pmol/min) and TH6 (80pmol/min). The proton leak of LNCaP 

(157.7pmol/min) was found to decrease (P=0.001) with the treatment with Menadione 

(66.3pmol/min) TH1 (17.4pmol/min) and with the treatment of TH6 (43.1pmol/min). The 

maximal respiration was decreased (P=0.004) with the addition of Menadione (209.1) 

and the novel TH compounds TH1 (67.1pmol/min) and with TH6 (98.3pmol/min). The 

non-mitochondrial respiration was found to be unchanged with the addition of novel 

compounds. The results are presented in Figure 4.45.   
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Figure 4. 44:The MitoStress endpoints for LNCaP cells treated with novel compounds TH1, TH4 and TH6 under 11mM 

glucose showing the effects on the; (A) Basal OCR was decreased in the Menadione, TH1 and TH6 treated cells. (B) 

Proton leak was decreased in the Menadione, TH1 and TH6 treated cells. (C) Maximal respiration was decreased in 

the Menadione, TH1 and TH6 treated cells. (D) The non-mitochondrial respiration was unchanged between the 

untreated and the treated cells. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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Basal OCR (150.8pmol/min) was decreased (P= 0.008) by the treatments with 

TH4 (28.7pmol/min) and TH6 (37.3mol/min). Proton leak (37.7pmol/min) was decreased 

with the TH6 (12.8pmol/min) treatments but not to significance (P=0.7). Across all 

treatments, the maximal respiration decreased in the PC3 cells in comparison to the 

untreated, with significance (P=0.04) between the untreated (220.6pmol/min) cells and 

the TH4 (14.1pmol/min) and TH6 (30.1pmol/min) treated PC3 cells. The non-

mitochondrial respiration was found to be consistent across the cells examined as seen in 

Figure 4.46. 
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Figure 4. 45: The MitoStress endpoints for PC3 cells treated with novel compounds TH1, TH4 and TH6 under 11mM 

glucose showing the effects on the; (A) Basal OCR was decreased in the cells treated with TH4 and TH6. (B) Proton 

leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was decreased in the TH4 

and TH6 treated cells. The non-mitochondrial respiration was unchanged between the untreated and the treated cells 

(n=3) 1-way ANOVA) (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).

A. B. 

C. D. 
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4.4.3.4 Treatments with the Novel Trojan Horse compounds affects the 

mitochondrial metabolism of Du145 cells under 11mM glucose conditions 

 

The high glucose conditions resulted in the OCR of Du145 to be unchanged 

across the treatment groups. The proton leak was found to be unaffected by the novel TH 

treatments. The maximal respiration of the Du145 cells was unchanged by the treatment 

with TH1 and TH4. However, the treatment with TH6 (47.4pmol/min) resulted in a drop 

(P=0.04) in the maximal respiration of the Du145 cells (268.2pmol/min). No significant 

change was observed in the non-mitochondrial respiration of the Du145 cells when 

treated with the novel TH compounds; TH1, TH4 and TH6. The results are presented in 

Figure 4.47. 
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Figure 4. 46: The MitoStress endpoints for Du145 cells treated with novel compounds TH1, TH4 and TH6 under 11mM 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. (B) 

Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was decreased in the 

TH6 treated cells. (D) The non-mitochondrial respiration was unchanged between the untreated and the treated cells. 

(n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 
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The untreated prostate cells presented with higher OCR in the LNCaP cell line 

with similarly high levels of OCR found in the LNCaP and Du145 cells treated with TH4. 

Du145 cells treated with TH1 had the highest OCR of the cell lines with overall similar 

levels determined in all the cell lines treated with Menadione. Proton leak was highest in 

the untreated TH4 and Menadione treated LNCaP cell line, while comparable levels were 

determined in the TH1 and TH6 treated cells. The maximal respiration of the untreated 

cells was highest in the LNCaP cell line, and along with Du145 was highest in the TH4 

treated cells. In the menadione treated group, the cell lines had similar levels, while 

Du145 had the highest maximal respiration in the TH1 treatments and PNT1a cells had 

the highest levels in the TH6 treatment group. Finally, the non-mitochondrial respiration 

was similar in the untreated cells, PNT1a present with very low levels of non-

mitochondrial respiration in the TH1, TH4 and TH6 treated cells compared to the PCa 

cells. the results of the cell lines are presented in Figure 4.48. 
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Figure 4. 47: The MitoStress endpoints for PNT1a, LNCaP, PC3 and Du145 cells untreated and treated with Menadione, TH1, TH4 and TH6 under 11mM glucose showing the effects on 

the; (A) Basal OCR was highest in the LNCaP cells in the untreated, menadione and TH4 treated cells, with increased levels in the TH6 treated PC3 cells and similar levels in the TH1 

treated cells. (B) Proton highest in the LNCaP cells expect similar levels were found in all cell lines treated with TH6. (C) Maximal respiration was found not to be highest in the LNCaP 

but was altered in the different treatments. (D) The non-mitochondrial respiration was similar in the cell lines in the untreated, Menadione treated cells but highest in the TH1 treated 

LNCaP and highest in the TH6 treated PC3 and Du145 cells. (n=3) 1-way ANOVA). (* P > 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001 

A. B. 

C. D. 
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4.5 Summary of Results  

 

Highlights of Chapter 4 

• All the prostate cell lines show a glucose dependent reliance on glycolysis and OxPhos, 

where an increase in glucose on the cell medium increases their reliance on glycolysis 

simultaneously decreasing their OxPhos reliance. 

• In the presence of glucose, the PNT1a, PC3 and Du145 cells have a higher reliance on 

glycolysis than OxPhos for ATP production, with the cells persisting with some 

reliance on glycolysis even in the zero glucose conditions. 

• LNCaP remain with a heavy reliance on OxPhos even in high glucose conditions 

(11mM glucose), with a small reliance on glycolysis as the glucose gradient rises. 

• Although no significant changes were determined in the metabolic phenotypes of the 

cell lines, treated with the TH compounds, TH6 reduced the cells glycolytic reliance in 

the PNT1a cells. 

• LNCaP have the highest basal reading of all the cell lines in the MitoStress endpoints 

under all three glucose conditions. 

• Treatment with the TH compounds resulted in alterations to the mitochondrial 

bioenergetics, reducing, OCR and maximal respiration and Proton leak in the prostate 

cells.  

 

. 
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4.6 Discussion  

PCa displays altered metabolism during different stages of disease progression 

and patients with androgen independent prostate cancer are currently considered 

incurable. Cancer metabolism is an emerging target for therapeutic action, and with PCa 

displaying a unique metabolic signature, it is emerging as a disease model of interest for 

therapeutic targeting.244 In normal prostate, the TCA cycle is truncated and results in a 

reliance on other metabolic pathways whereas in early PCa the TCA cycle is thought to 

be used. The unique metabolism reported in normal prostate, and prostate cancer is 

thought to be mediated by AR, with AR-mediated metabolic reprogramming in prostate 

cells increasing in interest. 

While AR is a key regulator of prostate cancer progression and was expected to be 

altered in response to high and low glucose conditions, following 24hr treatments, no 

alterations in AR expression were observed in the nuclear, cytosol, whole cell lysate or 

the supernatant fractions under zero, 5.5mM and 11mM glucose conditions. This may be 

due to the short incubation time under the glucose conditions, not allowing enough time 

for alterations to occur. Unfortunately, post 24hrs the zero glucose cells tend to show high 

levels of cell death, making further investigation difficult to achieve. These results could 

also be linked to the aforementioned AR antagonism mechanism, where the in vitro 

microenvironment is lacking the biological molecules that play a role in altered AR levels 

across the different glucose milieu.393–395 Due to these results, it was decided not to 

continue to examine the AR effects at this time. Nonetheless, worth further investigation 

in the future.  

To the best of our knowledge this study provides the first examination of the 

implications of a biologically relevant glucose milieu on the mitochondrial bioenergetics 

and the metabolic phenotype of a panel of prostate cell lines, as well as in examining the 

effects of Vitamin C, Menadione and vitamin-based compounds on the bioenergetics of 

prostate cells. Although the bioenergetics of some of the cell lines have been evaluated in 

the literature, the impacts of the glucose milieu have not presented itself within the 

literature. This aspect of this study has emerged as an important finding, highlighting the 

androgen independent cell lines, PC3 and Du145 having an ingrained reliance on 

glycolysis, even during a period of glucose starvation for 24hrs. Importantly this study 

highlights how the Warburg effect cannot be quenched in the metastatic androgen 

independent PCa (PC3 and Du145), even during glucose starvation and even when treated 
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with metabolic targeting therapies, while the androgen dependent cells (LNCaP) rely 

primarily on OxPhos for their ATP production. Metabolic reprogramming is a known 

hallmark of cancer hence the therapeutic targeting of these pathways is of growing 

interest across the research community.  

Metabolic vulnerabilities of cancer cells under glucose starvation are expected, 

due to the fact that cancer cells are proposed to thrive on glucose for their metabolic 

processes, such as Warburg glycolysis. We report that during a period of 24hrs cells 

cultured in zero glucose media, had a substantial reliance on OxPhos for ATP production. 

This is expected as in the presence of no glucose, cells may be switching to OxPhos, due 

to the non-availability of glucose molecules. Warburg glycolysis is thought to be 100 

times faster than that of OxPhos, thus the high dependence on OxPhos in the zero glucose 

condition.251 The LNCaP cells were found to remain in an OxPhos phenotype, even in the 

presence of the 5.5mM and 11mM glucose conditions. Russell et al and Blajszczak et al 

have shown in 10mM glucose media that LNCaP cells display a more OxPhos phenotype 

that that of normal prostate cells, which validates the results that we have achieved in the 

presence of glucose.361 What these studies do not address is that the LNCaP cells reliance 

on oxphos is a glucose gradient dependent, with their reliance on oxphos decreasing with 

an increase in glucose concentration. However, they do nonetheless still persist with a 

majority reliance on OxPhos in the high glucose conditions.  

Interestingly, although in zero glucose media, the late-stage metastatic disease 

model (PC3 and Du145) cells present with a high reliance on OxPhos, they do appear to 

persist with a small reliance on glycolysis, indicating Warburg metabolism is always 

switched on. A study of the differential utilization of dietary fatty acids in in benign 

prostate and PCa found that benign prostate epithelial cells (RWPE-1) present with higher 

glycolytic reliance than LNCaP and PC3 cells through higher levels of glucose 

consumption and lactate production. This study postulates that the reason for this result of 

the inhibition of m-aconitase by zinc in the mitochondrial with, an accumulation of citrate 

reducing the activity of the TCA cycle, known to play a fundamental role in in vivo 

prostate and PCa metabolism. In addition, the study found that BE RWPE-1 cells were 

less sensitive to glucose starvation than PCa cells.361 Additionally another study 

demonstrated that PC3 cells have a slow glycolytic rate in comparison to MCF-7 breast 

cancer cells with a higher reliance on fatty acid catabolism.361 While our study did not 

examine the fatty acid metabolism of the prostate cells, with our focus on targeting the 

https://pubmed.ncbi.nlm.nih.gov/?term=Russell%20DA%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Blajszczak%20CC%5BAuthor%5D
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Warburg effect, from the literature one would expect the TH6 fatty acid compound to 

have greater effects on the metabolism of the PCa cell lines. TH6 resulted in decreased 

OCR in the LNCaP cells cell line in all the glucose media conditions and in the presence 

of 5.5mM and 11mM glucose for the PC3 cells. Further TH6 triggered a decrease in 

proton leak and maximal respiration in the LNCaP cells across the glucose gradient with 

alterations in both mitochondrial endpoints observed in the metastatic androgen 

independent PC3 and Du145 cells in the zero and 5.5mM glucose conditions. The 

alterations of these mitochondrial bioenergetic endpoints indicate dysfunction to the 

mitochondria due to the TH6 treatment, and as determined from the literature the PC3 

cells have a strong reliance on fatty acid metabolism for their ATP production. Fatty acid 

metabolism appears to allow the novel TH6 compound to infiltrate the cells and thus 

affecting their mitochondrial function which would be displayed in their mitochondrial 

bioenergetics. Further as discussed in Chapter 1 in more detail, the menadione element of 

the novel TH compounds are thought to produce large levels of endogenous ROS in the 

cells to overthrow the cancer cells redox homeostasis resulting in oxidative stress. This 

oxidative stress would result in alterations to the mitochondrial bioenergetics such as the 

alterations to the proton leak, supporting our hypothesis of ROS related cell death. An 

increase in ROS would increase proton leak due to proton leakage into the mitochondrial 

matrix, or electron slippage  which leads to the consumption of oxygen without proton 

translocation further damaging the electron transport chain and the mitochondrial 

membrane causing an increased proton leak into the mitochondrial matrix, overall altering 

the mitochondrial bioenergetics.368,396 

We have proposed that the novel compounds will target the mitochondria, due to 

the existing literature examining the effects of Menadione in vitro, increasing 

mitochondrial ROS, and oxidative stress in the mitochondria, hence the drop in OCR may 

support this proposed mechanism.308,309,342Alterations to OCR due to therapeutic 

treatments may in fact be a stress response by the cells with an increase in OCR due to 

alterations in many factors, including increased ATP turnover, proton leak and non-

mitochondrial respiration.379 Treatments with Vitamin C resulted in a decrease in OCR in 

all of the cell lines, under varying glucose conditions. Moreover, the glucose Menadione 

conjugated TH compounds (TH1 and TH4) repeatedly resulted in decreased OCR in the 

PNT1a, LNCaP and the PC3 cell lines, across the varying glucose conditions. It is 

reported that decreased OCR is linked to damage to the mitochondria, decreasing ATP 
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production capabilities of the cells. Thus, a reported decrease in OCR with the novel 

compounds would be expected to be due to mitochondrial damage. PNT1a, in the 

presence of zero glucose presents with increased basal OCR, this may be due to the fact 

that the non-malignant prostate is known to inhibit the Krebs cycle, not employing 

OxPhos, rather increasing its glycolytic processes for the production of citrate for energy 

production.317 However, the lack of glucose, alters its metabolic phenotype to an OxPhos 

dependency increasing its OCR levels. The metastatic cells, LNCaP, PC3 and Du145 

cells OCR appeared unaffected by the zero glucose conditions compared to in the 

presence of glucose. Some studies propose that increased OCR is proportional to 

increased ROS, due to ROS being a product of OxPhos.368,380 However, high levels of 

ROS are known to lead to mitochondrial damage and cell death mechanisms such as 

mitophagy, autophagy and apoptosis, hence why cancer cells often shift their metabolic 

processes to glycolysis or fatty acid oxidation to avoid this oxidative damage.386 This in 

turn may also result in decreased OCR levels seen in the cells treated with the ROS 

producing Menadione and the Menadione based TH compounds. These findings would 

support the hypothesis of the thesis, with the compounds increasing cellular ROS causing 

alterations to the cells metabolism though increasing oxidative stress, by shifting the 

redox homeostasis of the cells by overthrowing their antioxidant mechanisms. 

Ultimately, the adaptation of cancer cells to their microenvironment and nutrient 

deprivation displays the metabolic plasticity of cancer cells, allowing them to switch 

between OxPhos, glycolysis and fatty acid oxidation, although, the LNCaP cell line was 

not able to do this but the other cancer cell lines (PC3 and Du145) were more adaptable, 

which could contribute to their metastatic potential. This metabolic reprogramming 

allows the energy requirements for the cancer cells to be fulfilled for growth and 

proliferation. Changes to the nutrient environment during metastasis will result in changes 

to cellular metabolic demands to promote the cells survival. While cancer cells require 

several key nutrients as they develop, intrinsic and microenvironment factors will 

determine their nutrient dependencies throughout progression, shifting their nutrient 

demand and altering their metabolism for survival during the starvation of a nutrient 

substrate, in this case, glucose. The shift to fatty acid, amino-acid, or glutamine 

metabolism would be expected during this time of nutrient stress, which could influx the 

utilisation of other metabolic pathways for ATP production.175,317,365 We see this shift in 

the PC3 and Du145, metastatic androgen independent cells, where during the glucose 
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deprivation (zero glucose) conditions, they switch to a more mitochondrial metabolic 

phenotype, limiting their levels of glycolysis due to the lack of glucose to fuel the high 

glycolytic demands, this proving that the cells can reprogramme their metabolism during 

nutrient stress, utilising other substrates to fuel their metabolism, whereas this metabolic 

reprogramming is less evident in the LNCaP cells, remaining with an OxPhos reliance. 

This may be in part linked to the androgen status of the cell lines, with LNCaP being 

androgen dependent, impacting their metastatic potential compared to their androgen 

independent counterpart. Given that, the androgen independent disease is said to use 

citrate as a substrate for energy production activating the TCA cycle mediated by AR 

signalling prompting a metabolic dependency on oxidative phosphorylation.244,245,383 This 

may account for the androgen independent LNCaP cells inherent use of OxPhos, 

regardless of their nutrient environment. 

A hallmark of the tumour microenvironment is nutrient deprivation, as the core of 

a tumour will develop a nutrient deprived microenvironment due to a poor blood supply, 

highlighting the importance of evaluating the effect of the glucose milieu on the 

metabolic activity of the prostate cell lines to replicate the possible in vivo action of the 

cell’s metabolism and their reactions to the novel TH compounds. Existing studies have 

highlighted that nutrient deprivation can control the behaviour of cancer cells; thus the 

modulation of their metabolism is vital to understand for this work and to determine the 

effects and cells mechanisms of adaptation to encourage metastasis progression.397,398 

Determining and examining the biological mechanisms involved in the metastatic process 

and how they can be altered is essential in finding therapeutic intervention success. 
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Chapter 5. The effect of novel Trojan horse 

compounds on mitochondrial function and ROS 

production in prostate tumour cells
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5.1 Introduction  

In Chapter 4, the effect of the novel Trojan Horse (TH) compounds on the 

metabolic bioenergetics was examined across the panel of non-malignant prostate cells 

and prostate cancer cells. In this Chapter, we delve deeper into the investigation of the 

possible cause of the observed mitochondrial dysfunction by the novel compounds.  

The mitochondrial membrane potential (MMP) is used as a marker of cell and 

mitochondrial health and function.399,400 MMP is generated via the action of a series of 

proton pumps (Complexes I, III and IV) and plays a vital role in energy storage during 

oxidative phosphorylation (OxPhos) and occurs as a result of redox transformations 

associated the Krebs cycle.373 The mitochondrial membrane allows for the transport of 

ions and molecules in and out of the mitochondria, required for that of metabolic 

processes, thus regulation of MMP is vital for this to occur efficiently.400,401 Perturbations 

in MMP has been shown to associate with cancer cell malignancy, tumorigenesis and 

cellular differentiation.402 MMP is typically found to be stabilised within the cell, with 

sustained alterations in basal MMP used as an indicator of mitochondrial dysfunction, 

often resulting in a reduction in cell viability and overall health.373 MMP is associated in 

mitochondrial self-regulation though the eradication of unhealthy or dysfunctional 

mitochondria, and is linked to cell viablility.373 Studies have shown that prostate 

carcinoma has higher basal MMP than that of normal epithelial cells and the elevated 

MMP is linked to higher rates of cell division and tumour formation.373,402 MMP 

contributes to the assessment of mitochondrial bioenergetics, due to its ability to reflect 

OxPhos and the electron transport chains functionality.399,403 Due to these the links 

between MMP and oxphos, the alterations in the mitochondrial endpoints in Chapter 4, 

highlights the importance of determining the effects on the MMP in the panel of cell lines 

in the study.   

The electron transport chain activity within the mitochondrial results in ROS 

production. Mitochondria are major contributors to cellular ROS, as they are produced 

from metabolic reactions.404,405 Some ROS are free radical molecules that essentially exist 

with an unfulfilled valency, with one unpaired electron in the valence orbital of the 

oxygen component, causing them to be highly reactive, superoxide and hydroxyl are two 

examples of free radicals with unpaired electrons.406,407 Other forms of ROS such as H2O2 

and OONO- are not free radicals but are reactive oxygen species. ROS are typically by-
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products of aerobic metabolism, from the mitochondria with this mechanism detailed in 

Figure 5.1.407 

 

Figure 5. 1: Mitochondrial ROS production through the electron transport chain .  Superoxide (O2
-)produced by 

mitochondrial complex I and III is converted to hydrogen peroxide (H2O2)by superoxide dismutase. H2O2 can pass 

through the mitochondrial membranes and convert to hydroxyl radicals (OH-) by Fenton/Haber-Weiss reactions. O2
- 

produced by mitochondrial III, diffuses through the mitochondrial membranes through the voltage dependent anion 

channel into the cytoplasm where here it is also converted to H2O2 as cytoplasmic ROS.408 Image created in Biorender. 

 

Oxidative stress is a hallmark of cancer and has been well established.239 

Oxidative stress occurs when high concentrations of ROS overwhelm the endogenous 

antioxidant systems resulting in damage of cellular macromolecules.327 The redox status 

of a cell is defined as the reduction potential of all antioxidant molecules in the cell and is 

maintained towards a negative redox potential value due to the activity of cellular 

homeostasis mechanisms.409 This cellular redox balance be altered by fluctuations in 

physiological conditions based upon the concentrations of cellular antioxidants.409 Studies 

suggest that cells utilise ROS to stimulate proliferation required for the progression of 

tumours, through amplification of genomic instability which can evokes increased 

oxidative stress, which in turn can cause a vulnerability in the cancer cells to ROS 

stimulating therapeutic action.15,16 From this, it appears that ROS is both required for 

cancer cell malignancy progression, viability, and death.413 The activation of transcription 
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factors such as nuclear factor kappa-light-chain-enhancer of activated B cells [NF-κB], 

activator protein-1 (AP-1), hypoxia-inducible factor-1α (HIF-1α), and signal transducer 

and activator of transcription 3 ((STAT)-3), by ROS results in the expression of proteins 

that control cellular processes like inflammation, cancer cell proliferation and invasion, 

angiogenesis, and metastasis and cellular transformation.318 Remarkably, ROS has also 

been shown to regulate the expression of tumour suppressor genes p53, Rb, and PTEN.318 

The levels of ROS within a cell are dependent of its redox status, which is derived from 

the concentration of oxidised and reduced forms of proteins, enzymes, and ROS 

itself.414,415 Redox balance is dependent on the formation and eradication of exogenous 

and endogenous ROS. High ROS concentrations are due to the uncontrolled production of 

ROS, resulting in oxidative stress and cytotoxicity.414–416 

Some tumour cells have been found to increase production in antioxidant proteins 

to counteract the increased ROS generated.413,417 There are various enzymatic systems 

and factors that maintain the redox status of cells, these antioxidant defence mechanisms 

are complex, regulating cytoplasmic, mitochondrial, and nuclear levels of ROS in the 

cell.377,404,413,417 The mitochondria are equipped with many antioxidant pathways to 

counteract the ROS production including superoxide dismutase (SOD2); a biological 

enzyme that catalyses the dismutation of superoxide radicals, glutathione; antioxidant 

molecules, thioredoxin; small redox proteins and peroxiredoxins; cysteine-dependent 

peroxidase enzymes to regulate peroxide concentrations.377 High concentrations of ROS 

produce oxidative damage within DNA resulting in mutations, linked to cancer, where 

hydroxyl radicals are known to react with purines and pyrimidines in DNA resulting in 

base alterations. Due to mitochondrial DNA’s proximity to the electron transport chain 

components, it is in the high risk of damage and therefore inducing cell death.404,418–420 

This chapter examines the basal mitochondrial dysfunction and how this is altered 

by the novel mitochondrial targeting TH compounds, and to determine if the mechanism 

of action includes the production of high levels of ROS resulting in cell death.
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5.2 Hypothesis and Aims 

We hypothesise that the treatment of a panel of PCa and non-malignant prostate 

cell lines with novel TH compounds will trigger a significant increase in endogenous 

ROS production, to levels high enough to evade cellular antioxidant processes, resulting 

in mitochondrial damage and cell death.  

• To determine the endogenous ROS production, MMP levels and apoptotic 

states in the panel of prostate cell lines; PNT1a, LNCaP, PC3 and Du145 cells 

in the zero, 5.5mM and 11mM glucose conditions.  

 

• To determine the endogenous ROS production, MMP levels and apoptotic 

states in the panel of prostate cell lines; PNT1a, LNCaP, PC3 and Du145 cells 

treated with Menadione, TH4 and TH6 in the zero, 5.5mM and 11mM glucose 

conditions.  

 

• To compare the endogenous ROS production, MMP levels and apoptotic 

states between the panel of prostate cell lines; PNT1a, LNCaP, PC3 and 

Du145 cells treated with Menadione, TH4 and TH6 in the zero, 5.5mM and 

11mM glucose conditions, in order to determine the cell line with the most 

optimal response to the novel compounds.  
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Figure 5. 2: Chapter methodology.  Determination of the impact on the MMP, ROS production and Apoptosis by the Novel TH Compounds. The prostate cells are plated  for 24hrs in 

complete RPMI 1640 for 24hrs. Following this, the cells are placed in the zero, 5.5mM and 11mM glucose media conditions, with the required treatments (untreated, Menadione, TH4, 

TH6) respectively, for 24hrs incubation. The day of the assay, the fluorescent markers are added to the cells. AvPI indicating apoptosis and DNA damage, JC1 indicating MMP, and 

Oxyburst indicating cellular ROS production.
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5.3 Methods 

The flow cytometry protocols are detailed further in Chapter 2, Section 2.8. 

Representative histograms of the flowcytometry markers used are presented in Appendix 51.  

5.3.1 Statistical analysis 

Statistical analysis was conducted using GraphPad Prism 9 Software [GraphPad 

Software, CA, USA]. All data is presented as mean ± SEM. Statistical test used include One-

way ANOVA and two-tailed t-test. Statistical significance was considered at P<0.05.
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5.4 Results 

 

5.4.1 Representative fluorocytograms of endogenous ROS, the MMP and apoptosis 

analysis of prostate non-malignant and PCa cells across the zero, 5.5mM and 

11mM glucose conditions 

 

The following representative fluorocytograms show the endogenous ROS, the MMP 

and apoptosis analysis of prostate non-malignant and PCa cells across the zero, 5.5mM and 

11mM glucose conditions, illustrated in Figure 5.3 – Figure 5.5. 

 

Figure 5. 3: Representative fluorocytograms of ROS analysis of PNT1a, LNCaP, PC3 and Du145 cells in the 5.5mM 

glucose.  
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 (A) PNT1a untreated cells in the presence of 5.5mM glucose conditions. (B) LNCaP untreated cells in the presence of 

5.5mM glucose conditions. (C) PC3 untreated cells in the presence of 5.5mM glucose conditions. (D) Du145 untreated cells 

in the presence of 5.5mM glucose conditions. Following 24hr incubation, cells were placed into 5.5mM glucose media for a 

further 24hrs. All cells were collected and stained with Oxyburst and analysed by flow cytometry. The Oxyburst negative 

cells are in the left quadrant (blue) and the Oxyburst positive cells are in the right quadrant (green). The data from the 

5.5mM untreated conditions are shown here in all 4 cell lines used. 

 

Figure 5. 4: Representative fluorocytograms of MMP analysis of PNT1a, LNCaP, PC3 and Du145 cells in the 5.5mM 

glucose. 

 (A) PNT1a untreated cells in the presence of 5.5mM glucose conditions. (B) LNCaP untreated cells in the 

presence of 5.5mM glucose conditions. (C) PC3 untreated cells in the presence of 5.5mM glucose conditions. (D) Du145 

untreated cells in the presence of 5.5mM glucose conditions. Following 24hr incubation, cells were placed into 5.5mM 

glucose media for a further 24hrs. All cells were collected and stained with JC-1 and analysed by flow cytometry. 

Viable/healthy cells are in the lower left quadrant (blue). Cells with healthy and or high MMP are in the upper left quadrant 

(red). Cells with dual staining of JC-1 are in the upper right quadrant (yellow). The cells with unhealthy/ low MMP are in 

the lower right quadrant (green). The data from the 5.5mM untreated conditions are shown here in all 4 cell lines used.  
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Figure 5. 5: Representative fluorocytograms of Apoptosis analysis of PNT1a, LNCaP, PC3 and Du145 cells in the 5.5mM 

glucose. 

 (A) PNT1a untreated cells in the presence of 5.5mM glucose conditions. (B) LNCaP untreated cells in the presence of 

5.5mM glucose conditions. (C) PC3 untreated cells in the presence of 5.5mM glucose conditions. (D) Du145 untreated cells 

in the presence of 5.5mM glucose conditions. Following 24hr incubation, cells were placed into 5.5mM glucose media for a 

further 24hrs. All cells were collected and stained with Av PI and analysed by flow cytometry. Viable/healthy cells are in the 

lower left quadrant (brown). Necrotic cells are in the upper left quadrant (yellow). Cells in late apoptosis are in the upper 

right quadrant (blue). The cells in early apoptosis are in the lower right quadrant (green). The data from the 5.5mM 

untreated conditions are shown here in all 4 cell lines used. 
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5.4.2 Endogenous ROS and the mitochondrial effects across the zero, 5.5mM and 

11mM glucose conditions of the PNT1a, LNCaP, PC3 and Du145 cell lines. 

 

In the PNT1a cells, compared to the zero glucose, increased Oxyburst expression was 

observed in the presence of glucose, 5.5mM and 11mM glucose (P=0.005). The high MMP 

was increased in the 5.5mM glucose conditions (P=0.02). The JC-1 double positive quadrant 

resulted in no change between the glucose conditions. Low MMP expression resulted in 

decreased levels in the 5.5mM glucose group (P=0.002). Necrosis marker resulted in no 

change between the different glucose milieus. Late apoptosis was found to decrease between 

the 5.5mM and the 11mM glucose cells (P=0.03). No change was found between the glucose 

milieu in the healthy cells. No change was found between the glucose conditions in the early 

apoptosis group. The results are presented in Figure 5.6 I.  

Necrosis was increased in LNCaP 11mM glucose (P=0.024) compared to the 5.5mM 

glucose conditions (5.6 I (E)) . Although this is found at very low levels with almost 100% of 

cells with no indicators of apoptosis or DNA damage as presented in Figure 5.6 II (G). 

Decreased early apoptosis was observed in the 11mM LNCaP cells (P=0.044). 

Oxyburst expression did not change across the different glucose conditions for PC3 

cells. High MMP was found to decrease in the 11mM glucose condition (P=0.04), with no 

change between the zero and 5.5mM conditions. No change was found for the double 

positive JC-1 across the glucose conditions. The low MMP was unchanged across the varied 

glucose milieu. Necrosis was found to be reduced in the 11mM glucose condition (P=0.01) 

compared to the zero and the 5.5mM glucose conditions. The healthy PC3 cells increased in 

the 11mM glucose in comparison to the 5.5mM glucose cells (P=0.04). Finally, early 

apoptosis was unchanged across the PC3 cells in the varied glucose conditions. The results 

are presented in Figure 5.6 III. 

Du145 cells had consistent results across the glucose milieu of zero, 5.5mM and 

11mM glucose, no significant change was found across all the flowcytometry panels 

examined as seen in Figure 5.6 IV.
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Figure 5. 6: (I.)PNT1a % gated cells;(II.) LNCaP %gated cells; (III.) PC3 %gated cells and (IV.) Du145 %gated in the zero, 

5.5mM and 11mM glucose conditions. (n=3) by one-way ANOVA. (A) Oxyburst expression, represents the endogenous ROS 

determined in the live cell. (B) JC-1 Red, is an indicator of high MMP, which indicates, intact mitochondria and complete ATP 

synthesis. (C) JC-1 Double positive, cells presenting double positive for JC1. (D) JC-1 Green; indicates low MMP, along with 

apoptosis and cell death, uncoupling of mitochondrial metabolic processes and a depolarised mitochondrion. (E) Av positive, PI 

negative is an indicator of necrosis. (F) Av positive and PI positive is an indication of late apoptosis. (G) Av negative and PI 

negative indicates healthy cells. (H) Av negative PI positive is an indicator of early apoptosis.  
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5.4.3 Endogenous ROS and the mitochondrial effects across the zero, 5.5mM and 

11mM glucose conditions in the PNT1a cells treated with Menadione and TH 

compounds 

 

In the zero glucose conditions, Oxyburst expression in the PNT1a cells treated with 

the novel TH compounds did appear to increase however did not reach significance (P=0.1). 

The MMP expression was unchanged across the treatments in the presence of zero glucose 

conditions. The high MMP, was found to be approaching significance (P=0.07), although 

was found to be nonsignificant. Necrosis expression resulted in no change across the 

treatment groups in the presence of zero glucose. Overall, with low levels of necrosis 

observed. Late apoptosis was found to be unchanged between the untreated PNT1a cells and 

the TH treated cells. However, cells treated with Menadione increased the late apoptosis 

expression (P=0.004) in the PNT1a cells. The healthy cell expression was unchanged 

between all the treatment groups, as was the early apoptosis. The results are presented in 

Figure 5.7 I. 

An increase in ROS production was found between the PNT1a untreated and the TH4 

treated cells (P=0.03). No change was observed within the MMP in the 5.5mM glucose 

conditions. Necrosis expression resulted in no change across the treatment groups in the 

presence of 5.5mM glucose. Late apoptosis was found to be unchanged between the 

untreated PNT1a cells and the TH treated cells. However, cells treated with Menadione 

increased the late apoptosis expression in the PNT1a cells (P=0.05). The healthy cell 

expression was unchanged between all the treatment groups, as was the early apoptosis. The 

results are presented in Figure 5.17 II. 

PNT1a Oxyburst expression was found to be increased with the TH treatments in the 

11mM glucose milieu (P=0.005).  A significant increase was found in the high MMP with 

the treatment with Menadione compared to that of the untreated PNT1a cells (P=0.02). TH6 

treated cells also resulted in an increase in high MMP (P=0.04). The TH4 treated cells 

resulted in similar high MMP expression to that of the Menadione group and are approaching 

significance. Late apoptosis is increased with the Menadione treatment in the 11mM glucose 

PNT1a cells (P=0.04). No change was reported in the low MMP or the apoptotic markers in 

the 11mM glucose milieu, with the results presented in Figure 5.7 III. 
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Figure 5. 7: PNT1a Cells treated with Menadione, TH4 and TH6 CellStream data in the (I.) zero glucose conditions (II.) 5.5mM 

glucose conditions (III.) 11mM glucose conditions. (n=3) by one-way ANOVA (A-I) . PNT1a Cells treated with Menadione, TH4 

and TH6 CellStream data in the 11mM Glucose conditions (n=3) by one-way ANOVA (A-I). (A) Oxyburst expression, represents 

the endogenous ROS determined in the live cell. (B) JC-1 Red, is an indicator of high MMP, which indicates, intact mitochondria 

and complete ATP synthesis. (C) JC-1 Double positive, cells presenting double positive for JC1. (D) JC-1 Green; indicates low 

MMP, along with apoptosis and cell death, uncoupling of mitochondrial metabolic processes and a depolarised mitochondrion. 

(E) Av positive, PI negative is an indicator of necrosis. (F) Av positive and PI positive is an indication of late apoptosis. (G) Av 

negative and PI negative indicates healthy cells. (H) Av negative PI positive is an indicator of early apoptosis

I

II. 
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5.4.3.1 The effects of the Menadione and TH treatments on the mitochondrial 

depolarisation in the PNT1a cell line in zero, 5.5mM and 11mM glucose 

conditions. 

 

Mitochondrial depolarisation is calculated as a ratio of the JC1 red to JC1 green 

expression in the cells and is shown in Figure 5.8. A drop in mitochondrial depolarisation in 

the treatments, versus the untreated cells, is considered to indicate mitochondrial dysfunction. 

No significance was found between the treatment groups, or between the glucose conditions 

as presented in Figure 5.8. 
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Figure 5. 8: Mitochondrial depolarisation of PNT1a cells un-treated and treatment with Menadione, TH4 and TH6 

CellStream data in the zero, 5.5mM and 11mM Glucose conditions (n=3) by two-way ANOVA.  

.
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5.4.4 Endogenous ROS and the mitochondrial effects across the zero, 5.5mM and 

11mM glucose conditions in the LNCaP cells treated with Menadione and TH 

compounds 

 

No significance was observed across all the flowcytometry panels except for an 

increase in early apoptosis in the zero glucose untreated cells as shown in Figure 5.9 I. (H.) 

in comparison to the treated zero LNCaP cells. 

No significant changes were found across the Oxyburst and MMP markers for the 

5.5mM treated and untreated LNCaP cells, Figure 5.9II (A.-E). However, an increase in 

necrosis was observed with Menadione (P=0.004) and TH6 (P=0.0005) treatments for 

LNCaP 5.5mM, as observed in Figure 5.9 II (F.). Further, an increase in late apoptosis is 

present in the LNCaP cells treated with TH6 (P=0.05) as seen in Figure 5.9 II (G.). The 

majority of the LNCaP cells reported high levels of healthy cells. Finally, the untreated 

LNCaP cells had increased early apoptosis, in comparison to the treated groups (P=0.01).  

The Oxyburst levels determined for LNCaP in the 11mM glucose conditions, resulted 

in no change between treatment groups (P=0.9). No change was reported in the high MMP 

for the LNCaP cells. JC-1 double positive was found to have significant change, with a 

decrease for the TH6 treated cells versus the untreated and Menadione treated cells. No 

changes were seen in the levels of necrosis present in the untreated and treated LNCaP cells. 

However, TH6 treatment, versus the untreated is trending towards significance (P=0.06). 

The Late apoptosis marker appears higher in the TH6 treated cells, but not to significance 

(P=0.1). The majority of the LNCaP cells presented with no marker of apoptosis or DNA 

damage as seen in Figure 5.9 III (H.). Early apoptosis was increased in the TH6 treated 

LNCaP cells (P<0.0001). 
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Figure 5. 9: LNCaP treated %gated in the (I.) zero glucose; (II.) 5.5mM glucose and (III.) 11mM glucose conditions. (n=3) by 

one-way ANOVA  (A-I (A) Oxyburst expression, represents the endogenous ROS determined in the live cell. (B) JC-1 Red, is an 

indicator of high MMP, which indicates, intact mitochondria and complete ATP synthesis. (C) JC-1 Double positive, cells 

presenting double positive for JC1. (D) JC-1 Green; indicates low MMP, along with apoptosis and cell death, uncoupling of 

mitochondrial metabolic processes and a depolarised mitochondrion. (E) Av positive, PI negative is an indicator of necrosis. (F) 

Av positive and PI positive is an indication of late apoptosis. (G) Av negative and PI negative indicates healthy cells. (H) Av 

negative PI positive is an indicator of early apoptosis.

III. 
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5.4.4.1 The effects of the Menadione and TH treatments on the mitochondrial 

depolarisation in the LNCaP cell line in zero, 5.5mM and 11mM glucose 

conditions. 

 

Mitochondrial depolarisation of LNCaP is shown in Figure 5.10. In the presence of 

zero glucose, the mitochondrial depolarisation of LNCaP is increased when treated with 

Menadione versus the zero untreated LNCaP (P=0.02) and the 11mM Menadione treated 

LNCaP (P=0.002). 
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Figure 5.10: Mitochondrial Depolarisation of LNCaP cells un-treated and treatment with Menadione, TH4 and TH6 

CellStream data in the zero, 5.5mM and 11mM Glucose conditions (n=3) by two-way ANOVA.  
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5.4.5 Endogenous ROS and the mitochondrial effects across the zero, 5.5mM and 

11mM glucose conditions in the PC3 cells treated with Menadione and TH 

compounds 

 

No significant change was found within any the zero PC3 evaluation. However, the 

late apoptosis in Figure 5.11 I (G.) between the untreated PC3 and TH6 treated PC3 is 

trending towards significance (P=0.06). 

No significant changes were found in the cells in the 5.5mM glucose for the Oxyburst 

and MMP evaluation. Early apoptosis was found to be unchanged between the treatment 

groups (P=0.4). Late apoptosis was increased in the TH4 treated PC3 cells compared to the 

untreated cells (P=0.008). The lack of apoptosis and DNA damage found in the untreated 

cells was illustrated in Figure 5.11 II (H.), where higher levels of healthy cells were found in 

the untreated cells (P=0.01). DNA damage was consistent across all the PC3 cells in the 

5.5mM glucose.  

No significant changes were found in the cells in the 11mM glucose for the Oxyburst, 

MMP and apoptosis evaluation, as presented in Figure 5.11 III.
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Figure 5. 11: PC3 untreated vs treated %gated  in the (I.) zero glucose; (II.) 5.5mM glucose and (III.) 11mM glucose conditions. 

(n=3) by one-way ANOVA . (A) Oxyburst expression, represents the endogenous ROS determined in the live cell. (B) JC-1 Red, 

is an indicator of high MMP, which indicates, intact mitochondria and complete ATP synthesis. (C) JC-1 Double positive, cells 

presenting double positive for JC1. (D) JC-1 Green; indicates low MMP, along with apoptosis and cell death, uncoupling of 

mitochondrial metabolic processes and a depolarised mitochondrion. (E) Av positive, PI negative is an indicator of necrosis. (F) 

Av positive and PI positive is an indication of late apoptosis. (G) Av negative and PI negative indicates healthy cells. (H) Av 

negative PI positive is an indicator of early apoptosis.

III. 
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5.4.5.1 The effects of the Menadione and TH treatments on the mitochondrial 

depolarisation in the PC3 cell line in zero, 5.5mM and 11mM glucose 

conditions. 

 

Mitochondrial depolarisation of PC3 is shown in Figure 5.12. The mitochondrial 

depolarisation of PC3 treated with TH4 was increased significantly in the presence of 11mM 

glucose (P=0.001) versus the untreated, Menadione, and TH6 cells. No significance was 

found between the TH4 treatments across the glucose conditions. 
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Figure 5. 12: Mitochondrial Depolarisation of PC3 cells un-treated and treatment with Menadione, TH4 and TH6 

CellStream data in the zero, 5.5mM and 11mM glucose conditions (n=3) by two-way ANOVA.  
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5.4.6 Endogenous ROS and the mitochondrial effects across the zero, 5.5mM and 

11mM glucose conditions in the Du145 cells treated with Menadione and TH 

compounds 

 

In the zero glucose, Oxyburst expression was decreased when cells were treated with 

Menadione versus the untreated Du145 cells (P<0.0001). The H2O2 control exhibited high 

levels of ROS in the Du145 cells. No other significant changes were expressed across the 

flowcytometry panels examined in the zero glucose for the Du145 cells. Results are 

presented in Figure 5.13 I. 

In the presence of 5.5mm glucose, the H2O2 control exhibited high levels of ROS in 

the Du145 cells. No other significant changes were expressed across the flowcytometry 

panels examined for the Du145 cells in the 5.5mM glucose conditions as presented in Figure 

5.13 II. (A.). 

Once more, the H2O2 control exhibited high levels of ROS in the Du145 cells in the 

11mM glucose conditions. No other significant changes were observed for the Du145 cells as 

seen in Figure 5.13 III.
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Figure 5. 13: Du145 treated %gated in the (I.) Zero glucose (II.) 5.5mM glucose and (III.) 11mM glucose conditions (n=3) by 

one-way ANOVA . (A) Oxyburst expression, represents the endogenous ROS determined in the live cell. (B) JC-1 Red, is an 

indicator of high MMP, which indicates, intact mitochondria and complete ATP synthesis. (C) JC-1 Double positive, cells 

presenting double positive for JC1. (D) JC-1 Green; indicates low MMP, along with apoptosis and cell death, uncoupling of 

mitochondrial metabolic processes and a depolarised mitochondrion. (E) Av positive, PI negative is an indicator of necrosis. (F) 

Av positive and PI positive is an indication of late apoptosis. (G) Av negative and PI negative indicates healthy cells. (H) Av 

negative PI positive is an indicator of early apoptosis.

III. 
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5.4.6.1 The effects of the Menadione and TH treatments on the mitochondrial 

depolarisation in the Du45 cell line in zero, 5.5mM and 11mM glucose 

conditions. 

 

Mitochondrial depolarisation of Du145 is shown in Figure 5.14. No significance was 

found between the treatment groups, or between the glucose conditions. 
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Figure 5. 14: Mitochondrial Depolarisation of Du145 cells un-treated and treatment with Menadione, TH4 and TH6 

CellStream data in the zero, 5.5mM and 11mM Glucose conditions (n=3) by two-way ANOVA.
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5.4.7 Comparing the Endogenous ROS across the PNT1a, LNCaP, PC3 and Du145 

cell lines in the zero, 5.5mM and 11mM glucose conditions treated with 

Menadione and TH compounds 

 

No change was found in the ROS production across the cell lines when treated with 

Menadione in the zero, 5.5mM and the 11mM glucose media conditions as highlighted 

through the Oxyburst expression. Here the % gated cells positive for Oxyburst is presented, 

with the mean fluorescent intensity (MFI) presented in Appendix 50.  

The results shown in Appendix 50 shows that the MFI of Oxyburst was decreased in 

the TH6 treated LNCaP cells in the zero glucose conditions, and that the MFI was overall 

higher in the zero glucose cells, both in the untreated and the treated LNCaP cells.  

ROS expression was decreased in the PC3 and Du145 cells treated with TH4 

compared to the PNT1a cells treated with TH4 in the zero glucose conditions. The ROS 

production was increased in the PNT1a cells treated with TH4 when compared to the 

untreated group, whereas the TH4 treated PC3 cells ROS expression was decreased in 

compared to the PNT1a cell line, in the presence of 5.5mM glucose.  

The ROS production was increased in the PNT1a and the PC3 cell lines treated with 

TH6 in the presence of 11mM glucose. This was decreased in the Du145 cells. The ROS 

production was increased in the TH6 treated PNT1a cells when compared to the untreated 

group, whereas the TH6 treated PC3 and Du145 ROS expression was decreased in compared 

to the PNT1a cell line, in the presence of zero glucose. No change was observed when 

comparing the cell lines in the 5.5mM glucose conditions when treated with TH6. The ROS 

production was increased in the PNT1a, LNCaP and the PC3 cell lines treated with TH6 in 

the presence of 11mM glucose, whereas Du145 expression was reduced, as illustrated in 

Figure 5.15. 
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Figure 5. 15: the Endogenous ROS across the PNT1a, LNCaP, PC3 and Du145 cell lines in the zero, 5.5mM and 11mM 

glucose conditions treated with Menadione and TH compounds (n=3) by two-way ANOVA . (A) ROS production by 

Menadione Treated cell lines in the zero Glucose. (B) ROS production by Menadione Treated cell lines in the 5.5mM 

Glucose. (C) ROS production by Menadione Treated cell lines in the 11mM Glucose. (D) ROS production by TH4 Treated 

cell lines in the zero Glucose. (E) ROS production by TH4 Treated cell lines in the 5.5mM Glucose.(F) ROS production by 

TH4 Treated cell lines in the 11mM Glucose. (G) ROS production by TH6 Treated cell lines in the zero Glucose. (H) ROS 

production by TH6 Treated cell lines in the 5.5mM Glucose. (I) ROS production by TH6 Treated cell lines in the 11mM 

Glucose.

A. B. C. 

D. E. F. 

G. H. I. 
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5.4.8 Comparing the levels of Apoptosis across the PNT1a, LNCaP, PC3 and Du145 

cell lines in the zero, 5.5mM and 11mM glucose conditions treated with 

Menadione and TH compounds 

 

In the presence of 5.5mM glucose, necrosis was increased in LNCaP cells treated 

with Menadione (P<0.0001). Necrosis was also increased in the Du145 cells in comparison 

to the PNT1a cells (P=0.04) in the 5.5mM glucose. No change was found in the zero and 

11mM glucose cells treated with Menadione.  

Necrosis was decreased in Du145 cells (P=0.01) when treated with TH4 in the 

presence of zero glucose. No change was found in the levels of necrosis in the 5.5mM and 

the 11mM glucose conditions, when treated with TH4.  

Necrosis was increased in LNCaP in the 5.5mM (p <0.0001) and 11mM (P=0.0004) 

glucose when treated with TH6. Overall TH6 had the most impact on LNCaP with increased 

necrosis observed when in the presense of glucose (5.5mM and 11mM glucose) as presented 

in  Figure 5.16.
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Figure 5. 16: The Necrosis levels across the PNT1a, LNCaP, PC3 and Du145 cell lines in the zero, 5.5mM and 11mM 

glucose conditions treated with Menadione and TH compounds (n=3) by two-way ANOVA. (A) Necrosis levels by 

Menadione Treated cell lines in the zero glucose. (B) Necrosis levels by Menadione Treated cell lines in the 5.5mM glucose. 

(C) Necrosis levels by Menadione Treated cell lines in the 11mM Glucose. (D) Necrosis levels by TH4 Treated cell lines in 

the zero Glucose. (E) Necrosis levels by TH4 Treated cell lines in the 5.5mM glucose.(F) Necrosis levels by TH4 Treated 

cell lines in the 11mM glucose. (G) Necrosis levels by TH6 Treated cell lines in the zero Glucose. (H) Necrosis levels by 

TH6 Treated cell lines in the 5.5mM Glucose. (I) Necrosis levels by TH6 Treated cell lines in the 11mM Glucose.

A. 
B. C. 

D. E. F. 

G. H. I. 



235 

 

Late apoptosis was increased in PNT1a in the zero glucose (P=0.01) and 11mM 

glucose (P=0.0006) when trerated with Menadione, Figure 5.17 (A and C). PC3, Du145 and 

LNCaP had similar levels to that of the untreated cells across the glucose conditions when 

treated with Menadione.  

No change was reported across the glucose conditons and the cell lines when treated 

with novel TH4 as illustrated in Figure 5.17 (D-F).  

Late apoptosis was unchanged in the zero glucose across the cell lines examined, 

when treated with TH6. However, late apoptosis was increased in the presence of 5.5mM 

glucose (P=0.009) and 11mM glucose (0.002) with the LNCaP cell line as shown in Figure 

5.17 (H- I).  

Menadione caused greater apoptotic effects in the non-malignant PNT1a cell line,than 

the malignant cell lines. Overall TH6 had the most impact on LNCaP with increase late 

apoptosis observed in the presense of glucose.  
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Figure 5. 17: The Late apoptosis levels across the PNT1a, LNCaP, PC3 and Du145 cell lines in the zero, 5.5mM and 11mM 

glucose conditions treated with Menadione and TH compounds (n=3) by two-way ANOVA. (A) Late apoptosis levels by 

Menadione Treated cell lines in the zero Glucose. (B) Late apoptosis levels by Menadione Treated cell lines in the 5.5mM 

Glucose. (C) Late apoptosis levels by Menadione Treated cell lines in the 11mM Glucose. (D) Late apoptosis levels by TH4 

Treated cell lines in the zero Glucose. (E) Late apoptosis levels by TH4 Treated cell lines in the 5.5mM Glucose.(F) Late 

apoptosis levels by TH4 Treated cell lines in the 11mM Glucose. (G) Late apoptosis levels by TH6 Treated cell lines in the 

zero Glucose. (H) Late apoptosis levels by TH6 Treated cell lines in the 5.5mM Glucose. (I) Late apoptosis levels by TH6 

Treated cell lines in the 11mM Glucose. 

A. B. 
C. 

D. E. F. 

G. H. I. 
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Early apoptosis was increased in the PNT1a cell line in the 5.5mM (P=0.0009) and 

11mM (P= 0.01) glucose, when treated with Menadione Figure 5.18 (B-C).  

In the presence of 5.5mM glucose, LNCaP early apoptosis was decreased when 

treated with TH4, when compared to PNT1a (P=0.05). In the 11mM glucose conditions, 

early apoptosis was decreased in Du145 when treated with TH4 (P=0.04).  

In the 5.5mM glucose, early apoptosis was decreased in the LNCaP cell line, when 

treated with TH6 (P=0.01), conversely in the 11mM glucose condition early apoptosis was 

increased in the LNCaP cells in comparison to all the other cell lines (p <0.0001).  

PNT1a had the greatest response to the Menadione treatment. However, of the novel 

compounds, LNCaP showed higher levels of early apoptosis when treated with TH6 in the 

11mM glucose as presented in Figure 5.18.
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Figure 5. 18: The early apoptosis levels across the PNT1a, LNCaP, PC3 and Du145 cell lines in the zero, 5.5mM and 

11mM glucose conditions treated with Menadione and TH compounds(n=3) by two-way ANOVA. (A) Early apoptosis levels 

by Menadione Treated cell lines in the zero Glucose. (B) Early apoptosis levels by Menadione Treated cell lines in the 

5.5mM Glucose. (C) Early apoptosis levels by Menadione Treated cell lines in the 11mM Glucose. (D) Early apoptosis 

levels by TH4 Treated cell lines in the zero Glucose. (E) Early apoptosis levels by TH4 Treated cell lines in the 5.5mM 

Glucose.(F) Early apoptosis levels by TH4 Treated cell lines in the 11mM Glucose. (G) Early apoptosis levels by TH6 

Treated cell lines in the zero Glucose. (H) Early apoptosis levels by TH6 Treated cell lines in the 5.5mM Glucose. (I) Early 

apoptosis levels by TH6 Treated cell lines in the 11mM Glucose

A. B. C. 

D. E. F. 

G. H. I. 
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5.4.9 Comparing the levels of MMP across the PNT1a, LNCaP, PC3 and Du145 cell 

lines in the zero, 5.5mM and 11mM glucose conditions treated with Menadione 

and TH compounds 

 

As presented in Figure 5.19, high MMP levels were found in the LNCaP cells when 

treated with Menadione in the zero glucose (P=0.02). In the 11mM glucose, the PNT1a, high 

MMP was reported when treated with Menadione (P=0.002).  

High MMP levels were lower in the LNCaP cells when treated with TH4 in the 

11mM glucose conditions (P=0.009). No differences in MMP were observed between the 

cell lines in the zero and 5.5mM glucose when treated with TH4 and TH6. However, in the 

TH6 treated cells in presence of 11mM glucose, high MMP was higher in the PNT1a 

(P=0.002) and PC3 (P=0.01) when compared to the untreated control, and LNCaP had 

reduced levels compared to that of the PNT1a cells and the PC3 cells (P=0.001). 
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Figure 5. 19: The high MMP levels across the PNT1a, LNCaP, PC3 and Du145 cell lines in the zero, 5.5mM and 11mM 

glucose conditions treated with Menadione and TH compounds (n=3) by two-way ANOVA. (A) High MMP levels by 

Menadione Treated cell lines in the zero Glucose. (B High MMP levels by Menadione Treated cell lines in the 5.5mM 

Glucose. (C) High MMP levels by Menadione Treated cell lines in the 11mM Glucose. (D) High MMP levels by TH4 

Treated cell lines in the zero Glucose. (E) High MMP levels by TH4 Treated cell lines in the 5.5mM Glucose.(F) High MMP 

levels by TH4 Treated cell lines in the 11mM Glucose. (G) High MMP levels by TH6 Treated cell lines in the zero Glucose. 

(H) High MMP levels by TH6 Treated cell lines in the 5.5mM Glucose. (I) High MMP levels by TH6 Treated cell lines in 

the 11mM Glucose.

A. B. C. 

D. E. F. 

G. H. I. 
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Low MMP levels were further reduced in the PNT1a and Du145 cells when treated 

with Menadione in the zero glucose (P=0.003).  

No change was found across the cell lines in the zero, 5.5mM and 11mM glucose 

conditions when treated with TH4.  

No change was found across the cell lines in the zero and 11mM glucose conditions 

when treated with TH6. However, in the 5.5mM glucose PNT1a had further reduced MMP in 

comparison to the untreated control and the LNCaP MMP (P=0.03). The results are 

presented in Figure 5.20 below.
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Figure 5. 20: The low MMP levels across the PNT1a, LNCaP, PC3 and Du145 cell lines in the zero, 5.5mM and 11mM 

glucose conditions treated with Menadione and TH compounds (n=3) by two-way ANOVA. (A) Low MMP levels by 

Menadione Treated cell lines in the zero Glucose. (B Low MMP levels by Menadione Treated cell lines in the 5.5mM 

Glucose. (C) Low MMP levels by Menadione Treated cell lines in the 11mM Glucose. (D) Low MMP levels by TH4 Treated 

cell lines in the zero Glucose. (E) Low MMP levels by TH4 Treated cell lines in the 5.5mM Glucose.(F) Low MMP levels by 

TH4 Treated cell lines in the 11mM Glucose. (G) Low MMP levels by TH6 Treated cell lines in the zero Glucose. (H) Low 

MMP levels by TH6 Treated cell lines in the 5.5mM Glucose. (I) Low MMP levels by TH6 Treated cell lines in the 11mM 

Glucose 

A. B. 
C. 

D. E. F. 

G. H. I. 
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5.5 Summary of results 

 

Chapter 5 highlights 

PNT1a • PNT1a cells show lower levels of Oxyburst in zero glucose conditions when 

compared to expression in 5.5 mM and 11mM glucose conditions. 

• The levels of high MMP were increased in 5.5mM glucose PNT1a cells, with 

similar levels in the 11mM and zero cells, respectively.  

• Increased late apoptosis was observed in the 5.5mM PNT1a cells, but overall 

levels were low.  

• In the zero glucose conditions, PNT1a cells treated with Menadione increase 

late apoptosis markers. In the 5.5mM glucose treatment, PNT1a cells treated 

with TH4 show increase ROS expression and increased late apoptosis with 

Menadione treatment.  

• TH4 and TH6 result in increased ROS for the PNT1a cells in the 11mM 

glucose conditions, again with increased late apoptosis with Menadione 

treatment.  

LNCaP • The LNCaP cells in the zero glucose showed no impact with the novel 

treatments. 

• In the 5.5mM glucose LNCaP showed increased necrosis with Menadione and 

TH6 treatments with increased late apoptosis also observed with TH6.  

• In the presence of zero glucose, the mitochondrial depolarisation of LNCaP is 

increased when treated with Menadione versus the zero untreated LNCaP 

(P=0.018) and the 11mM Menadione treated LNCaP (P=0.002). 

PC3 • PC3 cells showed no significance across all flowcytometry panels and 

treatments, except for an increase in late apoptosis in the TH4 treated cells in 

the 5.5mM glucose.  

• The mitochondrial depolarisation of PC3 treated with TH4 was increased 

significantly in the presence of 11mM glucose (P=0.0012). 

Du145 • No significant alterations were found in the novel treatments across the glucose 

conditions. 
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5.6 Discussion 

Our unique approach which aims to target specific niches of the cancer 

metabolome by employing a ‘Trojan horse’ metabolic targeting event involves the use of 

Menadione, complexed to simple sugars and lipids with aims to show significant ROS 

activity, resulting in the direct killing of cancer cells, with little to no effect on non-

malignant cells. The use of natural moieties in new therapeutics is preferred if they can 

achieve selective cell kill towards malignant cells, rather than normal cells. Many studies 

have shown the success of the native Menadione, illustrating cytotoxic effects in cell lines 

and in patient studies, through their ROS generating capabilities and our study was 

designed based upon these results.349,421,422 To note, the exploration of Vitamin C was 

halted at this point, as it was apparent that we would not receive a Vitamin C based novel 

compound in the time of the study completion.  

The examination into the impact of the novel TH compounds on the mitochondria 

of the non-malignant and cancer cell lines, was conducted by examining the ROS 

production, apoptosis markers and the mitochondrial membrane potential of the untreated 

and treated cells.  

The Oxyburst examination into the ROS production by the cells allowed a 

baseline level of ROS to be determined in the cell lines across a varying glucose milieu, 

as Menadione is a known ROS producing molecule at high concentrations. However 

overall, no significant effect on the ROS production was noted across the malignant cell 

lines when treated with the novel TH compounds, whereas under 5.5mM and 11mM 

glucose the PNT1a cells treated with TH4 and TH6 showed an increase ROS as shown in 

Figure 5.15. The results obtained in this chapter were less convincing of our theory, 

where ROS would be increased in the metastatic cells following treatment. However, the 

results may also suggest that metastatic cells have a higher antioxidant profile that deals 

with the ROS stimulation provided by the TH compounds. This may be an adaptation of 

the metastatic cells to overcome high levels of ROS to increase cell survival. In Chapter 

6, the effects of the compounds on the cell’s metabolome is further investigated, where 

these effects have been further evaluated.  

The key to this study was to allow high enough concentrations of Menadione to 

enter the cell to remove antioxidant enzymes capability to eliminate ROS and to result in 

redox related cell death.295 Antioxidants such as glutathione, catalase, and superoxide 

dismutase are known quenchers, and are known to decrease the oxidative stress 
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capabilities of Menadione reducing its anticancer effects.308,342 Thus, to accomplish the 

levels of endogenous ROS for this study to achieve cancer cell death, the concentrations 

of intracellular Menadione needs to be high. We proposed the coupling of the Menadione 

to glucose would allow this to be achieved, again due to their metabolic processes as 

aforementioned. Clinical in vivo studies of Menadione have suggested that at high 

concentrations of Menadione to be tolerable and safe for patients wither in combination 

with traditional therapies or alone, however results are varied on its success in vivo.310, 311 

We proposed that Menadione would enter the mitochondria where through 

Fenton’s reactions would produce hydroxyl and hydroperoxyl radicals and result in DNA 

damage and cell death.309,423 The goal was to overthrow the possible ROS scavengers 

such as glutathione and antioxidant enzymes; catalase and superoxide dismutase from 

quenching the ROS produced from the novel compounds, by allowing high levels of 

Menadione to enter the cell. Studies have shown Menadione to decrease oncogenic 

superoxide which is reported to allow for apoptosis through the generation of onco-

suppressive hydroperoxides and hydroxyl radicals, which can result in DNA strand 

breaks.254,306 Cancer cells that have genetic abnormalities or mutations often present with 

increased levels of ROS than that of a normal, healthy cells.318 Thus, one could 

hypothesise that due to the ability of ROS to trigger cell death, that treating cells with 

ROS stimulating compounds would be an effective cancer-specific therapy.318 A 

consequence of the excess ROS produced in the cancer cells, include damages to amino 

acids, particularly in the presence of Cu2+ and Fe2+, trace metals  which are known to 

mediate ROS production, overall resulting in metabolic changes to the cancer cells.409,424 

An increase in cellular antioxidants would prevent redox damage associated with cancer 

development. During oxidative stress cells will increase their antioxidant enzymes and 

molecules to avoid damage to their cellular proteins, lipids, and DNA, through the 

reduction of  hydrogen donors or quenching singlet oxygen which delays oxidative 

reactions in the growing cancer cells.318  With this, cancer cells have been shown to have 

higher concentrations of ROS scavenging enzymes to mop up excess ROS that is 

produced by the cancer cells rapid proliferation, compared to normal cells. However, if 

high enough concentrations of Menadione could be infiltrated into the cell under disguise 

of a sugar, or lipid required by the cell, we could achieve redox related death in the cancer 

cell.  It is known that Menadione mechanisms in vitro, have been identified to increase 

the expression of pro-apoptotic proteins and a simultaneous decrease in anti- apoptotic 
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proteins in different forms of human cancer cells. The primary mechanism of cell death 

by Menadione is thought to be due to its redox cycling capabilities, forming 

mitochondrial ROS at high concentration and inducing oxidative stress.422 Menadione is 

shown to cause alteration in redox alteration in cell, resulting in membrane damage, DNA 

damage, inhibition of blood vessel formation, altered proliferation, cell shrinkage, and the 

activation of capsase-3.297,422,425 Interestingly some current chemotherapies and γ-

radiation therapies in cancer treatment, mediate their therapeutic effects through the 

production of ROS with an increased interest in the use of ROS mediating nutraceuticals 

from natural products.318 

Oxyburst is a molecular probe that offers derivatives of reduced fluorescein and 

calcein as cell-permeant indicators for reactive oxygen species, where the fluorescent 

emission indicates the oxidization by ROS in the cell.161 The 2′,7′-dichlorofluorescein 

(DCF) and calcein within the molecular probe do not fluoresce until the acetate groups on 

the probe are removed by intracellular esterase with oxidation occurring within the cell 

resulting in the ROS mediated fluorescent emission.161 The Oxyburst probe measures the 

whole cell ROS production and the mechanism proposed in this thesis would be an influx 

in mitochondrial ROS. Oxyburst is commonly used to measure whole cellular ROS, 

however we aim to evaluate the mitochondrial ROS changes. With this, isolating the cells 

mitochondria through subcellular fractionation may allow for us to quantify and monitor 

the ROS production within the mitochondria, isolated from the non-malignant prostate 

and the cancer cells.424 This may result in more specific results applicable to our study 

and may yield an increase in ROS when the cells are treated with the TH compounds.  

Of the cancer cells, LNCaP showed the best response to the novel compounds, 

with alterations observed with the TH6 treatments (Figure 5.16). Increased levels of the 

apoptotic markers were seen across the TH6 treatments, with increases in necrosis, late 

apoptosis, and early apoptosis respectively in the various glucose conditions. Under 

5.5mM glucose, LNCaP showed increased necrosis with Menadione and TH6 treatments, 

with an increase in late apoptosis also observed with TH6 treatments. This may be linked 

to the metabolic phenotype of the early stage PCa disease thought to rely on, oxphos and 

fatty acid oxidation.15,34,35 LNCaP in Chapter 4 showed great reliance on oxphos for its 

ATP production, with further work required to determine its reliance on fatty acid 

oxidation. For the metastatic cell lines, PC3 exhibited an increase in late apoptosis in the 

TH4 treated cells under 5.5mM glucose, however Du145 cells showed no apoptotic 
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response to the TH compounds. This could be due to the aforementioned deficiency in 

ROS observed within the cell lines, resulting in lower levels of apoptosis. 

Overall, the MMP levels were maintained across all the cell lines in both the 

treated and untreated cells.  The levels of high MMP were increased in the basal 5.5mM 

glucose PNT1a cells, with similar levels in the 11mM and zero cells, respectively. 

Sustained alterations in MMP is considered an indicator of mitochondrial dysfunction.402 

As aforementioned, prostate carcinoma is known to have high basal levels of MMP, thus 

the determination of the baseline levels was vital in the exploration of the mitochondrial 

health.373 Studies have shown that decreased MMP are indicators of apoptosis and 

mitochondrial depolarisation, thus the treated cells were compared to the untreated to 

determine the alterations in the MMP.399,401  

We hypothesised that the treatment of prostate cell lines with novel TH 

compounds would induce a significant increase in endogenous ROS production, to levels 

high enough to evade cellular antioxidant processes, resulting in mitochondrial damage 

and cell death. The method used for the ROS determination may require a more specified 

method such as mitochondrial probes or the isolation of the mitochondria to detect the 

increase of ROS by the TH compounds. In this chapter the use of the Oxyburst molecular 

probe may not have been the most optimal method for measuring ROS, allowing future 

examinations of mitochondrial ROS to be considered. Furthermore, the evaluation of the 

alterations to the cancer cell metabolome in Chapter 6 may further enlighten the reason 

for the minimal alterations in whole cell ROS production we expected to find.   
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Chapter 6. Metabolomic investigations of the 

effects of the Trojan Horse compounds 
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6.1 Introduction 

The final step of this study was to examine the effects of the novel TH compounds 

on a metabolite level. The metabolites of significance are discussed in this chapter, with 

hopes of aiding in the understanding of how the novel TH compounds are performing 

within the cell lines. In this chapter Menadione, TH4 and TH6 were taken forward for 

further analysis as they had shown the most promise in earlier experimental analysis. 

6.1.1 Amino acid metabolism in cancer 

Amino acid metabolism is upregulated in many cancer types, as it supports the 

proliferation and survival of cancer cells under stress, such as oxidative or nutrient 

stress.426 Known to have extensive effects in cancer cell metabolism and mitochondrial 

health through both tumour suppression and tumorigenic processes such as; glutamine 

providing ATP for the TCA cycle, biosynthesis of nucleotides, regulation of ROS and 

epigenetic regulation of acetylation and methylation in cancer.427  

Amino acid metabolism plays a role in the production of essential amino acids for 

protein biosynthesis, glucose and lipid conversions and the production of purines and 

pyrimidines for nucleic acid synthesis.428 Amino acids generate α-ketoacid, used in the 

TCA cycle and OxPhos during ATP production and contributes to the homeostasis of 

cellular ROS levels due to the synthesis of non-enzymatic antioxidants such as cysteine, 

taurine and glutathione.428, 429 Alterations in basal amino acid metabolism would provide 

useful knowledge in establishment of the novel TH compounds efficacy, as amino acid 

metabolism holds a strong prevalence throughout many aspects of cancer biology. 

6.1.2 Biogenic amines in cancer 

Biogenic amines, also referred to as polyamines are polycationic compounds 

consisting of a nitrogenous base with a minimum of two positive charged amino groups to 

enable electrostatic binding to macromolecules with negative charges, such as DNA, 

RNA, proteins and phospholipids.430,431 Some of the most important biogenic amines 

include, spermine, spermidine and the precursor putrescine, all involved in the amine 

biosynthetic and metabolic pathways.431,432  

Biogenic amines are involved in cellular processes including cell cycle regulation, 

cell signal transduction, differentiation and gene expression.433,434 The biosynthetic 

pathways of these amines have been found to be very active in cancer cells, with 

accumulations found in rapidly proliferating cancer cells, generally with higher amine 

levels in cancer cells, than that of normal cells.434, 432 High levels of these amines have 
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been linked to the progression of several cancers including, prostate, breast, gastric and 

colorectal cancers.431, 388,435 However, a decrease in biogenic amines in the cell by 

pharmacological intervention, has been shown to lead to cancer cell senescence and 

apoptosis.431  

6.1.3 Ceramides and sphingolipids in cancer 

Ceramides are sphingolipids composed of an 18-carbon unsaturated amino alcohol 

hydrocarbon chain, conjugated to a fatty acid by an amide group, with this fatty acyl 

group often determining the biological relevance of the ceramide.436 Sphingolipids are 

complex lipids that are implicated in many cellular processes.437 They provide cell 

membrane structural integrity and their metabolism is known to regulate proliferation, 

apoptosis and senescence.435  

Ceramides are typically known as tumor suppressor lipids due to their abilities to 

induce apoptosis, however some are known to regulate proliferation through blocking cell 

cycle transition.438–440 The dichotomy in ceramide function highlights them as a possible 

target for therapeutic action in cancer drug discovery.438  

6.1.4 Carboxylic acids in cancer 

Carboxylic acids are multi-faceted molecules across cellular biology comprising 

of many biologically relevant molecules including, amino-acids, short, medium, and long 

chain fatty acids, bile acids, and metabolites of the TCA cycle.441  

Lactic acids is a prevalent carboxylic acid in cancer cell biology, with influx in 

lactate production detected in the cell being a marker for Warburg metabolism.243 This 

altered metabolism in cancer cells, producing increased lactate is linked to angiogenesis 

through increased production of interleukin 8, leading to autocrine stimulation of 

endothelial cell proliferation and the maturation of new blood vessels.441 The output of 

lactic acid determined in the PCa cell lines will aid in the establishment of the metabolic 

phenotype of the cell lines, and possibly indicate mitochondrial dysfunction by treatment 

with the novel compounds as it may be indicative of circumvention of mitochondrial 

metabolism.  

Overall, the implications of the metabolites determined will lead to a greater 

understanding of the impact of the glucose conditions and the TH compound on the cell’s 

metabolome. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/programmed-cell-death
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6.2 Hypothesis and Aims  

We hypothesise that the metabolome of the PNT1a, LNCaP, PC3 and Du145 cells 

will be affected by the presence glucose conditions, zero, 5.5mM and 11mM glucose, as 

well as by the treatment with Menadione, TH4 and TH6.  

• To determine the alterations to the metabolome of the PNT1a cells by the zero, 

5.5mM and 11mM glucose, as well as from the treatments with Menadione, 

TH4 and TH6.  

• To determine the alterations to the metabolome of the LNCaP cells by the 

zero, 5.5mM and 11mM glucose and from the treatments with Menadione, 

TH4 and TH6.  

• To determine the alterations to the metabolome of the PC3 cells from the zero, 

5.5mM and 11mM glucose, and the treatments with Menadione, TH4 and 

TH6.  

• To determine the alterations to the metabolome of the Du145 cells from the 

zero, 5.5mM and 11mM glucose, and following the treatments with 

Menadione, TH4 and TH6.  
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6.3 Methods 

The methods used in this chapter are detailed in full in Chapter 2, Section 2.9.
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6.4 Results  

6.4.1 LCMS-MS analysis of PNT1a cells in the zero, 5.5mM and 11mM glucose 

conditions following treatment with Menadione, TH4 and TH6.  

 

PNT1a LCMS-MS analysis was performed in the zero, 5.5mM and 11mM glucose 

conditions following treatment with menadione, TH4 and TH6. The analytes of 

significance are presented in Figure 6.1 – Figure 6.4.  

The metabolites of significance between treatment groups and glucose conditions 

are presented in Table 6.1 below, where the concentrations of each metabolite is 

presented as the mean value and in the micro molar scale.   



254 

 

Table 6. 1: PNT1a Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and 

treated with Menadione, TH4 and TH6 . All concentrations in µM, with data represented as mean (n=3). 

Metabolites (µM) 
Zero Glucose 5.5mM Glucose 11mM Glucose 

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6 

Alanine 55.9 123.4 110.1 203.7 361.7 13.5 257.0 
280.

0 

30.

8 
95.1 

102.

4 
56.3 

Asparagine 204 361.7 13.5 257 280.0 30.8 95.1 
102.

4 

56.

3 
26.5 31.5 110.4 

Cystine 362 13.5 257 280 30.8 95.1 102.4 56.3 
26.

5 
31.5 

110.

4 
31.6 

Glutamine 13.5 257 280 30.8 95.1 102.4 56.3 26.5 
31.

5 

110.

4 
31.6 66.6 

Histidine 30.8 95.1 102.4 56.3 26.5 31.5 110.4 31.6 
66.

6 
7.8 37.7 47.8 

Methionine 0.01 0.008 0.04 0.007 0.01 4.2 12.6 31.8 
19.

7 
6.8 0.5 510.3 

Proline 0.04 0.007 0.005 4.2 12.6 31.8 19.7 6.8 0.5 
510.

3 
4.7 3.9 

Serine 0.01 0.005 4.2 12.6 31.8 19.7 6.8 0.5 
510

.3 
4.7 3.9 0.1 

Trptophan 4.2 12.6 31.8 19.7 6.8 0.5 510.3 4.7 3.9 0.1 0.1 1.3 

Asymmetric 

dimethylhistidine 
4.7 3.9 0.2 0.08 1.3 0.01 0.02 0.05 0.1 0.01 0.02 0.03 

Cytisine 0.08 1.3 0.005 0.02 0.05 0.1 0.01 0.02 
0.0

3 
0.1 0.01 0.1 

Metionine 

Sulfoxide 
0.02 0.05 0.1 0.009 0.02 0.0 0.1 0.0 0.1 0.1 0.3 0.4 

Acetryornithine 0.05 0.1 0.009 0.02 0.03 0.1 0.01 0.1 0.1 0.3 0.4 0.1 

Phenylacetyglycine 0.1 0.009 0.02 0.03 0.1 0.01 0.1 0.1 0.3 0.4 0.1 0.0 

Symmetric 

dimethylhistidine 
0.01 0.02 0.037 0.1 0.01 0.1 0.1 0.3 0.4 0.1 

0.00

2 
1.8 

t4-OH-Pro 0.02 0.03 0.1 0.01 0.1 0.1 0.3 0.4 0.1 
0.00

2 
1.8 12.9 

taurine 0.03 0.1 0.01 0.1 0.1 0.3 0.4 0.1 
0.0

02 
1.8 12.9 0.5 

Beta-alanine 
###

# 
1.8 12.9 0.5 0.3 0.04 0.9 0.3 0.1 0.1 0.1 0.1 

γ-Aminobutyric 

acid 
1.8 12.9 0.5 0.3 0.04 0.9 0.3 0.1 0.1 0.1 0.1 0.1 

Putrescine 12.9 0.5 0.3 0.04 0.9 0.3 0.1 0.1 0.1 0.1 0.1 0.1 

Spermidine 0.5 0.3 0.04 0.9 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.3 

Spermine 0.3 0.04 0.9 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.3 1.0 

Lactic Acid 4.6 0.3 0.4 0.4 0.5 0.2 0.1 0.1 0.1 0.1 0.2 0.5 

3-Hydroxyglutaric 

acid 
1.8 0.2 0.5 0.6 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.6 

Succinate 2.2 0.2 0.6 0.5 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.7 

Cer(d18:1/22:0) 2.8 0.2 0.5 0.5 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.6 

Cer(d18:2/20:0) 2.3 0.2 0.5 0.5 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.6 
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6.4.1.1 The effects on amino acids in the PNT1a cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

Alanine concentration was increased in the 5.5mM glucose untreated cells, in 

comparison to the zero and 11mM untreated cells and the 5.5mM glucose Menadione 

treated cells. Alanine as also increased in the 5.5mM versus the 11mM glucose TH6 

treated cells (P<0.0001).  

Aspartate was found to be increased in the zero glucose untreated cells in 

comparison to the zero glucose TH4 treated cells. the zero glucose Menadione treated 

cells showed increased aspartate in comparison to the Menadione treated cells under 

5.5mM and 11mM glucose respectively. Lastly, the untreated PNT1a cells in the 5.5mM 

glucose had increased aspartate in comparison to the 5.5mM glucose Menadione, TH4 

and TH6 treated cells and the 11mM glucose untreated cells (P<0.0001). 

The cystine concentrations were increased in the untreated zero glucose conditions 

versus the Menadione treated zero glucose cells, and the 5.5mM and 11mM glucose 

untreated cells. The zero glucose TH4 treated cells had increased cystine concentrations 

in comparison to the TH4 treated 5.5mM and 11mM glucose condition cells. TH6 treated 

cells in the zero glucose have increased cystine concentrations than that of the 5.5mM and 

11mM TH6 treated cells (P<0.0001). 

Glutamine concentrations were increased in the zero glucose Menadione treated 

PNT1a cells versus the zero untreated cells and the 5.5mM and 11mM glucose 

Menadione cells.  The zero glucose TH4 treated PNT1a cells had increased glutamine 

concentrations versus the 5.5mM and 11mM glucose TH4 treated cells. The untreated 

PNT1a cells in the zero glucose has higher glutamine concentrations than the 5.5mM 

glucose untreated cells, where the 5.5mM glucose untreated cells have higher 

concentrations than the 5.5mM glucose TH6 cells and the 11mM glucose untreated cells. 

The 11mM glucose Menadione treated cells have increased glutamine versus the 11mM 

glucose untreated cells (P<0.0001). 

Histidine concentrations were found to be increased in the zero Menadione treated 

PNT1a cells, when compared to the zero glucose untreated cells and the 5.5mM and 

11mM glucose Menadione treated cells. TH4 treated cells in the zero glucose, had higher 

concentrations of histidine than the zero untreated cells and the 11mM TH4 treated 
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PNT1a cells.  In the 5.5mM glucose, TH4 treated cells had higher histidine than the 

5.5mM glucose untreated cells and the 11mM glucose TH4 treated cells. The 11mM 

glucose untreated PNT1a cells have higher histidine than the 11mM Menadione treated 

cells, the 11mM glucose TH4 cells and the 5.5mM untreated cells (P<0.0001). 

In the 11mM glucose conditions, PNT1a cells treated with TH6 had higher levels 

of methionine than the 11mM glucose untreated cells and TH6 treated cells in the zero 

and 5.5mM glucose (P<0.003).  

Proline concentrations were found to be higher in 11mM glucose Menadione 

treated cells, versus the 11mM glucose untreated cells and the zero and 5.5mM glucose 

Menadione treated cells (P<0.003).  

Serine was increased in the 11mM untreated cells in comparison to the 11mM 

Menadione, TH4 and TH6 treated cells and in the zero and 5.5mM glucose untreated cells 

(P<0.003).  

Increased tryptophan was seen in the 5.5mM glucose TH4 treated PNT1a cells 

versus the zero and 11mM glucose TH4 cells, as well as the 5.5mM glucose untreated 

cells (P<0.003). 

In the zero glucose, the untreated cells had higher asymmetric dimethyl arginine 

than the TH4 and TH6 treated cells in the the same glucose conditions. The untreated zero 

glucose cells had higher concentrations than the 5.5mM and 11mM glucose untreated 

cells.  Menadione treated cells in the zero glucose, have increased asymmetric dimethyl 

arginine than in 5.5mM and 11mM glucose cells (P<0.0001). 

Methionine sulfoxide was increased in the TH6 treated cells in the 11mM glucose 

conditions, versus the zero and 5.5mM glucose conditions (P<0.003).  

Acetylornithine was found to be decreased in the zero and 5.5mM glucose cells 

treated with TH6 in comparison to the 11mM glucose treated TH6 PNT1a cells 

(P<0.004). 

Phenylacetyl glycine was decreased in the zero and 5.5mM glucose cells treated 

with Menadione in comparison to the 11mM glucose Menadione treated cells (P<0.004).  
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Symmetric dimethyl arginine was increased in the TH6 treated 11mM glucose 

cells versus the 11mM untreated cells and in comparison, to the zero and 5.5mM glucose 

TH6 treated cells(P<0.0001). 

Increased Trans-4-hydroxyproline was found in the 11mM glucose cells, treated 

with TH6 in comparison to the 11mM untreated cells and the TH6 treated PNT1a in the 

zero and 5.5mM glucose conditions (P<0.0001).  

The final amino acid found to have significance was taurine, which was increased 

in the 11mM glucose TH4 treated cells versus the 11mM untreated cells and the TH4 

treated cells in the presence of zero and 5.5mM glucose conditions (P<0.0001).
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Figure 6. 1: PNT1a Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Amino Acids) : (A.) Alanine 

concentrations. (B.) Aspartate concentrations. (C.) Cystine concentrations. (D.) Glutamine concentrations. (E.) Histidine concentrations. (F.) Methionine concentrations. (G.) Proline 

concentration. (H.) Serine concentrations. (I.) Tryptophan concentrations. (J.) Asymmetric dimethylarginine concentrations. (K.) Methionine Sulfoxide concentrations. (L.) Acetylornithine 

concentrations. (M.) phenylacetyl glycine concentrations. (N.) Symmetric dimethylarginine concentrations. (O.) Trans-4-hydroxyproline concentration. (P.) taurine concentrations.  All 

concentrations in µM, with data represented as mean ± SEM (n=3).
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6.4.1.2 The effects on biogenic amines in the PNT1a cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

Alterations in biogenic amines were observed in the LCMS-MS evaluation of the 

PNT1a cells.  

ꞵ-alanine was increased in the zero glucose TH4 treated cells compared to the 

zero glucose untreated PNT1a cells, and to the 5.5mM and 11mM glucose cells, treated 

with TH4 (P<0.0001).  

γ-Aminobutyric acid was increased in the PNT1a cells treated with Menadione in 

the zero glucose in comparison to the untreated cells, as well as the 5.5mM and 11mM 

glucose cells treated with Menadione (P<0.0001). 

Increased putrescine was found in the zero untreated PNT1a cells, in comparison 

to the Menadione, TH4 and TH6 treated cells in the zero glucose as well as the untreated 

5.5mM and 11mM glucose cells (P<0.0001). 

Spermidine was increased in the zero untreated PNT1a cells, versus the 11mM 

glucose untreated and the zero glucose TH4 treated cells.  A decrease was found in the 

zero glucose untreated cells, when compared to the zero glucose TH6 treated cells. While 

the increase in zero glucose TH6 was observed versus the 5.5mM and 11mM glucose 

cells treated with TH6 (P<0.0001). 

Spermine concentrations were higher in zero glucose TH4 treated cells in 

comparison to the zero untreated cells and the 5.5mM glucose TH4 treated cells. The 

PNT1a cells treated with TH6 in the 11mM glucose, had increased spermine than the zero 

and 5.5mM glucose TH6 treated cells and the 11mM untreated cells (P<0.0001). 

The results for the biogenic amines of significance are presented in Figure 6.2. 
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Figure 6.2: PNT1a Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Biogenic Amines): (A.) ꞵ-

alanineconcentrations. (B.) γ-Aminobutyric acid concentrations. (C.) Putrescine concentrations. (D.) Spermidine concentrations. (E.) Spermine concentrations.  All concentrations in µM, 

with data represented as mean ± SEM (n=3).

A. B. C. 

D. E. 
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6.4.1.3 The effects on carboxylic acids in the PNT1a cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

Lactic acid was increased in the 11mM glucose TH6 treated cells versus the 

11mM glucose untreated and the zero and 5.5mM glucose TH6 treated cells (P=0.0008).  

Increased 3-Hydroxy glutaric acid was observed in the 11mM glucose cells 

treated with TH4 in comparison to the 11mM untreated cells (P=0.0005).  

 In the 11mM glucose PNT1a cells treated with Menadione were found to have 

higher succinate than that of the untreated, in the same glucose conditions and to the zero 

and 5.5mM glucose PNT1a cells treated with Menadione (P=0.0005).  

 

6.4.1.4 The effects on ceramides in the PNT1a cells under zero, 5.5mM and 11mM 

glucose conditions, treated with Menadione, TH4 and TH6.  

 

The ceremide Cer(d18:1/22:0) was increased in the TH6 treated PNT1a cells in 

the 11mM glucose, in comparison to the zero and 5.5mM cells treated with TH6 

(P=0.0009).   

Cer(d18:2/20:0) was also increased in the TH6 treated cells, but in the 5.5mM 

glucose and in compared to the zero glucose cells (P=0.002). 

The results for the carboxylic acids and ceramides of significance are presented in 

Figure 6.3 and Figure 6.4 respectively, with pathway mapping based on the metabolites of 

significance in the PNT1a cells presented in Figure 6.5, performed with Metaboanalyst 

5.0. 
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Figure 6. 3: PNT1a Metabolomics outcomes of significance in LNCaP cells in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Carboxylic Acids 

): (A.) Lactic Acid concentrations. (B.)3-Hydroxyglutaric acid concentrations. (C.) Succinate concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3). 
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Figure 6. 4: PNT1a Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Ceramides) : (A.) 

Cer(d18:1/22:0) concentrations. (B.) Cer(d18:2/20:0) concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3). 

A. B. C. 

A. B. 
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Figure 6. 5:Pathway analysis of the significant metabolites present in the PNT1a cell line , indicating the possible pathways of relevance in the cell line. Small yellow dots indicate 

pathways of less significance, with the larger red dots indicating pathways of higher significance. Connected dots indicate pathway connections. Pathways were determined by the number 

of metabolites present within each pathway based on the human metabolome database (HMDB) and matched to metabolic pathways by MetaboAnalyst 5.0.  
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6.4.2 LCMS-MS analysis of LNCaP cells in the zero, 5.5mM and 11mM glucose 

conditions, treated with Menadione, TH4 and TH6.  

 

LNCaP LCMS-MS analysis was performed in the zero, 5.5mM and 11mM 

glucose conditions respectively with untreated and treated cells were examined with the 

significant analytes presented in Figure 6.6.  

The metabolites of significance between treatment groups and glucose conditions 

are presented in Table 6.2 below, where the concentrations of each metabolite is 

presented as the mean value and in the micro molar scale. 

Table 6. 2: LNCaP Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and 

treated with Menadione, TH4 and TH6 . All concentrations in µM, with data represented as mean (n=3). 

Metabolites (µM) 
Zero Glucose  5.5mM Glucose 11mM Glucose 

NT  K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6 

Alanine 81.5 223.3 120.7 903.3 194.5 379.3 491.3 23.6 53.9 61.2 49.2 20.0 

3-Methylhistidine 0.1 382.3 5.8 17.1 0.1 0.02 0.6 0.006 0.01 0.02 0.02 0.003 

Carnosine 0.02 0.6 0.006 0.01 0.02 0.02 0.003 0.006 0.004 0.008 0.1 0.02 

Cystine 0.6 0.006 0.01 0.02 0.02 0.003 0.006 0.004 0.008 0.1 0.024 0.1 

Phenylacetyglycine 0.003 0.01 0.004 0.01 0.1 0.02 0.1 0.1 0.2 0.1 0.003 0.7 

Beta alanine 0.7 8.2 0.8 0.3 0.03 0.8 0.3 0.2 0.2 0.1 0.2 0.1 

 

 

6.4.2.1 The effects on amino acids in the LNCaP cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

Alanine concentrations were increased in the TH6 treated LNCaP cells in the zero 

glucose, when compared to the untreated zero glucose and to the 5.5mM and 11mM 

glucose TH6 expression (P=0.001). 3-Methylhistidine was increased in zero glucose 

Menadione treated cells, versus the untreated zero glucose, the 5.5mM glucose and 

11mM glucose Menadione treatments (P=0.002).  

Carnosine concentrations were increased in zero glucose Menadione treated cells, 

versus the untreated zero glucose, the 5.5mM glucose and 11mM glucose Menadione 

treatments (P<0.0001). Cysteine was increased in the zero untreated cells, in comparison 

to all of the untreated cells (5.5mM and 11mM glucose) and all of the treatments in the 

zero glucose (P<0.0001).  
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Phenylacetyl glycine was increased in the 11mM glucose condition of the 

untreated LNCaP, in comparison to the zero glucose untreated cells. Along with being 

increased in the 11mM glucose TH6 treatment, versus the untreated 11mM glucose and 

the zero and the 5.5mM glucose TH6 treatments (P<0.0001).  

 

6.4.2.2 The effects on biogenic amines in the LNCaP cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

ꞵ- alanine was increased in zero glucose Menadione treated cells, versus the 

untreated zero, the 5.5mM and 11mM glucose Menadione treated cells (P<0.0001). 

The results for the amino acids and biogenic amines of significance are presented 

in Figure 6.6 with pathway mapping based on the metabolites of significance in the 

LNCaP cells presented in Figure 6.7.
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Figure 6. 6: LNCaP Metabolomic outcomes of significance in LNCaP cells in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6. (A.) Alanine 

amino acid concentrations. (B.) 3-Methylhistidine concentrations. (C.) Carnosine concentrations. (D.) Cystine concentration. (E.) Phenylacetyl glycine concentrations. (F.) ꞵ-Alanine 

concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3).

A. B. C. 

D. E. F. 
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Figure 6. 7: Pathway analysis of the significant metabolites present in the LNCaP cell line , indicating the possible pathways of relevance in the cell line. Small yellow dots indicate 

pathways of less significance, with the larger red dots indicating pathways of higher significance. Connected dots indicate pathway connections. Pathways determined by the number of 

metabolites present within each pathway based on the HMDB and matched to metabolic pathways by MetaboAnalyst 5.0.  
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6.4.3 LCMS-MS analysis of PC3 cells in the zero, 5.5mM and 11mM glucose 

conditions, treated with Menadione, TH4 and TH6.  

 

The metabolites of significance between treatment groups and glucose conditions 

are presented in Table 6.3 below, where the concentrations of each metabolite is 

presented as the mean value and in the micro molar scale. 

 

Table 6. 3: PC3 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated 

with Menadione, TH4 and TH6 . All concentrations in µM, with data represented as mean (n=3). 

Metabolites  

(µM) 

Zero Glucose  5.5mM Glucose 11mM Glucose 

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6 

Alanine 23.8 112.5 45.6 51.8 395.3 11.8 74.2 95.4 16.1 48.3 57.0 53.2 

Asparagine 45.6 51.8 395.3 11.8 74.2 95.4 16.1 48.3 57.0 53.2 14.6 17.3 

Cystine 11.8 74.2 95.4 16.1 48.3 57.0 53.2 14.6 17.3 42.4 36.4 30.4 

Glutamine 0.05 0.01 0.01 3.2 1.7 1.4 21.3 5.8 0.6 609.7 3.9 2.8 

3-Methylhistidine 5.8 0.6 609.7 3.9 2.8 0.1 0.1 1.6 0.01 0.1 0.1 0.1 

5 Aminovaleric acid 0.6 609.7 3.9 2.8 0.1 0.1 1.6 0.01 0.1 0.1 0.1 0.04 

Asymmetric 

dimethylhistidine 
3.9 2.8 0.1 0.1 1.6 0.01 0.1 0.1 0.1 0.04 0.02 0.02 

Betaine 2.8 0.1 0.1 1.6 0.0 0.1 0.1 0.1 0.04 0.02 0.02 0.03 

Carnosine 0.1 0.1 1.6 0.01 0.1 0.1 0.1 0.04 0.02 0.02 0.03 63.3 

Metionine Sulfoxide 0.1 0.1 0.1 0.04 0.02 0.02 0.03 63.3 0.03 0.2 0.3 0.4 

Symmetric 

dimethylhistidine 
0.04 0.02 0.02 0.03 63.3 0.03 0.2 0.3 0.4 0.2 0.004 1.8 

Taurine 0.02 0.03 63.3 0.03 0.2 0.3 0.4 0.2 0.004 1.8 11.5 0.5 

Beta Alanine 0.004 1.8 11.5 0.5 0.4 0.04 0.8 0.7 0.1 0.1 0.1 0.2 

γ-Aminobutyric acid 1.8 11.5 0.5 0.4 0.04 0.8 0.7 0.1 0.1 0.1 0.2 0.1 

Putrescine 11.5 0.5 0.4 0.04 0.8 0.7 0.1 0.1 0.1 0.2 0.1 0.1 

Spermidine 0.5 0.4 0.04 0.8 0.7 0.1 0.1 0.1 0.2 0.1 0.1 0.2 

Lactic Acid 0.8 0.7 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.5 0.4 2.5 

3-Hydroxyglutaric 

acid 0.7 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.5 0.4 2.5 0.4 

 Cer(d18:1/20:0(OH)) 0.2 0.1 0.1 0.2 0.5 0.4 2.5 0.4 0.04 7.1 1.3 0.2 

Cer(d18:1/26:1) 0.4 2.5 0.4 0.04 7.1 1.3 0.2 0.1 2.0 2.9 0.6 0.7 

 Cer(d18:20:0) 0.4 2.5 0.4 0.04 7.1 1.3 0.2 0.1 2.0 2.9 0.6 0.7 
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6.4.3.1 The effects on amino acids in the PC3 cells under zero, 5.5mM and 11mM 

glucose conditions, treated with Menadione, TH4 and TH6.  

 

Alterations in the amino acid pathways were observed in the PC3 cells. Alanine 

was decreased in the untreated 5.5mM glucose versus the zero and 11mM glucose cells. 

Increased concentrations were observed in the 5.5mM untreated cells versus the 

corresponding Menadione, TH4 and TH6 treated cells. Increased alanine was found in the 

zero glucose Menadione treated cells compared to the same in the 5.5mM glucose cells 

(P<0.0001).  

Asparagine was increased in the zero glucose TH4 treated cells versus zero 

glucose untreated and the TH4 treated 5.5mM and 11mM glucose cells (P<0.0001).  

Glutamine was increased in the zero glucose cells treated with Menadione and 

TH4 when compared to the untreated and the corresponding treatments in the 5.5mM and 

11mM glucose. Decreased concentrations were determined in the 5.5mM glucose TH6 

treated cells versus their untreated. A reduction in glutamine was found in the zero and 

11mM glucose untreated cells than in the 5.5mM glucose cells. Increased levels were 

found in the 11mM Menadione treated PC3 cells compared to their untreated (P<0.0001).  

Proline was higher in the 11mM glucose Menadione treated cells compared to the 

untreated, and the zero and 5.5mM glucose Menadione treated cells (P<0.0001).   

3-Methylhistidine was increased in the zero glucose TH4 treated cells versus the 

untreated and the TH4 treated cells in the 5.5mM and 11mM glucose conditions 

(P<0.0001).  

5-Aminovaleric acid was increased in the zero glucose Menadione treated PC3 

cells, versus the zero glucose untreated and the Menadione treated in the 5.5mM and 

11mM glucose (P<0.0001).  

 Asymmetric-dimethyl arginine was increased in the zero untreated cells, 

compared to the TH4 and TH6 treatments in the zero glucose, as well as the 11mM 

untreated cells. Concentrations were decreased in the 5.5mM and 11mM glucose, 

Menadione treated cells compared to the zero glucose Menadione treated cells 

(P<0.0003). 
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Betaine was increased in the zero glucose untreated cells, compared to the 

Menadione and TH4 treated cells of the same glucose conditions. It was also increased 

versus the 5.5mM and 11mM glucose untreated cells (P<0.0001).  

Carnosine was found to be increased in the 11mM glucose cells treated with TH6, 

compared to that of the untreated and the TH6 treated cells in 5.5mM and 11mM glucose 

conditions (P<0.0001).  

Methionine sulfoxide was increased in the 5.5mM glucose TH6 treated cells 

compared to its corresponding untreated cells, and the TH6 treated cells in the zero and 

11mM glucose conditions (P<0.0001).  

Symmetric-dimethyl arginine was increased in the untreated 5.5mM glucose cells, 

compared to the Menadione, TH4, TH6 treated and the untreated cells in the zero and 

11mM glucose conditions (P<0.0001).  

Increased taurine was detected in the TH4 treated cells in the zero glucose versus 

the corresponding zero glucose untreated cells, and the TH4 treated cells in the 5.5mM 

and 11mM glucose conditions. The 11mM glucose TH4 treated cells had higher 

concentrations of taurine than its corresponding 11mM glucose untreated cells 

(P<0.0001).  

The results for the amino acids of significance are presented in Figure 6.8.



272 

 

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

100

200

300

400

500

Alanine

C
o

n
c
e
n

tr
a

ti
o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

100

200

300

400

500

Asparagine

C
o

n
c
e
n

tr
a

ti
o
n

 u
M

✱✱✱✱ ✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

50

100

150

Glutamine

C
o
n

c
e
n

tr
a
ti

o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱ ✱✱

✱✱✱✱

✱✱✱

✱✱✱

✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

200

400

600

800

Proline

C
o
n

c
e
n

tr
a
ti

o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

200

400

600

800

3-Methylhistidine

C
o

n
c
e
n

tr
a

ti
o
n

 u
M

✱✱✱✱ ✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

200

400

600

800

5-Aminovaleric acid

C
o

n
c
e
n

tr
a

ti
o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

 

A. B. C. 

D. E. F. 



273 

 

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

2

4

6

 Asymmetric dimethylarginine

C
o
n

ce
n

tr
a
ti

o
n

 u
M

✱✱

✱✱

✱✱

✱

✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

1

2

3

4

5

Betaine

C
o
n

ce
n

tr
a
ti

o
n

 u
M

✱✱✱

✱✱✱

✱✱✱

✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

20

40

60

80

Carnosine

C
o

n
ce

n
tr

a
ti

o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

20

40

60

80

Methionine sulfoxide

C
o

n
ce

n
tr

a
ti

o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

20

40

60

80

Symmetric dimethylarginine

C
o
n

ce
n

tr
a
ti

o
n

 u
M

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱

0
Glucose

11
Glucose

5.5
Glucose

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6

0

20

40

60

80

Taurine

C
o

n
ce

n
tr

a
ti

o
n

 u
M

✱✱✱✱ ✱✱✱✱✱

✱✱✱✱

✱

0
Glucose

11
Glucose

5.5
Glucose

 

Figure 6. 8: PC3 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Amino Acids) : (A.) Alanine 

concentrations. (B.) Asparagine concentrations. (C.) Glutamine concentrations. (D.) Proline concentrations. (E.) 3-Methylhistidine concentrations. (F.) 5-Aminovaleric acid 

concentrations. (G.) Asymmetric dimethylarginine concentrations. (H.) Betaine concentrations. (I.) Carnosine concentration. (J.) Methionine Sulfoxide concentrations. (K.) Acetylornithine 

concentrations. (L.) Taurine concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3).
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6.4.3.2 The effects on biogenic amines in the PC3 cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

ꞵ- alanine was increased in the TH4 treated cells in the presence of zero glucose 

conditions, compared to the zero untreated and the 5.5mM and 11mM glucose TH4 

treated cells (P<0.0001). γ-Aminobutyric acid was increased in the zero glucose 

Menadione treated cells compared to the zero untreated and the 5.5mM and 11mM 

glucose Menadione treated PC3 cells (P<0.0001).  

A decrease in putrescine was found in all of the treatments in the zero glucose 

versus the untreated cells. This decrease was also observed in the untreated in the 5.5mM 

and 11mM glucose versus the zero glucose untreated (P<0.0001).  

Spermidine was reduced in the TH4 treated cells versus the untreated cell in the 

presence of zero glucose. Concentrations were increased in the TH6 treated cells versus 

the untreated in the zero glucose as well as the TH6 treated in the 5.5mM and 11mM 

glucose. All of the treated (Menadione, TH4 and TH6) cells had reduced spermidine than 

the corresponding untreated cells in the 5.5mM glucose, as did the 11mM untreated cells 

(P<0.0001).  

The results for the biogenic amines of significance are presented in Figure 6.9. 
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Figure 6. 9: PC3 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Biogenic Amines) : (A.) ꞵ-

alanineconcentrations. (B.) γ-Aminobutyric acid concentrations. (C.) Putrescine concentrations. (D.) Spermidine concentrations. All concentrations in µM, with data represented as mean 

± SEM (n=3).

A. B. 

C. D. 
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6.4.3.3 The effects on carboxylic acids in the PC3 cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

Lactic acid concentrations were increased it the 11mM glucose TH6 treated cells 

compared to the corresponding untreated cells of the same glucose conditions and that of 

the 5.5mM and zero glucose conditions (P=0.001).  

3-Hydroxyglutaric acid was increased in the TH4 treated cells in the presence of 

11mM glucose versus the untreated (P=0.001).  

6.4.3.4 The effects on ceramides in the PC3 cells under zero, 5.5mM and 11mM 

glucose conditions, treated with Menadione, TH4 and TH6. 

 

Cer(d18:1/20:0(OH)) was increased in the 11mM glucose Menadione treated cells 

versus the 11mM untreated and the zero and 5.5mM glucose Menadione treated cells 

(P=0.003).  

Cer(d18:1/26:1) was increased in the 5.5mM untreated cells compared to the zero 

and 11mM glucose untreated cells. Concentrations were decreased in the 5.5mM glucose 

cells treated with Menadione, TH4 and TH6 compared the 5.5mM glucose untreated cells 

(P=0.003).  

Cer(d18:2/20:0) was increased in the zero glucose cells treated with TH6 

compared to the TH6 treatments in the 5.5mM and 11mM glucose conditions (P=0.003). 

The results for the carboxylic acids and ceramides of significance are presented in 

Figure 6.10 and Figure 6.11 respectively. The pathway mapping based on the metabolites 

of significance in the PC3 cells is presented in Figure 6.12. 
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Figure 6. 10: PC3 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Carboxylic Acids) : (A.) Lactic 

acid concentrations. (B.) 3-Hydroxyglutaric acid concentrations. All concentrations in µM, with data represented as mean ± SEM. (n-3). 
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Figure 6. 11: PC3 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Ceramides) : (A.) 

Cer(d18:1/20:0(OH)) concentrations. (B.) Cer(d18:1/26:1) concentrations. (C.) Cer(d18/2:20:0) concentrations. All concentrations in µM, with data represented as mean ± SEM. (n=3).

A. B. 

C. 
A. 

B. 
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Figure 6. 12:Pathway analysis of the significant metabolites present in the PC3 cell line , indicating the possible pathways of relevance in the cell line. Small yellow dots indicate pathways 

of less significance, with the larger red dots indicating pathways of higher significance. Connected dots indicate pathway connections. Pathways determined by the number of metabolites 

present within each pathway based on the HMDB and matched to metabolic pathways by MetaboAnalyst 5.0. 
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6.4.4 LCMS-MS analysis of Du145 cells in the zero, 5.5mM and 11mM glucose 

conditions, treated with Menadione, TH4 and TH6.  

 

Alterations in amino acids, biogenic amines and carboxylic acids were found in 

the LCMS-MS analysis of the Du145 cells in the zero, 5.5mM and 11mM glucose, both 

treated and untreated.  

The metabolites of significance between treatment groups and glucose conditions 

are presented in Table 6.4 below, where the concentrations of each metabolite is 

presented as the mean value and in the micro molar scale. 

Table 6. 4: Du145 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and 

treated with Menadione, TH4 and TH6 . All concentrations in µM, with data represented as mean (n=3). 

Metabolites 

(µM) 

Zero Glucose 5.5mM Glucose 11mM Glucose 

NT K3 TH4 TH6 NT K3 TH4 TH6 NT K3 TH4 TH6 

Alanine 25.0 132.3 59.9 47.0 325.7 22.5 237.2 101.2 12.9 40.3 53.0 39.6 

Phenylalanine 0.01 0.04 0.01 0.01 5.3 2.5 3.0 14.7 4.3 0.1 447.0 5.7 

Methylhistidine 4.3 0.1 447.0 5.7 3.6 0.1 0.03 0.6 0.01 0.04 0.1 0.1 

Asymmetric 

dimethylargenine 
5.7 3.6 0.1 0.03 0.6 0.01 0.04 0.1 0.1 0.01 0.01 0.01 

γ-Aminobutyric 

acid 
1.4 11.7 0.4 0.3 0.0 0.6 0.7 0.1 0.2 0.1 0.3 0.2 

Putrescine 11.7 0.4 0.3 0.0 0.6 0.7 0.1 0.2 0.1 0.3 0.2 0.1 

Lactic acid 11.7 0.4 0.3 0.0 0.6 0.7 0.1 0.2 0.1 0.3 0.2 0.1 

3-

Hydroxyglutaric 

acid 

0.7 0.1 0.2 0.1 0.3 0.2 0.1 0.3 1.0 1.0 3.3 0.5 
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6.4.4.1 The effects on amino acids in the Du145 cells under zero, 5.5mM and 11mM 

glucose conditions, treated with Menadione, TH4 and TH6.  

 

Alanine was found to be decreased in the 5.5mM glucose Menadione treated cells 

compared to that of the equivalent untreated cells. The expression in the 5.5mM untreated 

cells was greater than that of the untreated cells in the the zero and 11mM glucose 

concentrations (P=0.02).  

Phenylalanine was increased in the TH4 treated cells versus the untreated cells in 

the 11mM glucose conditions. It was also found to be higher in the zero glucose TH4 

treated cells versus the 5.5mM and 11mM glucose TH4 treated cells (P<0.0001).  

3-Methylhistidine was increased in the TH4 treated cells versus the untreated in 

the presence of zero glucose, its was also higher than in the 5.5mM and 11mM glucose 

cells treated with TH4 (P<0.0001).  

Asymmetric-dimethyl arginine was found to be increased in the zero glucose 

untreated versus the TH4 and TH6 treated PC3 cells, it was also higher than that of the 

5.5mM and 11mM glucose untreated cells. the zero glucose Menadione treated cells had 

higher asymmetric-dimethyl arginine than that of the 5.5mM and 11mM glucose 

Menadione treated cells (P<0.0001). 

The results for the amino acids of significance are presented in Figure 6.13. 
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Figure 6. 13: Du145 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Amino Acids) : (A.) Alanine 

concentrations. (B.) Asparagine concentrations. (C.) Glutamine concentrations. (D.) Proline concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3). 

A. B. 

C. D. 
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The results for the biogenic amines and carboxylic acids of significance are 

presented in Figure 6.14 and Figure 6.15 respectively. The pathway mapping based on the 

metabolites of significance in the Du145 cells is presented in Figure 6.16. 

6.4.4.2 The effects on biogenic amines in the Du145 cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

The biogenic amine, γ-Aminobutyric acid was found to be increased in the zero 

glucose Menadione treated cells versus the zero glucose untreated cells as well as the 

5.5mM and 11mM glucose Menadione treated cells (P<0.0001).  

Putrescine was decreased in the Menadione, TH4 and TH6 treated cells compared 

to the untreated cells in the zero glucose. It was also reduced in the 5.5mM and 11mM 

glucose untreated cells (P<0.0001).  

6.4.4.3 The effects on carboxylic acids in the Du145 cells under zero, 5.5mM and 

11mM glucose conditions, treated with Menadione, TH4 and TH6.  

 

Lactic acid was increased in the TH6 treated cells in the 11mM glucose compared 

to TH6 treated 5.5mM glucose cells (P=0.09).  

3-Hydroxyglutaric acid was increased in the TH4 treated cells in the 11mM 

glucose versus that of the 5.5mM glucose TH4 treated cells (P=0.09).  
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Figure 6. 14: Du145 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Biogenic Amines) : (A.) ꞵ-

alanineconcentrations. (B.) γ-Aminobutyric acid concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3). 
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Figure 6. 15: Du145 Metabolomics outcomes of significance in the zero, 5.5mM and 11mM glucose, untreated and treated with Menadione, TH4 and TH6 (Carboxylic Acids) : (A.) Lactic 

acid concentrations. (B.) 3-Hydroxyglutaric acid concentrations. All concentrations in µM, with data represented as mean ± SEM (n=3).

A. B. 

A. B. 
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Figure 6. 16: Pathway analysis of the significant metabolites present in the Du145 cell line , indicating the possible pathways of relevance in the cell line. Small yellow dots indicate 

pathways of less significance, with the larger red dots indicating pathways of higher significance. Connected dots indicate pathway connections. Pathways determined by the number of 

metabolites present within each pathway based on the HMDB and matched to metabolic pathways by MetaboAnalyst 5.0.
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6.5 Summary of results  

 

Chapter 6 highlights  

• Alterations in amino acids, biogenic amines, carboxylic acids and ceramides were observed 

in the PNT1a cells in the the presence of zero, 5.5mM and 11mM when treated with 

Menadione and the novel TH compounds, TH4 and TH6.  

• Alterations in amino acids, and biogenic amines were observed in the LNCaP cells in the 

the presence of zero, 5.5mM and 11mM when treated with Menadione and the novel TH 

compounds, TH4 and TH6. 

• Alterations in amino acids, biogenic amines, carboxylic acids, and ceramides were 

observed in the PC3 cells in the the presence of zero, 5.5mM and 11mM when treated with 

Menadione and the novel TH compounds, TH4 and TH6. 

• Alterations in amino acids, biogenic amines, and carboxylic acids were observed in the 

Du145 cells in the the presence of zero, 5.5mM and 11mM when treated with Menadione 

and the novel TH compounds, TH4 and TH6. 
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6.6 Results  

In this chapter, thirty-three metabolites of significance are discussed across the 

cell lines and the treatments with Menadione and the novel TH4 and TH6 compounds. 

Twenty-one amino acids, five biogenic acids, three carboxylic acids and four ceramides 

of interest were identified as altered by either the glucose concentrations in which the 

cells were cultured or by the treatment with Menadione and the TH compounds.  

Amino acid metabolism has extreme extensive effects in cancer cells and their 

metabolome. For instance, glutamine, leucine, valine, and other amino acids are used in 

the TCA cycle in the mitochondria, while aspartate and glutamine are used in purine 

biosynthesis as carbon and nitrogen donors.  

Glutamate metabolism was identified in the pathway mapping of the PNT1a and 

PC3 cell lines from the metabolites of significance. The relevant metabolites involved in 

this metabolic pathway identified in the cells include glutamine, γ-Aminobutyric acid, 

and alanine. Glutamate is produced from glutamine, 5-oxoproline and α-ketoglutarate (α-

KG).429 Mitochondrial dysfunction often found in cancer, can lead to α-KG in the cell 

then undergoing carboxylation reduction to form isocitrate, then converted to citrate to 

fuel metabolic functions.442  Glutamine itself produces this α-ketoglutarate through the 

anaplerotic metabolism of glutamine, providing fuel to the TCA cycle through 

glutaminolysis, identified in the LNCaP pathway mapping.426 

Similar levels of glutamine were observed in both cell lines with PNT1a having 

13.5uM in the zero glucose, 95.6uM in the 5.5mM glucose and 31.5uM in the 11mM 

glucose. PC3 cells presented with 11.8uM in the zero, 48.3uM in the 5.5mM and 17.1uM 

in the 11mM glucose. PNT1a cells present with higher levels of glutamine in the presence 

of glucose, than that of the PC3 cells, with both showing increased concentrations of 

glutamine when treated with the novel TH compounds, especially in the zero glucose 

conditions. Conversely an existing study on PNT1a and PC3 cells have found increased 

levels of glutamine in the PC3 cell lines, however this study was only conducted in media 

glucose conditions.442   

Metabolites linked to Warburg Metabolism were identified through the pathway 

mapping, where glutamine with lactic acid is implicated. Lactic Acid was identified in the 

PNT1a, PC3 and Du145 cells, with increased levels seen in the 11mM glucose TH6 

treatments. Lactic acid has been linked to Warburg glycolysis by Otto Warburg, where 



287 

 

glucose is converted to lactic acid in the cytoplasm.317,428,443–445 Lactic acidosis is often 

observed in late-stage metastatic prostate cancer patients, this involves accumulation of 

lactate and protons within the patient.446–449 Acidosis favors metastasis, angiogenesis and 

immunosuppression, associated with poor patient prognosis.446 Thus, the presence of 

lactic acid as a metabolite of significance is an indicator of Warburg glycolysis and an 

important marker or severe PCa disease.  

Cysteine, carnosine, and proline are all amino acids linked to oxidative stress 

management.450–452 Cysteine, carnosine and proline are scavengers of ROS, during 

oxidative stress.450,451,453,454 Cystine, carnosine and proline were found in the PNT1a, 

LNCaP and PC3 cells. Cystine was increased in the untreated zero glucose LNCaP cells. 

It is well established that cancer cells have higher baseline level of ROS than normal cells 

and thus are more susceptible to oxidative stress mechanisms, thus cell in the presence of 

low glucose may be in the additional stress due to nutrient deprivation increasing the 

cystine present in the cells.296,451 Heightened levels of cystine was also observed in the 

zero glucose PNT1a cells. these cells were treated with Menadione and Menadione 

conjugated compounds, so again the treatment may increase the requirement for ROS 

scavengers in the cell, inducing increased cystine, from cystine pools in the cells.426,451 

Carnosine was increased in the Menadione treated LNCaP cells in the zero glucose. PC3 

cells in the 11mM glucose treated with TH6 also had increased concentrations of 

carnosine. Menadione is a known ROS generator, thus the increased carnosine observed 

may be linked to this increased endogenous ROS.296,452,453 In the LNCaP and the PC3 

cells, proline was increased in the 11mM Menadione treated cells, this again is perhaps 

due to the ROS scavenging capabilities of proline, cleaning up the excess ROS that would 

be produced by the treatment with Menadione.294,295,297, 455 

Betaine was increased in the untreated PC3 cells in the zero glucose conditions, 

while methionine was not significant in the cell line. Methionine was increased in the 

PNT1a 11mM glucose TH6 treated cells. Again, both amino acids are linked to redox 

homeostasis in the cell and thus may be in higher concentrations to remove excess ROS 

produced by the novel compounds or regulate the high baseline levels established in 

cancer cells.456 Most amino acids are known to be susceptible to oxidation by ROS and 

reactive nitrogen species (RNS) in the cell, with the amino acid methionine known to be 

particularly sensitive to this.457 A study on the amino acid betaine in prostate cancer 

found it to suppress proliferation by increasing oxidative stress related apoptosis and 
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inflammation in Du145 cells.458 The study found that oxidant status of the cells was 

increased with betaine treatment versus the control.458 Betaine is a methyl donor on the 

synthesis of methionine.459 Methionine is an essential amino acid in protein synthesis, 

one-carbon metabolism, sulfur metabolism, epigenetic modification, and redox 

maintenance in the cell.427, 457  

Aspartate was found to be significant in the PNT1a cells with increased levels in 

the zero and 5.5mM glucose conditions. Aspartate is a nonessential amino acid found to 

supplements the TCA cycle with NAD+/NADH homeostasis.456,460 It is linked in 

nucleotide biosynthesisand is important in cell proliferation when the electron transport 

chain is impaired.456,460 The observed increase may be due to nutrient stress caused by the 

glucose deprivation in the zero glucose conditions. Perhaps impacting the electron 

transport chain resulting in overall mitochondrial dysfunction, with aspartate supporting 

energy production for the nutrient deprived cells.  

Symmetric and asymmetric dimethylarginine (SDMA and ADMA) are methyl 

arginine derivatives, produced during hydrolytic protein turnover, with the degradation of 

methylated proteins.457 ADMA was found to be increased in the PNT1a zero glucose 

untreated, and Menadione treated cells, while SDMA was increased in the 11mM glucose 

TH6 treated cells. In the PC3 cells, ADMA was also increased in the zero-glucose 

untreated, and Menadione treated cells, with high levels of SDMA in the 5.5mM 

untreated PC3 cells. The Du145 cells presented with the same trend, with high ADMA 

concentrations in the zero glucose untreated, and Menadione treated cells. ADMA has 

been found to be elevated in cancer patient plasma, with the cause of this elevation still 

not conclusive.457 Increased ADMA found in prostate cancer cells (LNCaP and PC3 cell 

lines) is associated with reduced angiogenesis and metastasis, while in studies of other 

cancers, the increase ADMA is linked to increased metastasis.461,462 ADMA is known to 

inhibit nitric oxide synthesis by competitive inhibition of nitric oxide synthase, while 

SDMA may impact nitric oxide production through the suppression of L-arginine.463 

Phenylacetyl glycine was increased in the PNT1a cells treated with Menadione in 

zero glucose conditions and in the LNCaP cells in 11mM glucose conditions, treated with 

TH6. Studies have shown phenylacetylglycine to be increased in urine of PCa patients.464 

Increased phenylacetylglycine in urine has been linked to mitochondrial toxicity in drug 

induced phospholipidosis.464 The increase in phenylacetylglycine was found to be an 



289 

 

indicator of mitochondrial dysfunction due to a metabolic switch to anaerobic metabolism 

or by the disruption to the urea cycle, with toxicity thought to be due to the impairment of 

the proton motor force and alteration of fatty acid catabolism.464 Thus the lipid backbone 

of the TH6 compound may be linked to this increase in phenylacetylglycine in the LNCaP 

cells.  

Histidine was found to be quite prevalent in the PNT1a cells. This may be from 

the supplementation of the cell medium with FBS, which would include histidine, as 

histidine is common in dietary animal products.465,466 Histidine is an amino acid that 

cannot be made in the body and thus is required through nutritional supplementation.467 It 

is important for its role in the active site of enzymes, protein synthesis and nitrogen 

balance.466,467  

Tryptophan was increased in the PNT1a cells in the 5.5mM glucose, treated with 

TH4. An essential amino acid. Tryptophan metabolism has been shown to promote 

tumour progression, by the immunosuppressant environment caused throughout its 

mechanisms, such as triggering autophagy and inhibiting mTORC1 (mTOR complex 1, a 

regulator of growth and metabolism) in tumor cell lines in vitro 436 Tryptophan 

catabolism results in the in metabolites; kynurenine, and rate-limiting step enzymes in the 

kynurenine pathway, which are essential in immune cells survival.427 Studies have noted 

that ratio of kynurenine to tryptophan is correlated with a PD-1 blockade resistance that is 

associated with poorer survival if increased in the cancer cells and has been reported in 

some tumour types.427 

5 Biogenic amines were identified with significant alterations from the panel of 

metabolites examined. ꞵ-alanine and γ-aminobutyric acid present with significant changes 

within most of the cell lines. ꞵ-alanine was increased in the PNT1a cells in the zero 

glucose conditions treated with TH4. The same was seen in the PC3 cells in the zero 

glucose conditions treated with TH4, having increased concentrations of ꞵ-alanine. The 

non-essential amino acid ꞵ-alanine, is a known intracellular buffer and is metabolized into 

carnosine. Interestingly, diet supplementation with ꞵ-alanine has been linked to delayed 

lactate accumulation during exercise through its buffering abilities.464 PNT1a cells 

present with higher concentrations of γ-aminobutyric acid in the Menadione treated cells 

in the zero glucose conditions. The same was seen in both the PC3 and the Du145 cells, 

with Menadione treated cells in zero glucose, presenting with increased γ-aminobutyric 
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acid. γ-Aminobutyric acid, has been known to increase proliferation and cellular 

invasiveness of prostate cancer, with γ-aminobutyric acid emerging as a tumor signaling 

molecule.464 Studies have shown that γ-aminobutyric acid was increased in the prostates 

of cancer patients with metastasis, compared to that of patients without metastasis.468  

The most common polyamines are putrescine, spermidine and spermine, which 

are major regulators of proliferation.464 Spermidine, spermine and putrescine, are all 

implicated in the spermidine and spermine biosynthesis pathway. Spermine was increased 

in the zero glucose TH4 and the 11mM glucose TH6 treated PNT1a cells. Spermidine 

was increased in the zero glucose untreated and TH6 treated PNT1a cells. Putrescine was 

highest in the zero glucose untreated PNT1a cells. Putrescine was high in the untreated 

zero cells while spermidine was high in the TH6 treated zero glucose cells and the 5.5mM 

glucose untreated cells, in the PC3 cell line. Putrescine was present in the untreated 

Du145 cells in the zero glucose. The dysregulation of polyamine metabolism is seen in 

some cancers where the levels of spermidine, spermine and putrescine are increased, 

resulting in crosstalk between their metabolism and oncogenic pathways (mTOR and 

RAS pathways).431,432,469  

Succinate was found to be increased in the PNT1a cells treated with Menadione in 

the 11mM glucose. Succinate is important in cellular metabolism as it is a link between 

the Krebs cycle and the mitochondrial respiratory chain, thus is important in 

mitochondrial metabolism.436 PNT1a cells show a 50:50 split between oxphos and 

glycolysis, thus the increase in succinate may be utilised here to mediate this split 

metabolic preference.  

Some ceramides of interest were identified to be increased in the PNT1a and PC3 

treated cells. In the PNT1a cells, ceramides were increased with the TH treatments. 

Cer(d18:1/22:0) concentrations were found to be increased in the 11mM glucose PNT1a 

cells treated with TH6, while Cer(d18:2/20:0) was increased in the 5.5mM glucose cells 

treated with TH6. In the PC3 cells, Cer(d18:1/20:0(OH)) concentrations were increased in 

the Menadione treated cells in the 11mM glucose, with Cer(d18:1/26:1) concentrations 

increased in the 5.5mM glucose untreated cells. Cer(d18/2:20:0) was increased in the zero 

glucose TH6 treated PC3 cells. Ceramides are known to play a role in cellular invasion, 

metastasis, mitophagy and apoptosis in cancer cells, with cellular stress inducing the 

generation of ceramides to mediate these processes.470,471 Cancer cells have been found to 
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subvert these processes through the dysregulation of enzymes in sphingolipid 

metabolism.470 Ceramide with a carbon chain of 16 (C(16)-ceramide) are linked to 

proliferation, whereas C(18)-ceramides mediate cell death in cancer cells.438 However, 

cancer cells have been shown to downregulate these pro cell death ceramides to support 

their proliferation and metastasis.470 Cer(d18) are synthesized from serine and palmitate 

in a de novo pathway and are regarded as important cellular signals for inducing 

apoptosis.472 Thus the presence of these ceramides in the treated PNT1a and PC3 cell 

lines, are likely indicators of apoptosis.  

Overall, many alterations were identified across the metabolome of the prostate 

cell lines, with significance found in amino acids, biogenic amines, carboxylic acids and 

ceramides.  Of greatest significance was the influx of ROS scavenging amino acids which 

would likely account for the modest increases of ROS observed, when the cells were 

treated with the TH compounds. Cancer cells are likely increasing their antioxidant 

capabilities to evade cell death by the TH treatments. The results achieved with the 

LCMS-MS analysis accounts for the ROS results achieved in Chapter 5.
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Chapter 7. Overall Discussion 
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7.1 Overall Discussion 

With PCa being one of the most prevalent cancers in males globally, 

developments in treatment and knowledge of the disease are vital to reduce burden on 

global healthcare systems, to improve patient care and overall health outcomes. Studies 

have shown PCa cells to hold an altered metabolic phenotype, with the early disease 

relying on OxPhos, the intermediate/late disease then switching to fatty acid oxidation 

and Warburg metabolism.317,365 This work lends a hand to the TH strategy by setting a 

baseline understanding of the PCa metabolic processes which could be targeted for 

treatment. This work is a proof of concept and an early examination and design process of 

metabolic targeting compounds and shows promise for our TH strategy. In this study we 

aimed to examine early prototypes of the novel compounds. This work will pave the way 

for further improvements in the compound design to achieve a successful set of novel 

treatments, with improved selectivity, low cytotoxicity in the non-malignant cells and a 

high cytotoxicity in cancer cells, by targeting cancers unrelenting need for fuel. These 

types of early studies are vital in the drug discovery process, a long and laborious process, 

often with poor success outcomes. We are determined to design a set of successful novel 

TH compounds, comprised of a basic fuel molecule, conjugated to a non-toxic vitamin 

moity, to improve patient outcomes and their quality of life. 

Our compounds are of a novel design, so the literature provided little insight into 

the success of this study, with reliance on existing work that examines the impacts of the 

native vitamins in cancer treatment and current knowledge of PCa metabolism, guiding 

the way through the experimental design. Our hypothesis of the TH compounds 

anticipated the malignant cells to have a higher uptake of the glucose conjugated TH 

compounds than that of Menadione, due to the well-established principle of Warburg’s 

glycolysis requiring glucose 100 times faster than that of a non-malignant cell.473,249,347 

However as presented in Chapter 3, this was not the case. The concentrations of 

Menadione resulting cytotoxicity were in fact far lower than that of the TH compounds, 

although in some cases the SI was slightly improved. Menadione has been studied both in 

vitro and in vivo to examine its anticancer effects alone and in combination with 

conventional cancer therapies. These studies have shown some benefits and high 

tolerance (in vivo). For the TH compounds, two methods of conjugation were used for the 

attachment of Menadione to the metabolic moity (sugar or lipid). With the aim to improve 

the selective cytotoxicity of the compounds in the cancer cells versus the normal cells. 
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From this, the best cytotoxicity and selectivity was determined in the TH4 and TH6 

compounds, but unfortunately still yielding low SI values. Of the glucose-Menadione 

compounds, TH4 resulted in greater SI than that of TH1 across the cell lines and the 

glucose conditions. These compounds differed only by their conjugation group, where 

TH1 is comprised of an amine linker group, and TH4 of an aryl linker chain. The 

differing chemistry of these compounds allowed for TH4 to show greater selectivity 

towards the metastatic cells than that of the non-malignant cell, indicating the importance 

of examining not only the active elements of the compounds (the Menadione and the 

glucose), but the efficacy of the linker groups also. With the method of compound 

synthesis being that of click chemistry, limits are placed on the linker group composition, 

possibly implying the need for using other methods of compound conjugation, even with 

the known and aforementioned benefits of click chemistry in therapeutic synthesis. 

Overall, the highest SI determined was 2.0 with the TH6 treatment in the metastatic 

Du145 cells. In the development of new cancer therapeutics, a high SI is required to be 

deemed suitable for therapeutic efficacy, the standard SI must be 10.0 and higher to be 

deemed safe for use in vivo.353 With the SI values achieved for the TH compounds 

examined in this study, further development is required to achieve higher SI values, 

which would be optimal for future in vivo work safety. With Menadiones success in 

existing studies, alterations to the linker group and the metabolic substrate used may 

improve the overall selectivity of the compounds.  

Mannose has shown success in disrupting the proliferation and progression of 

metastatic cancer, where mannose is shown to impact tumours through the suppression of 

cellular metabolism and enhancing the efficacy of some chemotherapeutic agents.474 

Mannose is transported by the glucose transporters but accumulates in the cell as 

mannose-6-phosphate, which has been shown to impair metabolic processes such as 

glycolysis, the TCA cycle, the pentose phosphate pathway and glycan synthesis.475 

Coupling mannose to the Menadione instead of glucose with the more effective aryl 

linker group, may improve the anticancer mechanisms of the TH compounds by adding 

an additional threat to the cancer cells. For example, in triple negative breast cancer 

(TNBC) with resistance to immunotherapy and radiotherapy, D-mannose was found to 

promote the degradation of PD-L1 and improved immunotherapy and radiotherapy 

outcomes in patients.476 Mannose has been successful in vitro and in mouse models, with 

truncated tumour growth shown in many cancer types.475 In the animal models, oral 
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administration of mannose improved the therapeutic action of conventional 

chemotherapies without affecting the animal’s overall heath.475 The existing literature 

would highlight mannose as a substate of interest for the further examinations of the 

composition of the TH compounds.  

The efficacy of 6-azidohexanoic acid as a fatty acid substrate could be improved 

with, the use of biologically relevant fatty acids. 6-azidohexanoic acid is useful in the 

synthesis of chemical probes, and other bioconjugation strategies. However, its biological 

relevance otherwise is unknown.353 The use of fatty acids such as pyruvate may be a more 

biologically viable substrate and improve cellular response to the novel compounds. 

Pyruvate plays an essential role in cellular metabolism, being a product of glycolysis. It is 

used as a fuel source in the mitochondria for the TCA cycle and carbon flux for ATP 

production. Thus, the conjugating menadione to this biologically relevant fatty acid, may 

improve the SI and cytotoxicity of the fatty acid-Menadione TH compounds.  

Treatment resistance in cancer is an issue, with many studies currently 

investigating ways to evade cellular mechanisms of resistance. The plasticity of cancer 

cells plays a huge role in this method of evasion, where cancer cells can shift to a 

differentiated state, with limited tumorigenic potential which aids their continued growth 

and proliferation.384,477 This study aimed to target this plasticity in cancer cells with a 

treatment that would target multiple aspects of cancer cell biology, through targeting the 

Warburg effect, and ultimately triggering redox related cell death through the infiltration 

of menadione into the cell. Some efforts have aimed to target the metastatic process of the 

cell through glycoconjugation of natural substrates and known chemotherapies but remain 

unsuccessful to date.351,352 With this we wanted to establish the effect of glucose on the 

cell lines to determine if a varied glucose milieu could in fact alter the metabolism and in 

turn if the metastatic potential of the cells could be changed with our TH targeting event. 

The basal bioenergetic evaluation of the cell lines is very important finding 

throughout this study. The metabolic phenotype of the cell lines under the varied glucose 

conditions demonstrates the impact of the nutrient environment on in vitro culturing of 

cell lines. This work has highlighted the impact of the range of glucose concentration on 

the biochemistry of the cells before treatment and how this may impact overall 

experimental results. From the results obtained in Chapter 4, one would expect that with 

the changes in metabolic status of the cells that the metastatic potential of the cells may 
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be altered. The prostate cells behave differently when placed in media of different glucose 

concentrations significantly altering their metabolic dependencies, with all the cells 

relying on OxPhos when in zero glucose with all of the cells increasing glycolysis in a 

glucose dependent manner. This could result in alterations to other aspects of the in vitro 

model, where some changes were seen in the metabolite expression, ROS production and 

MMP between the prostate cells in the different glucose conditions, highlighting the 

importance of the nutritional cellular environment on experimental outcomes. Most 

studies conduct their experiments under “normal” media glucose, which can range from 

zero to 11mM glucose and higher with supplementation. Thus, it may be important to 

consider the glucose conditions in which work is undertaken and how that may impact 

experimental outcomes. Moreover, this work has highlighted the inherent need of the 

metastatic androgen independent PCa cells to maintain even low levels of Warburg 

glycolysis for their ATP production, showing that even under glucose starvation the 

metastatic androgen independent disease cannot shut off the Warburg effect. This appears 

to be ingrained in their biology and is a very important finding. Warburg glycolysis is 

linked to poor prognosis and advanced disease in many cancers.317 In addition, acidosis in 

PCa patients is linked to increased lactic acid from Warburg glycolysis and is frequently 

observed in the late-stage metastatic disease, with a correlation to poor prognosis.447,449 

Thus the presence of lactic acid from the Warburg effect is an important marker or severe 

PCa disease and will impact metabolic based therapeutic approaches.446 

We postulated that treatment with the TH compounds may result in a metabolic 

switching event within the PCa cells, reversing Warburg metabolism by collapsing their 

glycolytic abilities, regressing the disease. This was not observed in the TH treated cells 

in this study, however it became very clear that the androgen independent metastatic PCa 

cells remain switched on to the Warburg effect, even after nutrient deprivation and the 

novel treatments, highlighting the importance of the Warburg effect in PCa. Pertega-

Gomes et al have described the metabolic heterogeneity of PCa and its clinical relevance, 

while illustrating that the advanced stages of prostate cancer, both in vitro, and in vivo 

present with an increased glycolytic phenotype, and how it is linked to poorer patient 

prognosis.387 Their work showed increase glucose consumption in PC3 cells along with 

increased OCR and ECAR overall highlighting their metabolic plasticity.387 Metabolites 

linked to Warburg metabolism in our work was identified through pathway mapping of 

the metabolites determined in the androgen independent metastatic PCa PC3 and Du145 
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cells, where glutamine with lactic acid is implicated. Increased lactic acid is an indicator 

of Warburg glycolysis 317,428,443–445 The metabolic phenotypes of the PC3 and the Du145 

cells display a preferential use of glycolysis for ATP production in the presence of 

5.5mM and 11mM glucose conditions, this finding was supported by the levels of lactic 

acid determined in the cell lines. Increases were observed in the TH treatments in the 

presence of glucose, however the cells showed low reliance on glycolysis in the zero 

glucose conditions. The LNCaP cells showed negligible reliance on glycolysis across the 

glucose milieu, with its predominant OxPhos phenotype.  As aforementioned, in other 

works, LNCaP has been found to have a strong reliance on OxPhos, where this work has 

highlighted that even under a varied nutrient environment, this remains. All these findings 

lead to questioning if the Warburg phenotype could be reversed and the androgen 

independent cells could be returned to the same metabolic programming as the androgen 

dependent LNCaP cells, it may be possible to prevent treatment resistance in PCa disease.  

Although no significant changes were observed in the metabolic phenotypes of the 

cells when treated with the vitamins or the TH compounds, alterations were observed in 

the mitochondrial bioenergetics. The cells treated with the novel compounds across the 

glucose conditions presented at times with increased proton leak, maximal respiration, 

basal OCR, and non-mitochondrial respiration all linked to alterations in the mitochondria 

and possible mitochondrial dysfunction. Mitochondrial health was further examined 

through the MMP and mitochondrial depolarisation. The link between mitochondrial 

bioenergetics and MMP are noted frequently in the literature, with increased 

mitochondrial depolarisation and a sustained shift in MMP indicating mitochondrial 

dysfunction overall impacting OxPhos in the mitochondria, then impacting the cells OCR. 

A decrease in mitochondrial depolarisation was not found in any of the cell lines in the 

study, however alterations in MMP was found in the cells treated with menadione and 

TH6. Although, the androgen independent metastatic disease (Du145 cells) did not 

present with any alterations to their MMP or mitochondrial depolarisation. However, the 

alterations that were observed in the mitochondrial bioenergetics were anticipated to 

likely be due to heightened ROS levels in the cells due to the treatment with the novel 

compounds.309 

We posited that the mitochondrial dysfunction seen in the bioenergetic profiles of 

the cell lines was due to an increase in endogenous ROS due to the proposed mechanism 

of cell death through oxidative stress by the Menadione in the TH compounds. 
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Menadione is thought to result in a decrease in oncogenic superoxide leading to apoptosis 

through the generation of onco-suppressive hydroperoxides and cytotoxic hydroxyl 

radicals.295,297 ROS scavengers and antioxidants quench ROS, decreasing the oxidative 

stress capabilities of Menadione overall reducing its anticancer effects.305,307–309 However, 

if high enough concentrations of Menadione are achieved, the capability of antioxidant 

enzymes to eliminate ROS is exceeded and results in redox related death.305,307–309 The 

ROS determination of the cells was unexpected, with little increases in ROS observed in 

both the %gated and the %MFI of the cancer cells treated with Menadione and the TH 

compounds. In the continuation of the study, the metabolomics of the cell lines expressed 

increased levels of ROS scavenging amino acids in the cells treated with the novel 

compounds. Cysteine, carnosine, and proline are all amino acids linked to oxidative stress 

management and are known ROS scavengers increased in times of oxidative stress.450–452 

The three amino acids were found in the PNT1a, LNCaP and PC3 cells treated with the 

novel compounds, which may account for the lack of ROS determined through the 

Oxyburst assay by flowcytometry. Betaine and Methionine are also implicated in redox 

homeostasis, the influx in these amino acids may remove excess ROS produced by the 

TH compounds. The metabolomic evaluation of the cell lines tied all the pieces together 

giving light as to why high levels of ROS was not observed in the cells treated with 

Menadione and the TH compounds. The amino acids are creating a dynamic balance 

between the ROS produced by the compounds and the cell’s ability to produce ROS 

scavenging molecules to maintain ROS homeostasis, illustrated in Figure 7.1 below. 

Surprisingly, we did still observe metabolic alterations in the cells through the cellular 

bioenergetics even with ROS scavenging observed which may be an effort by the cells to 

alter their metabolism to increase amino acid production as a protective effect against 

ROS. 
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Figure 7. 1: Redox Equilibrium:  (A) As seen in this study, increased levels of ROS produced by the Menadione and TH 

compounds is balanced out by the influx of antioxidant amino acids produced by the mitochondria, allowing for cells to 

continue to grow and proliferate. (B) What we aim to achieve, to increase the levels of endogenous ROS to overthrow 

the ROS scavenging mechanisms of the mitochondria resulting in oxidative stress and cell death. Images created in 

Biorender online.  
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From this, the metabolic reprogramming of the disease back to its earlier disease 

phase may be possible with therapeutic intervention, however there are many biological 

modulators that must be considered. Regulators of the cellular homeostasis, nutrient 

sensing, and metabolic homeostasis may play a role in the metabolic outcomes of the 

metastatic cells, with growing interest in the implications of the endosomal, lysosomal 

pathways on the metastatic journey and metabolic programming of cancer cells.478 The 

regulation of the glucose transporter, GLUT4 trafficking is an examples of endosomal 

metabolic regulation. Cellular glucose uptake is mediated in part by the insulin-dependent 

recruitment of GLUT4 from the intracellular storage vesicles.479 Once internalized by the 

cell, GLUT4 moves through the endosomal system where Rab proteins such as Rab 4 and 

Rab 5. Rab 4 is responsible for the transport of cellular cargo from the early endosomes to 

the recycling endosomes, whereas Rab 5 plays a role in the regulation of early 

endocytosis where it employs its effectors to early endosomes to orchestrate the transport 

of endosomes.480  Rab 5 has been shown to impact the membrane receptor internalisation, 

trafficking, and related signalling pathways of a cell, highlighting how the endosomal 

system may impact the metabolome of the cell through its glucose uptake regulation 

through GLUT4.480 Mutations in endosomal genes have also been found in metabolic 

diseases like diabetes, highlighting the impacts of the endosomal system on disease 

pathology.478 From these findings one could hypothesise that the glucose milieu examined 

and the TH compounds may impact the cells endosomal system and their metabolic 

outcome, leading one to propose if the endosomal lysosomal system could be targeted for 

therapeutic action or used to determine disease severity.  

Amino acid metabolism was found to be altered in the TH treated cells with the 

influx in antioxidant amino acids observed. Studies have linked androgen in activating 

amino acid metabolism in PCa, and while we observed no alterations in the basal AR 

expression of the cells across the glucose milieu, it may be worth investigating if 

treatment would alter the AR expression in the cell lines, which may assist in the 

metabolic alterations of the cell lines.442,481 Putluri et al found an influx in pathways 

associated with amino acid metabolism in androgen treated PCa cells, implicating the 

possible role of androgen signalling in metabolic regulation.481 Again, with an interest in 

reversing the androgen independent metastatic phenotype by perturbing the Warburg 

effect, may also impact the androgen status of the cancer. Many chemotherapeutics of 
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PCa target androgen, thus it’s reasonable to consider that this phenotype reversal would 

have huge implications on the clinical outcomes of currently untreatable PCa patients.478  

Interestingly throughout this study, PC3 cells have shown themselves to be the 

most resilient of the PCa cell lines, with very high levels of novel compounds required for 

cell death, as determined in Chapter 3, along with their capabilities to adapt to the zero 

glucose conditions with ease with high levels of ATP production still found even when 

under nutritional stress. This may play a role in the results observed, with the PC3 cancer 

model allowing for any limitations of the novel compounds to be observed and allowing 

for further work to be conducted in the compound design, to improve the mechanism of 

action as well as the uptake of the novel compounds. Existing studies on the PC3 cell line, 

have established its similarity to clinical CRPC and highlights its suitability as a model of 

the intermediate androgen-independent disease.252,482,483 PC3 in the presence of 11mM 

glucose showed increased ROS, when treated with TH4. This is encouraging as the IC50 

values required for cell kill in PC3 was far higher than that of the other cell lines, seen in 

Table 3.31 of Chapter 3. This perhaps indicates that the levels of TH compounds required 

to cause an increase in ROS production is far higher than previously thought. 

Additionally, increased levels of ROS scavenging amino acids were observed in the PC3 

cells treated with the TH compounds, which may account for the lower levels of ROS 

observed than we had proposed.  

Our work identifies that the Warburg effect cannot be easily perturbed in 

androgen independent cells, which leads to the question if the metabolic status of the cells 

impacts the cells metastatic levels and if the novel compounds can push the cells back to 

an earlier metastatic metabolic phenotype, resulting in easier disease treatment. Perhaps 

the cancer cells metastatic journey is highly precarious where nutrients like glucose and 

maybe even oxygen in the bloodstream may alter the cell’s metastasis, leading one to 

consider the impacts of hypoxia and if the cells can learn to survive without these vital 

nutritional substrates. Ultimately, if the PCa disease phenotype can be reversed with 

future iterations of these compounds, it would be incredibly important for patient 

outcomes and further reduce the burden of untreatable disease on our health care system. 

The impacts of cancer research on the patient is paramount, with endless studies eager to 

improve the life of people suffering with the disease. Throughout this study and through 

my personal experiences with cancer during this project, the importance of the patient has 
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become my principal driver to ensure my work is my best, with my hope that my research 

can one day help improve the life of even one person with cancer.  
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Figure 7. 2: Summary of Results : the panel of prostate non-malignant (PNT1a) and PCa (LNCaP, PC3 and Du145) cells were used to represent the different stages of PCa disease. The 

cells were evaluated under a varying glucose milieu and treated with menadione, Vitamin C and novel TH compounds. TH6 showed the greatest cytotoxic selectivity of the TH compound, 

even presenting with a higher SI than Menadione in some cases. The Warburg effect appear to not be quenched even in the zero glucose conditions and when treated with the TH 

compounds in the androgen independent cells (PC3 and Du145), although alteration in mitochondrial bioenergetics was apparent in the prostate cells treated with the TH compounds. 

Alterations in MMP were not significant in the TH treated cells, nor was ROS however increased apoptosis and necrosis was observed in the treatment groups. Finally, the LCMSMS 

analysis showed an increase in ROS scavenging amino acids such as proline and carnosine in the TH and Menadione treated cells, which may account for the small alterations observed in 

ROS expression. Images created in Biorender online.
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7.2 Future Directions: 

The work in this study shows promise for the TH strategy, will cell death 

observed in the cells treated with the TH compounds. As discussed, alterations to the 

metabolic substrates used in the TH compounds to the likes of mannose and pyruvate may 

increase the selectivity of the novel compounds which may overall improve the 

technique. Since the effect of the nutrient environment has been examined in this work 

the effect of hypoxia is of interest. Hypoxia is known to affect the metabolism of cancer 

with oxygen deprivation often found in the tumour core. As we have determined the 

effect of the nutrient glucose on the cell, the effect of varying oxygen concentrations may 

also be enlightening.  

 Determining the glucose uptake in the cell lines across the glucose milieu and 

how this would affect the uptake of the TH compounds would certainly add to the study. 

Establishing if the compounds are in fact up taken by GLUT in the cells would also be 

helpful with imaging of this uptake of the glucose compounds, which would require 

fluorescent tagging of the novel compounds. Further on with this GLUT uptake, the 

emergence of the endosomal system in the regulation of  GLUT (especially GLUT4) may 

pose an interest in evaluating the effects of the glucose milieu and the TH compounds on 

the endosomal system in the cell, if the novel compounds are in fact up taken by GLUT. 

Aside from glucose, fatty acid metabolism is important in PCa thus evaluating the basal 

fatty acid metabolism of the cells and if this would be altered by the TH treatment is 

emerging of interest, as existing in vivo studies have shown metastatic PCa to hold a large 

reliance on fatty acid metabolism for energy production throughout their metastatic 

progression. Overall, further examinations into the effects of the nutrient cellular 

environment and the TH compounds uptake mechanism would be of interest in the future 

of this work. 

Examining the effect of the glucose milieu and of the novel compounds on cell 

invasion and migration would inform further as to the effectiveness of the novel 

compounds and how the cells behave across the glucose conditions. Due to the 

similarities observed in the PC3 and Du145 cell lines metabolic bioenergetic profiles, this 

further investigation may enlighten the difference in aggressiveness of the two cell lines 

which may further inform which cell line a better model for use in cell line based 

investigations. 
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Further evaluation of the ROS scavengers, glutathione and superoxide dismutase 

would allow for further understanding of the ROS results achieved with the compounds, 

along with the use of more specific ROS determination experiments. We believe this TH 

strategy to have great potential in causing selective redox related cell death in the cancer 

cells.  

Finally, once TH compounds with greater SI values are established, this work 

could be continued in other cancer types with further expansion into organoids, orthotopic 

cancer models and maybe even animal work in the future. 
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7.3 Conclusions: 

In conclusion, we achieved or aim of delivering a set of novel TH compounds that 

combined fuel substrates to vitamin moieties in the hopes of targeting PCa metabolism. 

Overall cytotoxicity was achieved with the compound treatments in the panel of prostate 

cell lines, but low selectivity was achieved. The compounds were found to impact the 

mitochondria, through alterations in OCR, proton leak, maximal and non-mitochondrial 

respiration of the cells along with alterations to MMP and increased levels of apoptosis 

and necrosis observed, but with little significance found in the cellular ROS production. 

To end, the LCMS-MS analysis of the cells tied the study together with increased ROS 

scavenging amino acids, present in the TH treated cells indicating that the lack of 

endogenous ROS observed may in fact be as a result of this influx of amino acids to 

counteract the effects of the increase ROS. To add to these findings, we also observed in 

the androgen independent metastatic PCa cell lines, hold a fundamental reliance on 

Warburg glycolysis for ATP production that cannot be easily quenched. Furthering the 

understanding of PCa disease metabolism and biology will improve future work in 

overcoming cancers resistance to treatment. Overall, the findings indicate that the TH 

compounds play a role in targeting the different niches of PCa metabolism and the 

mitochondria. 
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Appendix 1: Agilent Seahorse MitoStress and ATP Rate Test endpoints.  Mean ± SD results for PNT1a, LNCaP, PC3 and Du145 cell lines (n=3) 1-way ANOVA). Values calculated by the 

Agilent Wave online results analyser 

Cell Lines 
Glucose 

Concentration 

Basal 

Respiration 

(OCR) 

 

H+ leak 
Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production %OxPhos % Glycolysis 

PNT1a 

0mM 67.8 ± 28.5 16.2 ± 5.6 94.5 ± 35.5 51.9 ± 4.3 24.6± 15.7 76.5 ± 11.7 24.4 ± 11.7 

5.5mM 29.9 ± 10.5 8.6 ±3.1 16.7 ± 5.4 35.8 ±3.1 11.4± 3.7 56.8 ±12.4 43.2 ± 12.4 

11mM 32.4 ± 6.2 6.5 ± 3.4 22.9 ± 7.9 6.8 ± 3.0 15.7± 5.1 47.4 ± 9.9 52.6 ± 9.9 

LNCaP 

0mM 281.0 ± 47.8 80.2 ± 21.6 380.1 ± 46.1 41.7 ± 7.2 200.8± 34.8 90.1 ± 2.2 9.9 ± 2.2 

5.5mM 233.3 ± 68 87.1 ± 31.2 303.42 ± 62.5 34.6 ± 10.3 146.2± 32.7 76.2 ± 3.4 23.8 ± 3.4 

11mM 255.0 ± 30.1 87.6 ± 19.3 323.78 ± 32.8 36.4 ± 5.9 167.4± 24.9 67.6 ± 3.9 32.4 ± 3.9 

PC3 

0mM 67.5 ± 15.8 24.8 ± 1.2 156.0  ± 11.2 3.5 ± 0.6 50.5± 18.3 74.8 ± 4.8 25.2 ± 4.8 

5.5mM 54.1 ± 9.3 26.5 ± 4.9 171.4 ±15.3 20.7 ± 4.2 51.3± 21.6 24.8 ± 23.8 75.2 ± 23.8 

11mM 87.4 ± 4.5 41.7 ± 3.7 235.51 ±18.9 20.4 ± 5.6 49.4± 15.8 22.9 ± 17.7 77.1 ± 17.7 

Du145 

0mM 130.5 ± 14.7 41.0 ± 5.3 177.8 ± 15.3 19.2 ± 1.5 113.2± 7.5 82.5 ± 3.9 17.5 ± 3.9 

5.5mM 137.8 ± 28.9 29.4 ± 9.4 259.4 ± 10.5 15.2 ± 4.9 147.1± 18.9 29.0 ± 9.4 71.0 ± 9.4 

11mM 124.9 ± 26.0 25.1 ± 4.8 255.8 ± 11.2 7.9 ± 6.2 106.4± 12.8 37.0 ± 3.9 63.0 ± 3.9 

.
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Appendix 2: The ATP endpoints of %OxPhos and %Glycolysis for PNT1a cells treated with Menadione (K3) and 

Vitamin C (VC) under zero glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA) 
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Appendix 3: The MitoStress endpoints for PNT1a cells treated with Menadione (K3) and Vitamin C (VC) under zero 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells., (B) 

Proton leak was increased in the Vitamin C treated cells. (C) Maximal respiration was unchanged between the 

untreated and the treated cells, and (D) The non-mitochondrial respiration was unchanged between the untreated and 

the treated cells. (n=3) 1-way ANOVA).

A. B. 
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C. D. 
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Appendix 4: Agilent Seahorse MitoStress and ATP Rate Test mean results for PNT1a cells treated Menadione and 

Vitamin C under 0mM glucose. (n=3) 1-way ANOVA). 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysis 

No 

Treatment 

86.31 ± 

2.9 
20.4 ± 3.1 114.7 ± 6.7 23.6 ± 4.3 114 ± 17.2 86.7± 7.7 13.3 ± 7.7 

Menadione 

(K3) 

102.1 ± 

32.6 
34.2 ± 5.9 124.9 ± 21.4 35.8 ± 14.1 139.1 ± 31.1 75.62 ± 

13.6 

24.4 ± 13.6 

Vitamin C 26.3 ± 8 59.3 ± 8.7 27.3 ±24.3 -50.6 ± 24.5 159.8 ± 4.9 
70.4 ± 13 

18.5 ± 13 
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Appendix 5: The ATP endpoints of %OxPhos and %Glycolysis for PNT1a cells treated with Menadione (K3) and 

Vitamin C (VC) under 5.5mM Glucose (n=3) 1-way ANOVA).  (A.) % ATP production by glycolysis was unchanged 

between the untreated and the treated cells. (B.) %ATP Production by OxPhos was unchanged between the untreated 

and the treated cells 

A. B. 
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Appendix 6: The MitoStress endpoints for PNT1a cells treated with Menadione (K3) and Vitamin C (VC) under 5.5mM 

glucose showing the effects on the; (A) Basal OCR was decreased in the Vitamin C treated cells versus the Menadione 

treated cells. (B) Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was 

increased in the Menadione treated cells compared to the untreated, and the Vitamin C treated cells. and (D) The non-

mitochondrial respiration was unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA).  

 

Appendix 7: Agilent Seahorse MitoStress and ATP Rate Test mean results for PNT1a cells treated Menadione and 

Vitamin C under 5.5mM glucose. (n=3) 1-way ANOVA). 

Treatments 
Basal 

OCR 

Proton 

(H+) Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysis 

No 

Treatment 

236.5 ± 

53.9 
42.9 ± 10.7 30.6 ± 13.2 40.9 ±28.0 174.7 ± 12.3 51 ± 9.6 

49 ± 9.6 

Menadione 

(K3) 

267.4 ± 

53.1 
43.1 ± 12.7 115.8 ± 68.5 33.0 ± 18.6 128.6 ± 56.7 

36.7 

± 27.6 
63.3±27.6 

Vitamin C 47.0 ± 

20.8 
36.8 ± 1.1 21.3 ± 24.7 51.93 ± 20.1 79.8 ± 6.24 51± 20.4 49 ± 20.4 

A. B. 

C. D. 
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Appendix 8:The ATP endpoints of %OxPhos and %Glycolysis for PNT1a cells treated with Menadione (K3) and 

Vitamin C (VC) under 11mM Glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). 
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Appendix 9: The MitoStress endpoints for PNT1a cells treated with Menadione (K3) and Vitamin C (VC) under 11mM 

glucose  showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells., (B) 

Proton leak was decreased in the Vitamin C treated cells compared to the Menadione treated cells. (C) Maximal 

respiration was unchanged between the untreated and the treated cells. and (D) The non-mitochondrial respiration was 

unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA) 
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Appendix 10: Agilent Seahorse MitoStress and ATP Rate Test mean results for PNT1a cells treated Menadione and 

Vitamin C under 11mM glucose. (n=3) 1-way ANOVA). 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 
% OxPhos 

% 

Glycolysis 

No 

Treatment 
73.7 ± 14.8 

33.5 ± 

10.2 

465.9 ± 

69.9 
22.0 ± 5.6 152.7 ± 29.1 46.6 ± 13.4 53.4 ± 13.4 

Menadione 

(K3) 

208.1 ± 

20.2 
51.1 ± 4.3 

561.0 ± 

65.1 
14.8 ± 12.5 123.0 ± 15.3 36.6 ± 30.7 63.4 ± 30.7 

Vitamin C 
47.0 ± 38.8 

13.2 ± 

15.3 

583.0 ± 

54.1 
19.7 ± 31.8 43.8 ± 30.3 52.2 ± 2.8 47.8 ± 2.8 
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Appendix 11: The ATP endpoints of %OxPhos and %Glycolysis for LNCaP cells treated with Menadione (K3) and 

Vitamin C (VC) under zero glucose (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA).The impact of Vitamin C and Menadione treatment on the  mitochondrial function of LNCaP cells  in zero 

glucose conditions. 

 

A. B. 
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Appendix 12: The MitoStress endpoints for LNCaP cells treated with Menadione (K3) and Vitamin C (VC) under zero 

glucose showing the effects on the; (A) Basal OCR was decreased in the Vitamin C treated cells compared to the 

untreated cells. (B) Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration 

was unchanged between the untreated and the treated cells. (D) The non-mitochondrial respiration was unchanged 

between the untreated and the treated cells. (n=3) 1-way ANOVA). 

 

Appendix 13: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for LNCaP cells treated Menadione 

and Vitamin C under 0mM glucose. (n=3) 1-way ANOVA). 

Treatments Basal OCR 
Proton 

(H+) Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysis 

No 

Treatment 
269.7 ± 33.7 63.9 ± 11.5 327.7 ± 94.4 41.7 ± 7.2 200.8 ± 34.8 84.7 ± 8.6 15.3 ± 8.6 

Menadione 

(K3) 
222.7 ± 35.9 60.1 ± 9.7 247.6 ± 15.0 21.8 ± 6.7 162.5 ± 7.1 80.8 ± 8.3 19.2 ± 8.3 

Vitamin C 160.5 ± 28.6 51.2 ± 44.2 212.9 ± 49.7 54.8 ± 52.1 155.2 ± 26.0 83.1 ± 8.2 16.9 ± 8.2 
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Appendix 14: The ATP endpoints of %OxPhos and %Glycolysis for LNCaP cells treated with Menadione (K3) and 

Vitamin C (VC) under 5.5mM Glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). 
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Appendix 15: The MitoStress endpoints for LNCaP cells treated with Menadione (K3) and Vitamin C (VC) under 

5.5mM glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. 

(B) Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was unchanged 

between the untreated and the treated cells. (D) The non-mitochondrial respiration was decreased in the Vitamin C 

treated cells compared to the untreated cells. (n=3) 1-way ANOVA). 
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Appendix 16: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for LNCaP cells treated Menadione 

and Vitamin C under 5.5mM glucose. (n=3) 1-way ANOVA). 

Treatments Basal OCR 
Proton 

(H+) Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysi

s 

No 

Treatment 
276.8 ± 34.7 79.5 ± 31.3 267.2 ± 34.2 34.6 ± 10.4 146.2 ± 54.4 63.3 ± 4.0 36.7 ± 4.0 

Menadione 

(K3) 
234.2 ± 52.8 60.1 ± 9.7 200.2 ± 31.4 26.6 ± 2.3 199.5 ± 1.6 

60.4 ± 

17.5 

39.6 ± 

17.5 

Vitamin C 208.1 ± 63.6 85.5 ± 31.5 181.1 ± 51.8 18.5 ± 6.0 125.4 ± 30.0 
58.3 ± 

13.7 
49.1 ± 6.6 
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Appendix 17:The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with Menadione (K3) and Vitamin 

C (VC) under 11mM Glucose . (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). 
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Appendix 18: The MitoStress endpoints for PC3 cells treated with Menadione (K3) and Vitamin C (VC) under 11mM 

glucose showing the effects on the; (A) Basal OCR was reduced in the Vitamin C treated cells compared to the 

untreated and the Menadione treated cells. (B) Proton leak was unchanged between the untreated and the treated cells. 

(C) Maximal respiration was increased in the untreated cells compared to the Menadione and the Vitamin C treated 

cells. and (D) The non-mitochondrial respiration was increased in the untreated cells compared to the Menadione and 

the Vitamin C treated cells. (n=3) 1-way ANOVA). 

 

Appendix 19: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for LNCaP cells treated Menadione 

and Vitamin C under 11mM glucose. (n=3) 1-way ANOVA). 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondria

l respiration 

ATP 

Production 
% OxPhos 

% 

Glycolysis 

No 

Treatment 

202.9 ± 

32.6 

79.5 ± 

19.3 
266.5 ± 79.8 36.4 ± 5.9 167.4 ± 24.9 54.8 ± 3.3 45.2 ± 3.3 

Menadione 

(K3) 

204.0 ± 

37.8 

50.7 ± 

22.6 
107.5 ± 46.8 17.9 ± 4.2 124.9 ± 18.2 46.3 ± 4.8 53.7 ± 4.8 

Vitamin C 
117.1 ± 

22.7 

46.3 ± 

40.9 
71.0 ± 16.0 15.3 ± 15.4 81.6 ± 33.1 50.9 ± 6.6 49.1 ± 6.6 

A. B. 

C. D. 



364 

 

0mM NT 0mM K3 0mM VC

0

20

40

60

80

100

0mM Glucose

%
O

x
P

h
o

s
PC3 %Oxidative Phosphorylation:

24hrs 0mM Glucose

0mM NT 0mM K3 0mM VC

0

10

20

30

0mM Glucose

%
 G

ly
c
o

ly
si

s

PC3 % Glycolysis: 24hrs 0mM Glucose

 

Appendix 20: The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with Menadione (K3) and Vitamin 

C (VC) under zero glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the treated 

cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-way 

ANOVA). 
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Appendix 21: The MitoStress endpoints for PC3 cells treated with Menadione (K3) and Vitamin C (VC) under zero 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. (B) 

Proton leak was increased in the Menadione treated cells compared to the untreated and the Vitamin C treated cells. 

(C) Maximal respiration was decreased in the Menadione treated cells versus the untreated cells. and (D) The non-

mitochondrial respiration was unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA). 
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Appendix 22: Agilent Seahorse MitoStress and ATP Rate Test mean results for PC3 cells treated Menadione and 

Vitamin C under 0mM glucose. (n=3) 1-way ANOVA) 

Treatments 
Basal 

OCR 

Proton 

(H+) Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 
% OxPhos 

% 

Glycolysis 

No 

Treatment 

147.1 ± 

9.6 
27.0 ± 4.7 307.1 ± 13 35.6 ± 3.1 120.1 ± 4.9 85.2 ± 9.4 14.8 ± 9.4 

Menadione 

(K3) 

137.6 ± 

11.2 
53.0 ±6.8 189.0± 28 42.7 ± 3.1 84.6 ± 11.5 79.1 ± 9.6 20.9 ± 9.6 

Vitamin C 
147.1 

±16.1 
34.9 ± 11.2 265.4 ± 65.2 44.5 ± 10.1 

112.2 ± 

24.7 
82.5 ± 8.2 17.5 ± 8.2 
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Appendix 23:  The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with Menadione (K3) and 

Vitamin C (VC) under 5.5mM glucose . (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). 
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Appendix 24: The MitoStress endpoints for PC3 cells treated with Menadione (K3) and Vitamin C (VC) under 5.5mM 

glucose showing the effects on the; (A) Basal OCR was reduced in the Vitamin C treated cells versus the untreated 

cells. (B) Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was 

decreased in the Vitamin C treated cells compared to the untreated cells. and (D) The non-mitochondrial respiration 

was unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA). 

 

Appendix 25: Agilent Seahorse MitoStress and ATP Rate Test mean results for PC3 cells treated Menadione and 

Vitamin C under 5.5mM glucose. (n=3) 1-way ANOVA) 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 
% OxPhos 

% 

Glycolysis 

No 

Treatment 

164.4 ± 

35.3 
33.2 ± 4.6 282 ± 56.2 29.6 ± 1.9 131.2 ± 33.3 52.4 ± 7.7 47.6 ± 7.7 

Menadione 

(K3) 

137.6 ± 

11.2 
49.1 ± 5.1 

195.9 ± 

20.1 
26.8 ± 1.3 78.8 ± 18.7 65.6 ± 17.2 34.4 ± 17.2 

Vitamin C 
80.3 ± 

10.1 

34.9 ± 

11.2 
129.8 ± 19 21.8 ± 3.5 58.8 ± 6.4 64.4 ± 14.1 35.6 ± 14.1 
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Appendix 26:The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with Menadione (K3) and Vitamin 

C (VC) under 11mM Glucose. (A.) % ATP production by glycolysis was unchanged between the untreated and the 

treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-

way ANOVA). 
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Appendix 27: The MitoStress endpoints for PC3 cells treated with Menadione (K3) and Vitamin C (VC) under 11mM 

glucose showing the effects on the; (A) Basal OCR was decreased in the Menadione treated cells compared to the 

untreated. (B) Proton leak was unchanged between the untreated and the treated cells, (C) Maximal respiration was 

decreased in the Menadione treated cells compared to the untreated. (D) The non-mitochondrial respiration was 

unchanged between the untreated and the treated cells. (n=3) 1-way ANOVA). 

 

A. B. 

A. B. 

C. D. 



368 

 

Appendix 28: Agilent Seahorse MitoStress and ATP Rate Test mean results for PC3 cells treated Menadione and 

Vitamin C under 11mM glucose. (n=3) 1-way ANOVA) 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 
% Glycolysis 

No 

Treatment 

177.2 ± 

27.1 
40.9 ± 9.4 269.5 ± 68.6 32.1 ± 7.2 136.3 ± 17.6 48.7 ± 4.6 51.4 ± 4.6 

Menadione 

(K3) 

110.5 ± 

46.9 

32.6 ± 

22.6 
144.5 ± 30.2 29.9 ± 3.2 206.7 ± 12.1 46.2 ± 35.5 53.8 ± 35.5 

Vitamin C 
114.7 ± 

35.8 
23.1 ± 9.7 204.9 ± 63.6 28.0 ± 2.2 91.6 ± 26.2 59.6 ± 6.1 40.4 ± 6.1 
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Appendix 29: The ATP endpoints of %OxPhos and %Glycolysis for Du145 cells treated with Menadione (K3) and 

Vitamin C (VC) under zero glucose.  (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA). 
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Appendix 30: The MitoStress endpoints for Du145 cells treated with Menadione (K3) and Vitamin C (VC) under 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. (B) 

Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was unchanged 

between the untreated and the treated cells. (D) The non-mitochondrial respiration was unchanged between the 

untreated and the treated cells. (n=3) 1-way ANOVA). 

 

Appendix 31: Agilent Seahorse MitoStress and ATP Rate Test mean results for Du145 cells treated Menadione and 

Vitamin C under 0mM glucose. (n=3) 1-way ANOVA) 

Treatments Basal OCR 
Proton 

(H+) Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysis 

No 

Treatment 134.7 ± 33.8 
31.0 ± 23.7 157.4 ± 40.7 14.79 ± 2.0 103.6 ± 47.1 91.6 ± 1.2 8.4 ± 0.9 

Menadione 

(K3) 
132.3 ± 76.2 33.5 ± 15.9 86.4 ± 63.4 35.4 ± 23.9 88.3 ± 59.2 91.2 ± 4.5 8.8 ± 4.5 

Vitamin C 125.4 ± 32.6 26.7 ± 26.1 87.3 ± 94 -25.38 ± 3.6 80.9 ± 49.3 91.7 ± 5.2 8.3 ± 5.2 
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Appendix 32: The ATP endpoints of %OxPhos and %Glycolysis for PC3 cells treated with Menadione (K3) and Vitamin 

C (VC) under 5.5mM glucose was unchanged between the untreated and the treated cells. (A.) % ATP production by 

glycolysis. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 1-way 

ANOVA). 

 

5.5mM NT 5.5mM K3 5.5mM VC

0

50

100

150

200

Du145 Oxygen Consumption Rate:
24hrs 5.5mM Glucose

5.5mM Glucose

p
m

o
l/

m
in

5.5mM NT 5.5mM K3 5.5mM VC

0

10

20

30

40

Du145 Proton Leak:
24hrs 5.5mM Glucose

5.5mM Glucose

p
m

o
l/

m
in

5.5mM NT 5.5mM K3 5.5mM VC

0

100

200

300

Du145 Maximal  Respiration:
24hrs 5.5mM Glucose

5.5mM Glucose

p
m

o
l/

m
in

5.5mM NT 5.5mM K3 5.5mM VC

0

20

40

60

Du145 Non-Mitochondrial Respiration:
24hrs 5.5mM Glucose

5.5mM Glucose

p
m

o
l/

m
in

 

Appendix 33: The MitoStress endpoints for Du145 cells treated with Menadione (K3) and Vitamin C (VC) under 5.5mM 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells. (B) 

Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was unchanged 

between the untreated and the treated cells. (D) The non-mitochondrial respiration was unchanged between the 

untreated and the treated cells. (n=3) 1-way ANOVA 
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Appendix 34: Agilent Seahorse MitoStress and ATP Rate Test mean results for Du145 cells treated Menadione and 

Vitamin C under 5.5mM glucose. (n=3) 1-way ANOVA) 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysis 

No 

Treatment 

114.0 ± 

43.1 

25.5 ± 

11.5 
224.2 ± 89.8 19.9 ± 7.2 128.6 ± 41.7 

48.2 ± 

5.2 

51.8% ± 

5.2 

Menadione 

(K3) 

113.8 ± 

60.5 

10.5 ± 

18.0 
130.6 ± 54.1 32.1 ± 24.6 53.9 ± 24.2 

41.6 ± 

10.8 

58.4 ± 

10.8 

Vitamin C 84.5 ± 

43.8 
8.9 ± 17.8 125.8 ± 50.5 8.2 ± 23.0 63.0 ± 24.6 

49.3 ± 

9.8 
50.7 ± 9.8 
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Appendix 35:The ATP endpoints of %OxPhos and %Glycolysis for Du145 cells treated with Menadione (K3) and 

Vitamin C (VC) under 11mM Glucose . (A.) % ATP production by glycolysis was unchanged between the untreated and 

the treated cells. (B.) % ATP Production by OxPhos was unchanged between the untreated and the treated cells. (n=3) 

1-way ANOVA) 
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Appendix 36: The MitoStress endpoints for Du145 cells treated with Menadione (K3) and Vitamin C (VC) under 11mM 

glucose showing the effects on the; (A) Basal OCR was unchanged between the untreated and the treated cells (B) 

Proton leak was unchanged between the untreated and the treated cells. (C) Maximal respiration was decreased in the 

Menadione treated cells compared to the untreated cells. (D) The non-mitochondrial respiration was decreased in the 

Vitamin C treated cells compared to the Menadione treated cells. (n=3) 1-way ANOVA). 

 

Appendix 37: Agilent Seahorse MitoStress and ATP Rate Test mean results for Du145 cells treated Menadione and 

Vitamin C under 11mM glucose. (n=3) 1-way ANOVA) 

Treatments 
Basal 

OCR 

Proton 

(H+) 

Leak 

Maximal 

Respiration 

Non-

mitochondrial 

respiration 

ATP 

Production 

% 

OxPhos 

% 

Glycolysis 

No 

Treatment 

122.2 ± 

76.3 

22.9 ± 

11.1 
273.5 ± 16.81 3.0 ± 8 99.3 ± 11.8 49.0 ± 8.9 51.0 ± 7.0 

Menadione 

(K3) 
62.1 ± 11 17.1 ± 6.0 104.0 ± 32.3 14.1 ± 16.0 44.1 ± 11.1 38.5 ± 2.1 61.5 ± 2.1 

Vitamin C 
125.4 ± 

32.6 

36.3 ± 

21.0 
246.6 ± 61.5 -11.2 ± 12.5 71.4 ± 14.7 55.4 ± 3.4 44.6 ± 3.4 

A. B. 

C. 
D. 
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Appendix 38: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for PNT1a cells treated with novel compounds TH1, TH4 and TH6 under 0mM glucose. (n=3) 1-way 

ANOVA 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 134.4 ± 19.7 20.4 ± 3.1 216.6 ± 80.54 23.6 ± 5.2 134.0 ± 17.1 85.5 ± 2.7 14.5± 2.7 

Menadione (K3) 161.3 ± 37.1 34.2 ± 5.9 272.6 ± 36.46 40.1 ± 14.4 139.1 ± 31.1 77.7 ± 3.8 22.3± 3.8 

TH 1 (TH1) 69.5± 13.2 13.7 ± 10.1 29.4 ± 5.5 1.01 ± 11.67 54.9 ± 8.3 91.5 ± 2.5 8.5± 2.5 

TH 4 (TH4) 40.83± 20.1 12.7 ± 5.8 34.7 ± 5.7 22.0 ± 15.0 37.4 ± 4.0 86.7 ± 7.5 13.3± 7.5 

TH 6 (TH6) 151.1 ± 32.2 24.7 ± 17.1 141.8 ± 77.2 75.9 ± 37.7 140.3 ± 31.0 77.4 ± 6.5 22.6± 6.5 

 

Appendix 39: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for LNCaP cell lines treated with novel compounds TH1, TH4 and TH6 under 0mM glucose. (n=3) 1-way 

ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 522.4 ± 64.5 132.0 ± 14.9 647.1 ± 71.4 45.2 ± 13.6 390.5 ± 49.6 90.6 ± 2.2 9.4 ± 2.2 

Menadione (K3) 469.7 ± 59.8 128.0 ± 13.3 547.2 ± 27.7 38.7 ± 8.2 341.9 ± 46.5 77.8 ± 17.4 22.2 ± 17.4 

TH1 237.1 ± 26.4 135.1 ±25.9 214.5 ± 16.6 80.9 ± 40.6 143.3 ±16.1 87.4 ± 13.6 12.6 ±13.6 

TH4 457.4 ± 75.4 118.9 ± 13.7 437.6 ± 21.3 48.8 ± 12.7 338.5 ± 33.7 91.0 ± 3.0 9.0 ± 3.0 

TH6 119.9 ± 71.9 23.3 ± 51.7 328.0 ± 70.7 43.3 ± 41.8 97.4 ± 18.0 73.9 ± 11.9 26.1 ± 11.9 
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Appendix 40: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for PC3 cell lines treated with novel compounds TH1, TH4 and TH6 under 0mM glucose. (n=3) 1-way 

ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 178.7 ±12.0 33.2 ± 3.1 306.5  ± 22.2 31.1 ± 6.3 145.5 ± 9.6 83.3 ± 8.5 16.7 ± 8.5 

Menadione (K3) 126.3 ± 9.4 41.1 ± 8.1 158.0 ± 19.9 25.8 ± 4.5 76.9 ± 13.6 78.0 ± 9.3 22.0 ± 9.3 

TH1 223.6 ± 23.3 58.1 ± 11.1 205.6 ± 37.1 46.3 ± 17.0 128.1 ± 29.7 91.7 ± 4.1 8.3 ± 4.1 

TH4 136.0 ± 36.5 32.8 ± 9.7 187.6 ± 61.1 28.2 ± 5.2 103.1 ±26.9 80.0 ± 6.3 20.0 ± 6.3 

TH6 120.9 ± 37.3 30.8 ± 6.3 205.6 ± 37.1 14.0 ± 17.9 90.1 ± 7.7 72.0 ± 10.4 28.0 ± 10.4 

 

Appendix 41: Agilent Seahorse MitoStress and ATP Rate Test mean results for Du145 cell lines under 0mM glucose (n=3) 1-way ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 158.1 ± 31.5 26.2 ± 4.3 148.3 ± 29.7 14.8 ± 17.4 390.5 ± 25.8 83.2 ± 0.6 16.8 ± 0.6 

Menadione (K3) 109.7 ± 37.9 27.2 ± 14.4 93.8 ± 25.6 17.6 ± 10.2 341.9 ± 13.6 88.7 ± 1.7 11.3 ± 1.7 

TH 1 115.0 ± 4.9 34.5 ± 12.0 85.7 ± 7.9 17.6 ± 2.7 145.3 ± 16.1 82.3 ± 2.3 17.7 ± 2.3 

TH 4 114.4 ± 14.1 23.9 ± 3.0 113.3 ± 48.2 11.8 ± 4.5 338.5 ± 103.8 78.1 ± 3.6 21.9 ± 3.6 

TH 6 107.8 ± 9.5 44.2 ± 5.5 98.2 ± 16.5 -7.2 ± 29.4 97.4 ±18.0 76.4 ± 4.2 23.6 ± 4.2 
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Appendix 42: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for PNT1a cells treated with novel compounds TH1, TH4 and TH6 under 5.5mM glucose. (n=3) 1-way 

ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 240.2 ± 45.9 42.9 ± 10.7 93.2 ± 18.2 40.9 ± 28.0 174.7 ± 12.3 25.6 ± 14.9 74.4 ± 14.9 

Menadione (K3) 252.6 ± 54.3 43.1 ± 12.7 256.9 ± 111.1 26.2 ± 7.9 96.5 ± 5.6 31.5 ± 28.5 68.5 ± 28.5 

TH 1 (TH1) 19.7 ± 5.9 2.3 ± 1.7 20.5 ± 8.61 4.5 ± 1.9 12.33 ± 1.9 52.7 ± 7.1 46.8 ± 7.1 

TH 4 (TH4) 42.3 ± 16.1 11.0 ± 10.2 28.4 ± 19.1 13.1 ± 9.4 31.3 ± 9.421 41.2 ± 12.8 58.8 ± 12.8 

TH 6 (TH6) 210.5 ± 49.6 45.5 ± 13.8 82.4 ± 38.2 66.3 ± 48.0 152.3 ± 7.3 50.9 ± 3.9 49.1 ± 3.9 

 

Appendix 43: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for LNCaP cell lines treated with novel compounds TH1, TH4 and TH6 under 5.5mM glucose. (n=3) 1-

way ANOVA) 

Treatments 

pmol/min 

Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 546.9 ± 84.6 160.6 ± 9.7 761.5 ± 48.2 44.5 ± 21.7 386.3 ± 39.3 72.3 ± 3.4 27.7 ± 3.4 

Menadione (K3) 294.6 ± 125.1 94.2 ± 29 336.9 ± 26.0 38.9 ± 16.9 200.4 ± 15.0 60.8 ± 5.1 39.2 ± 5.1 

TH1 57.0 ± 49.2 35.5 ± 22.7 42.1 ± 30.26 16.6 ± 15.9 178.0 ± 1.72 70.0 ± 7.3 30.0 ± 7.3 

TH4 343.0 ± 47.3 107.2 ± 11.7 409.46 ± 99.7 71.6 ± 24.1 253.7 ± 36.3 66.6 ± 1.4 33.4 ± 1.4 

TH6 142.4 ± 118.5 37.0 ± 4.9 95.4 ± 38.0 58.8 ± 9.3 134.9 ± 15.4 77.1 ± 17.1 22.9 ± 17.1 
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Appendix 44: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for PC3 cell lines treated with novel compounds TH1, TH4 and TH6 under 5.5mM glucose. (n=3) 1-way 

ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 262.5 ± 52.1 41.2 ±7.0 265.1 ± 49.8 31.1 ± 6.3 171.7 ± 27.4 49.7 ± 5.9 50.3 ± 5.9 

Menadione (K3) 136.7 ± 26.7 35.8 ± 4.4 149.3 ± 26.3 25.8 ± 4.5 74.4 ± 14.7 57.2 ± 13.6 47.8 ± 13.6 

TH1 108.2 ± 35.3 44.6 ± 9.2 119.8 ± 42.1 46.3 ± 17.0 63.6 ± 26.1 30.8 ± 17.9 69.2 ± 17.9 

TH4 71.8 ± 63.6 43.6 ± 35.8 79.1 ± 20.5 28.2 ± 5.2 28.2 ± 27.9 38.3 ± 9.1 61.7 ± 9.1 

TH6 54.3 ± 54.2 15.6 ± 35 20.5 ± 18.7 14.0 ± 18.0 55.3 ± 35.4 31.0 ± 9.3 69.0± 9.3 

 

Appendix 45: Agilent Seahorse MitoStress and ATP Rate Test mean results for Du145 cell lines under 11mM glucose (n=3) 1-way ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 162.3 ± 45.0 25.1 ± 11.8 268.2 ± 78.3 15.3 ± 2.3 389.8 ± 48.0 41.4 ± 5.1 58.6 ± 5.1 

Menadione (K3) 97.3 ± 34.3 24.8 ± 7.9 143.6 ± 44.3 26.5 ± 8.3 103.9 ± 26.6 50.8 ± 7.6 49.2 ± 7.6 

TH 1 151.0 ± 48.0 41.7 ± 46.4 179.8 ± 43.6 57.4 ± 38.4 12.8 ± 7.9 35.7 ± 3.7 64.3 ± 3.7 

TH 4 166.5 ± 67.1 48.7 ± 11.5 259.3 ± 54.9 41.7 ± 6.2 173.9 ± 4.3 43.6 ± 7.4 56.4 ± 7.4 

TH 6 77.7 ± 15.9 36.0 ± 4.7 47.4 ± 13.3 7.7 ± 4.9 71.9 ± 5.0 44.0 ± 5.1 56.0 ± 5.1 
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Appendix 46: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for PNT1a cells treated with novel compounds TH1, TH4 and TH6 under 11mM glucose. (n=3) 1-way 

ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 143.2 ± 36.7 33.5 ± 10.2 346.9 ± 64.4 22.5 ± 5.2 152.8 ± 29.1 37.9 ± 20.4 62.1 ± 20.4 

Menadione (K3) 140.4 ± 15.2 25.8 ±5.8 243.3 ± 27.4 17.7 ± 11.9 123. ± 15.3 52.4 ± 26.4 47.6 ± 26.3 

TH1 57.45 ± 8.6 11.66 ±21.8 23.0 ± 0.6 -8.5 ± 16.2 31.3 ± 33.4 47.7 ± 12.4 52.3 ± 12.4 

TH4 13.3 ± 4.8 5.0 ± 5.7 6.5 ± 4.5 -0.5 ± 29 9.7 ± 3.9 37.8 ± 16.1 62.2 ± 16.2 

TH6 252.2 ± 43.9 43.6 ± 8.9 231.4 ±76.4 53.7 ± 4.2 216.4 ± 21.5 75.9 ± 13.7 24.1 ± 13.7 

 

Appendix 47: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for LNCaP cell lines under treated with novel compounds TH1, TH4 and TH6 under 11mM glucose. (n=3) 

1-way ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 541.5 ± 58.1 157.7 ± 18.6 729.2 ± 217.0 45.5 ± 8.4 389.8 ± 27.5 55.5 ± 6.7 44.5 ± 6.7 

Menadione (K3) 170.3 ± 52.5 66.3 ± 25.0 209.1 ± 35.5 26.3 ± 7.5 103.9 ± 26.5 56.1 ± 17.0 43.9 ± 17.0 

TH1 52.5 ± 40.1 17.4 ± 15.1 67.1 ± 43.0 36.7 ± 12.1 12.8 ± 7.9 66.2 ± 4.4 33.8 ± 4.4 

TH4 178.7 ± 44.6 91.7 ± 6.2 315.7 ± 93.8 40.7 ± 10.4 173.9 ± 4.28 69.3 ± 9.2 30.7 ± 9.2 

TH6 113.3 ± 6.7 43.1 ± 13.1 98.3 ± 43.1 30.7 ± 5.9 71.9 ± 8.0 81.7 ± 13.5 18.3 ± 13.5 
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Appendix 48: Agilent Seahorse MitoStress and ATP Rate Test mean ± SD results for PC3 cell lines treated with novel compounds TH1, TH4 and TH6 under 11mM glucose. (n=3) 1-way 

ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 150.8 ± 27.5 37.7 ± 10.0 220.6 ± 52.9 34.2 ± 7.2 147.8 ±18.3 44.0 ± 4.7 56.0 ± 4.7 

Menadione (K3) 87.5 ± 23.8 25.0 ± 14.8 116.28 ± 26.6 29.8 ± 9.4 126.8 ± 8.4 41.7 ± 28.1 58.3 ± 28.1 

TH1 119.0 ± 65.9 39.3 ± 26.6 91.9 ± 75.3 27.4 ± 12.2 59.5 ± 8.6 26.4 ± 2.7 75.6 ± 2.7 

TH4 28.7 ± 5.5 37.0 ± 31.8 14.1 ± 6.6 31.0 ± 13.2 7.1 ± 4.8 43.4 ± 2.8 57.6 ± 2.8 

TH6 37.3 ± 20.4 12.8 ± 3.3 30.1 ± 13.1 14.1 ± 9.2 28.2 ± 22.16 33.2 ± 7.7 66.8 ± 7.7 

 

Appendix 49: Agilent Seahorse MitoStress and ATP Rate Test mean results for Du145 cell lines under 5.5mM glucose (n=3) 1-way ANOVA) 

Treatments Basal OCR 
Proton (H+) 

Leak 

Maximal 

Respiration 

Non-mitochondrial 

respiration 
ATP Production % OxPhos % Glycolysis 

No Treatment 149.8 ± 26.2 18.9 ± 9.8 150.1 ± 20.5 16.8 ± 7.8 386.3 ± 39.3 47.2 ± 2.8 52.8 ± 2.8 

Menadione (K3) 127.4 ± 27.3 23.0 ± 18.0 163.7 ± 33.4 22.0 ± 6.5 200.4 ± 15.0 55.8 ± 5.0 44.2 ± 5.0 

TH 1 101.5 ± 72.6 33.9 ± 27.1 106.1 ± 80.2 30.4 ± 17.1 17.8 ± 17.5 42.3 ± 2.1 57.7 ± 2.1 

TH 4 146.9 ± 41.5 38.7 ± 16.8 230.1 ± 95.5 34.7 ± 9.3 235.7 ± 36.3 51.8 ± 4.0 48.2 ± 4.0 

TH 6 106.6 ± 19.4 40.8 ± 10.7 69.3 ± 15.7 45.6 ± 18.1 134.9 ± 15.4 28.3 ± 5.0 71.7 ± 5.0 
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Appendix 50: Oxyburst Mean Fluorescence Intensity (MFI) in the prostate cell lines under the varied glucose milieu. 

(A.) PNT1a cells Oxyburst MFI in the zero, 5.5mM and 11mM glucose conditions, with no significance found. (B.) 

LNCaP cells Oxyburst MFI in the zero, 5.5mM and 11mM glucose conditions, with increased Oxyburst expression in 

the zero glucose conditions compared to the 5.5mM and the 11mM glucose conditions. (C.) PC3 cells Oxyburst MFI in 

the zero, 5.5mM and 11mM glucose conditions, with no significance found. (D.) Du145 cells Oxyburst MFI in the zero, 

5.5mM and 11mM glucose conditions, with no significance found 
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Appendix 51: (A.) Frequency histogram showing the Oxyburst frequency spread of PNT1a. cells in the zero (blue), 

5.5mM (red) and 11mM (green) glucose media . (B.) JC-1 (green) Frequency histogram showing the frequency spread 

of the LNCaP cell line in the zero (blue), 5.5mM (red) and 11mM (green) glucose media. (C.) Av Frequency histogram 

showing the frequency spread of the basal PC3 cell line in the zero (blue), 5.5mM (red) and 11mM (green) glucose 

media. (D.) JC-1 (red) frequency histogram of the MMP spread of the Du145 cell line in the zero (blue), 5.5mM (red) 

and 11mM (green) glucose media.  

 


