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ABSTRACT 
 

Glioblastoma (GBM) is an aggressive and the most prevalent form of brain 

tumour.  It is characterized by high intertumoral and intratumoral 

heterogeneity and a low survival rate. Since 2005, the current gold standard 

of care for treating newly diagnosed GBM has remained the same: maximal 

safe resection, concomitant chemoradiation (CRT) with temozolomide (TMZ), 

and adjuvant TMZ. Thus, there is an urgent need to develop more 

therapeutic interventions for GBM to improve the disease prognosis. Our 

research group at the University of Wolverhampton has been working on 

repurposing known FDA approved drugs for cancer treatment. Previous 

studies from our group have shown that Disulfiram (DS), an FDA approved 

anti alcoholism drug has excellent anticancer activity against a wide range of 

cancers with its metal binding capability through its unique dithiol structure. 

Hence our group is interested in identifying clinically used dithiol compounds 

which are structurally similar to DS and has metal binding ability to repurpose 

them as potential anticancer drugs.  

This study focussed on determining the anticancer activity of 

Dimercaptosuccinic acid (DMSA), an FDA approved, orally administrated 

heavy metal chelator, clinically used to treat heavy metal poisoning. DMSA in 

combination with copper (Cu) exhibits cytotoxicity activity in GBM cell lines. 

DMSA+Cu, in combination with the conventional GBM drugs such as TMZ, 

Lomustine (CCNU) and Carmustine (BCNU), showed synergistic cytotoxicity 

and sensitized the GBM cell lines to first line drugs tested in this study. This 

study further explored the possible mechanisms of action of DMSA+Cu such 

as generation of reactive oxygen species (ROS), induction of DNA damage 
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and cell death, inhibition of hypoxia induced stemness and epithelial to 

mesenchymal transition characteristics, which are the core anticancer 

mechanisms of DS+Cu.  

Collectively, our results show that DMSA+Cu induces DNA damage and 

cytotoxicity in GBM cell lines, in addition to synergistic enhancement of anti-

GBM drugs. However, the mechanism of action of DMSA+Cu is very different 

to that of DS+Cu, especially we observed that DMSA+Cu does not target 

hypoxia induced cancer stem cell population or generate ROS to induce 

cytotoxicity. Thus, further studies on the mechanisms of DMSA+Cu induced 

cytotoxicity will translate DMSA as a potentially novel repurposed therapeutic 

agent for GBM treatment, due to its easy availability and established safety 

data.  
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1.1 Cancer 

A major public health issue that has worldwide concern is cancer. The World 

Health Organization (WHO) estimation in 2020 suggests that prior to the age 

of 70, cancer is the most common cause of death with an approximation of 

10 million deaths (Ferlay et al., 2021). The diagnosis and treatment of cancer 

were significantly affected in 2020 due to the coronavirus disease 2019 

(COVID-19) pandemic. Figure 1.1a represent the statistical data of weekly 

registrations of deaths in England and Wales about COVID-19, cancer, and 

other diseases. Figure 1.1b indicate the weekly variations in estimated 

relative risks computed by contrasting the most recent week's deaths with the 

five-year weekly averages. The closure of healthcare settings and concerns 

of exposure to COVID-19 resulted in lesser access to professionals, thereby 

delaying disease diagnosis and treatment. This ultimately led to a brief 

descend in cancer incidence followed by an escalation in late-stage disease 

and increased mortality (Yabroff et al., 2021). However, the lag in the 

distribution of population-based surveillance data will consume several years 

to be evaluated as other secondary consequences of the pandemic. For 

instance, the cancer incidence and mortality reported at present are only 

available through the years 2018 and 2019. Taken as a whole, the impact of 

the rapidly increasing incidence and mortality of cancer is felt globally; this is 

due to changes in the prevalence and distribution of the key risk factors for 

cancer, some of which are linked to socioeconomic development, as well as 

population ageing and growth (Sung et al., 2021). Figure 1.2 represent the 

2018 estimated number of cancer incidence and mortality, worldwide 

(GLOBOCAN, 2018).  
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Figure 1.1a Weekly death registrations statistics in England and Wales 

between January to May. Adapted from (Lai et al., 2020). 

 

 

Figure 1.1b Weekly death registrations in England and Wales by comparing 

the most recent weekly deaths to 5-year weekly averages, the panel displays 

weekly variations in relative risk estimates. Adapted from (Lai et al., 2020). 
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Figure 1.2 Estimated number of cancer incidence and mortality, worldwide. 

(Source: GLOBOCAN, 2018). 
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1.2 Glioblastoma 

Glioblastoma multiforme (GBM), a malignant tumour of the primary central 

nervous system (CNS), more commonly arises in the frontal or temporal 

lobes. The median survival rate of GBM patients is low at 14-16 months. 

Unfortunately, less than 5% of patients with GBM tend to survive up to 5 

years, which is the least long-term survival rate of malignant brain tumours 

despite the availability of surgical resection, radiotherapy, and chemotherapy. 

It has an inevitable disease progression which deteriorates the physical and 

cognitive abilities (Larjavaara et al., 2007; Shergalis et al., 2018; Ostrom et 

al., 2019; McKinnon et al., 2021). GBM demonstrates both intra- and inter-

tumour heterogeneity, which contributes to resistance and ultimately tumour 

recurrence (Shergalis et al., 2018). The predominant characteristics of GBM - 

tumour heterogeneity and highly invasive nature – makes it notoriously wily 

and the implacable cancer in human (Stetka, 2019). 

1.2.1 Classification 

Glial cells are a kind of cells that provide support to the brain and spinal cord. 

Glial cells are of different forms, of which astrocytes, oligodendrocytes, and 

ependymal cells are the main types. Tumours that arise in these cells are 

known as gliomas. GBM is encompassed in this heterogeneous group of 

gliomas (McKinnon et al., 2021). GBM is a grade 4 glioma brain tumor arising 

from brain cells called glial cells. A brain tumour's grade refers to how likely 

the tumor is to grow and spread. Grade 4 is the most aggressive and serious 

type of tumour (McKinnon et al., 2021). The latest version of the international 

standard for the classification of the brain and spinal cord tumours and the 
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fifth edition of the WHO Classification of Tumours of the Central Nervous 

System (WHO CNS5) published in 2021 is a revise of the fourth edition 

(2016) and the cIMPACT (Consortium to Inform Molecular and Practical 

Approaches to CNS Tumour Taxonomy). This classification has prioritised 

the role of molecular diagnostics over histo-genetic classification, based on 

the up-to-date progress in neuro-oncology studies. The WHO CNS5 

highlights the importance of layered reports and integrated diagnoses and 

ascertains changes to CNS tumour nomenclature and the grading system. 

For instance, regardless of grading within tumour types, there are only grade 

2, 3, and 4 diffuse astrocytomas that are IDH (isocitrate dehydrogenase)-

mutant; there is no grade 1 diffuse astrocytomas. IDH mutations are found 

frequent in secondary GBM, which account for 73% of clinical cases, 

whereas they are less seen in primary GBM (3.7%). Although IDH-mutated 

glioma generally exhibits a better disease outcome, the high incidence of IDH 

mutations in secondary GBM suggests that lower-grade glioma with IDH 

mutation often recur with having undergone malignant transformation to a 

higher grade. In addition, IDH-mutated glioma is more likely to develop a 

hypermutation phenotype, which is associated with worsened prognosis 

(Louis et al., 2021). GBM, IDH-wildtype can only be identified as a grade 4 

tumour (Louis et al., 2021; Komori, 2022; Lasorella and Iavarone, 2021).  
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1.2.2 Epidemiology 
 

 

Figure 1.3 Survival rate of patients diagnosed with GBM. Adapted from 

(Moliterno Gunel, Piepmeier and Baehring, 2017) 

About 16% of all primary brain tumours and CNS neoplasms are 

glioblastomas, the most aggressive type of adult brain tumour. GBM 

accounts for approximately 54% of all gliomas (Hanif et al., 2017; McKinnon 

et al., 2021; Tammi and Juweid, 2017; J. Moliterno, JM and JM, 2017). 

Patients aged between 75-84 have shown a rise in the age-adjusted annual 

incidence rates of GBM, as the disease increases with age to a peak at 15 

per 100,000. With age, the survival rates decline and the median age at 

which GBM is diagnosed is 64. GBM occurs more frequently in adults than in 

children, and it occurs 1.6 times more frequently in men than in women 

(Ostrom et al., 2019; J. Moliterno, JM and JM, 2017; Thakkar et al., 2014). 

Figure 1.3 represent the survival rate of patients diagnosed with GBM with 

respect to age.  By ethnic origin, the GBM incidence rate is higher in Asians, 

Latinos and Whites followed by Afro-Americans (Tammi and Juweid, 2017). 

Likewise, patients with hereditary syndromes such as Turcot syndrome and   

Li-Fraumeni syndrome show an increased GBM incidence (Hamilton et al., 
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1995). Otherwise, the occurrence of GBM is often of unknown genetic 

predisposition and sporadic (Tammi and Juweid, 2017).  

1.2.3 General signs and symptoms 

Depending on the size and location of the tumour, GBM symptoms and signs 

might vary. Persistent weakness, numbness, loss of vision, fatigue, mild 

memory disorders, mood disorder, cerebral oedema, seizures, alteration of 

language, executive dysfunction, gastrointestinal tract disturbances, 

osteoporosis and venous thromboembolism are often associated with 

tumours located in the corpus callosum, frontal lobe or temporal lobe (Norden 

and Wen, 2006). Roughly about twenty-five per cent of newly diagnosed 

GBM patients experience seizures, which is often an easy constraint using 

anticonvulsants (Chaichana et al., 2009). A common initial symptom is 

headache, which is often related to mass effect through the ventricular 

system obstruction or direct impact of the tumour itself (Alexander and 

Cloughesy, 2017).  

1.2.4 Etiology 

In most cases, the precise cause of GBM has not yet been fully elucidated 

(Hanif et al., 2017; Urbańska et al., 2014). One of the recognized physical 

risk factors for brain tumours is exposure to ionising radiation ranging 

between moderate to high (Plotz, 2017; Li, Cao and Liu, 2018; Thakkar et al., 

2014). However, no conclusive evidence has been found linking GBM to 

environmental risk factors like dietary risk factors such as N-nitroso 

compounds, electromagnetic fields, cell phones, serious head injuries, 

pesticide exposure, and occupational risk factors. (Vienne-Jumeau, Tafani 
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and Ricard, 2019; Inskip et al., 2001; Li, Cao and Liu, 2018; Fisher et al., 

2007). Though GBM is thought to be a spontaneous tumour, it differs in the 

genetic background when compared to the familial form of GBM, which is 

development of glioma in related persons. Additionally, diseases like 

tuberous sclerosis, Turcot syndrome, and neurofibromatosis type 1 may 

influence the onset of GBM (Urbańska et al., 2014). 

Likewise, the disinvolvement of the G1/S checkpoint of the cell cycle is linked 

to GBM development. Genetic disturbances such as the deletion of genes in 

the 10q chromosomes, gene alterations in PTEN (Phosphatase and tensin 

homolog), TP16 (Tumour protein 16), PARK2 (Parkin), TP53 (Tumour protein 

53), NF1 (Neurofibromin 1), PTPRD (Receptor-type tyrosine-protein 

phosphatase δ) and overexpression of EGFR2 (epidermal growth factor 

receptor 2), IRS2 (Insulin receptor substrate 2) and AKT3 (AKT 

Serine/Threonine Kinase 3) in the glial cells predisposes the development of 

GBM (The Cancer Genome Atlas Research Network, 2008; Y. P. Lam, E. di 

Tomaso, H.-K. Ng, 2000). One of the etiologic variables linked to the 

development of GBM may be the human cytomegalovirus (HCMV), a beta-

herpesvirus that infects people permanently. Glial cells are susceptible and 

permissive to HCMV tropism, leading to dysregulation of major pathways 

such as Signal transducer and activator of transcription 3 (STAT3) and 

Protein kinase B (AKT serine/threonine kinase) (Cobbs, 2011; Urbańska et 

al., 2014).   
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1.2.5 Pathogenesis 

GBM often occurs in the hemisphere of the cerebral region. The 

supratentorial region is the common site where approximately 95 per cent of 

the GBM arises; less than 5 per cent occurs in the remaining regions of the 

CNS such as the cerebellum, brainstem, and the spinal cord (Nakada et al., 

2011). The macroscopic feature of GBM is extremely heterogeneous with 

multifocal haemorrhage and necrosis (Hanif et al., 2017; Agnihotri et al., 

2012; Smith and Ironside, 2007). One of the characteristics of GBM is the 

disparity in the physical form in different regions of the tumour. The necrosis 

in some regions results in soft yellowish colouration, whereas others remain 

firm and whitish; likewise, a few regions show haemorrhage (Hanif et al., 

2017; Frosch, Anthony and De Girolami, 2015). Typically, the tumour has 

individual large, unevenly shaped lesions, and the histological resemblance 

of the tumour is an anaplastic astrocytoma, ascending in the white matter. 

(Hanif et al., 2017; Nelson and Cha, 2003).  

The understanding of major molecular modification that prompts the initiation 

of GBM has developed with the advances in genomic technology.  GBM has 

been divided into two categories primary and secondary, based on its clinical 

characteristics (Hanif et al., 2017; Agnihotri et al., 2012; Smith and Ironside, 

2007). Correspondingly, gene expression studies from The Cancer Genome 

Atlas (TCGA) research provided an understanding of transcriptional GBM 

subclasses: classical, proneural, neural and mesenchymal (Hanif et al., 2017; 

Agnihotri et al., 2012). Though the neural subclass does not have any unique 

genetic features, the hallmark characteristics of a mesenchymal subclass are 
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alteration in TP53, NF1, and CDKN2A (cyclin-dependent kinase inhibitor 2A); 

CDK4 (Cyclin-dependent kinase 4), CDK6 (Cyclin-dependent kinase 6), 

PDGFRA (platelet-derived growth factor receptor A), c-MET 

(mesenchymal‐to‐epithelial transition factor) are features of proneural 

subclass; and the loss of PTEN, CDKN2A and EGFR amplification 

characterizes classical subclass. All GBM with IDH1 mutation is of the 

proneural gene expression subtype (Hanif et al., 2017; Cloughesy, Cavenee 

and Mischel, 2014; Verhaak et al., 2010). 

1.2.6 Clinical presentation 

The clinical presentation of a newly diagnosed GBM patient varies 

considerably depending on the range, the position of the tumour and the 

anatomical brain structure (Lobera et al., 2022; Davis, 2016; Young et al., 

2015). There are few mechanisms by which GBM patients are known to 

produce various signs and symptoms (Hanif et al., 2017; Davis, 2016). i) 

When the tissues in the brain are damaged due to necrosis which leads to 

the focal neural deficit and cognitive damage, it is the direct effect. Patients 

with tumours in the temporal lobe have visual and auditory issues; those with 

tumours in the frontal lobe have personality disorders (Omuro, 2013).  ii) the 

secondary effect occurs with the gradual growth of the tumour size which 

results in increased intracranial pressure, often causing headache, a 

hallmark feature observed in most GBM patients (Omuro, 2013).  
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1.3 GBM Treatment 

Despite a global effort, an effective treatment for GBM still appears to be a 

challenge. Over the decades, various treatments examined had a few 

promising outcomes (Hanif et al., 2017). These limitations are often related to 

the heterogeneity and the location of the disease (Kesari, 2011). Though the 

currently available treatments have gradually improved the survival and 

quality of life in GBM patients, significant progress is still required to improve 

the prognosis when compared to other cancers such as Prostate, Breast, 

Thyroid, Testicular and Melanoma (Hanif et al., 2017; Ohka, Natsume and 

Wakabayashi, 2012). A maximal safe surgical resection followed by 

concomitant radiation therapy to the resection site, chemotherapy and 

adjuvant TMZ is the currently recommended treatment for GBM. This 

procedure, sometimes referred to as the Stupp protocol, was developed as 

the gold standard of care for GBM as a result of the foundational work by 

Stupp and colleagues, which increased the survival rate from 12.1 months to 

14.6 months. (Stupp et al., 2005).  

Table 1.1 Therapeutic strategies in clinical and pre-clinical studies for 

treating GBM Adapted from (Wu et al., 2021) 

Treatment Biological action 

Surgery guided 
by imaging 

Intraoperative MRI Removal of the tumour 

Intraoperative 
ultrasonography 

Removal of the tumour 

Intraoperative 
fluorescence imaging 

Removal of the tumour 

Small molecules - 
chemotherapy 

Temozolomide DNA base pairs alkylation 

Lomustine  DNA base pairs alkylation 
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Carmustine  DNA base pairs alkylation 

Fotemustine DNA base pairs alkylation 

Radiation therapy 

Proton therapy 
DNA double-strand breaks and 
ROS generation 

3D conformal Radiation 
therapy 

Creates DNA double-strand 
breaks and ROS 

Inhibitor therapy 

Bevacizumab (mAb) 
Inhibits Vascular Endothelial 
Growth Factor A (VEGF-A) 

Sorafenib 
Inhibits multi-targeted protein 
kinase  

Sunitinib 
Inhibits multi-targeted protein 
kinase 

AZD-2171 (Cediranib) 
Inhibits Vascular Endothelial 
Growth Factor Receptors 
(VEGFR) 

Erlotinib 
Epidermal Growth Factor 
Receptor (EGFR) inhibitor 

Temsirolimus (CCI-779) 
inhibits the Mammalian Target of 
Rapamycin (mTOR) 

ABT-888 (Veliparib)  
Inhibits Poly (Adp-Ribose) 
Polymerase (PARP) 

ABT-414 (Depatuxizumab 
mafodotin) 

Ab targets Epidermal Growth 
Factor Receptor and the drug 
inhibits tubulin 

Nanotherapy 

SGT-53 Cationic 
liposomes 

Target Scfv/TfR 

2B3–101 PEGylated 
liposomes 

Target Glutathione (GSH) /GSH 
transporters 

Liposomal irinotecan 
Convection-enhanced delivery 
(CED) 

Immunotherapy 

CAR T cell therapy 
T cells are engineered to express 
receptors against specific tumour 
markers 

Cemiplimab 
checkpoint inhibitor that binds to 
Programmed Cell Death Protein 
1 (PD-1) 

VB-111 (Ofranergene 
obadenovec) gene 
therapy  

Virus carries a trans-gene for 
chimeric death receptor that 
connects Fas to hTNF receptor 
1. 
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1.3.1 Surgery 

The main component of the standard of care is surgery. Because of the 

advent of frameless stereotaxy, surgical instruments are modernised with 

imaging procedures which have paved the way for the progress of 

techniques such as brain mapping which helps in tumour removal from sites 

of functional significance (Hanif et al., 2017; Wu et al., 2021; Ohka, Natsume 

and Wakabayashi, 2012; Larjavaara et al., 2007; Azagury et al., 2015). Even 

with the advancement of surgical resections, the prognosis for GBM is poor 

due to its invasive nature (Hanif et al., 2017; Davis, 2016; Thakkar et al., 

2014). Tumour relapse occurs in almost two third of the patients within less 

than 3 cm of the original lesion (Hanif et al., 2017). 

1.3.2 Radiotherapy 

Surgical treatment is often followed by radiotherapy (RT) which enhances the 

killing of the remaining microscopic tumour cells unattended by surgical 

resection. Radiotherapy has increased life expectancy in high-grade glioma 

patients (Hanif et al., 2017). Though protons, gamma photons,  and several 

other forms of radiotherapy could be employed, not all could be evaluated as 

standard care (Wu et al., 2021). Newly diagnosed patients are benefited from 

therapies such as brachytherapy and stereotaxic radiosurgery (SRS). 

Brachytherapy is the implantation of a couple of radioactive isotopes such as 

iodine-125 and iridium-192 into the tumour during the surgery (Barbarite et 

al., 2016). However, clinical trials conducted with brachytherapy have not 

shown significant variation in the overall survival (OS) of the patients 

compared to the untreated patients. Rather, unfavourable effects such as 
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radiation exposure to close contacts, vascular injury, and radiation necrosis 

were observed (Parvez, Parvez and Zadeh, 2014; Wu et al., 2021). 

Stereotaxic radiosurgery is a form of focal radiation where the application of 

large doses of radiation is delivered as non-parallel, multiple beams that 

converge to a point. The gamma radiation exhibits a heat transfer property 

which enables a high dose of radiation delivery to the tumour region thereby 

sparing the surrounding healthy cells. This is frequently used in brain 

metastases to avoid whole brain radiotherapy (Redmond and Mehta, 2015; 

Ganz, 2014). 

1.3.3 Tumour Treating Fields 

Following surgery and standard-of-care therapy, FDA authorised Optune, a 

device that provides tumour-treating fields (TTFields), as a treatment for 

adults with newly diagnosed supratentorial GBM (Davis, 2016). Optune uses 

TTFields, a cutting-edge technique that targets tumour cells with alternating 

electrical fields with a medium frequency and low strength. Cell death or 

apoptosis is the result of TTFields interfering with cell division. The FDA 

expanded optune indication in response to interim analysis results from 315 

patients randomly receiving Optune + TMZ versus TMZ alone in the adjuvant 

treatment. Optune with TMZ showed a higher PFS of 7.1 months as opposed 

to 4 months with TMZ alone, as well as a superior OS of 20.5 months as 

opposed to 15.6 months with TMZ alone (Stupp et al., 2015). TTField is a 

prospective therapy option due to its lack of adverse effects, particularly 

scalp itchiness from the electrodes. In addition, patients reported better 

emotional and cognitive functioning compared to those undergoing 

chemotherapy. The NCCN guidelines for recurrent GBM now include Optune 
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as a potential method of TTField delivery (Davis, 2013; Nabors et al., 2015). 

As a maintenance therapy option for recurring diseases, TTFields continues 

to be an appealing medical approach. 

1.3.4 Chemotherapy 

The invasive nature of GBM often fails the complete elimination of all tumour 

cells by surgical resection. Thus, postsurgical treatment is usually essential 

to prevent the recurrence of the disease. Numerous chemotherapeutic 

agents are being tested for their efficiency in treating GBM (Hanif et al., 2017; 

Shergalis et al., 2018). Out of these therapeutic agents, the alkylating agents 

temozolomide or TMZ, lomustine or CCNU and carmustine or BCNU have 

shown benefits and were used in treating the majority of GBM cases clinically 

(Shergalis et al., 2018; Iacob and Dinca, 2009). Nevertheless, a high-dose 

regimen with these drugs results in notable side effects. However, use of 

reduced dose ultimately leads to decrease in the efficacy of the drug 

(Lonardi, Tosoni and Brandes, 2005). Some of the second-line drugs used in 

GBM treatment are carboplatin, oxaliplatin, etoposide and irinotecan. Other 

chemotherapeutic drugs indicated in the treatment of GBM comprise anti-

angiogenic agents such as tyrosine kinase inhibitors, anti-VEGF monoclonal 

antibodies - Bevacizumab, anti-FGF antibodies, and monoclonal antibodies 

targeting EGFR - Erlotinib, and Gefitinib (Hanif et al., 2017; Iacob and Dinca, 

2009). 

1.3.4.a Temozolomide 

TMZ is an imidazotetrazine derivative of the alkylating agent and its 

antitumour properties were first discovered in the late 1980s (Sang Y. Lee, 
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2016; Stevens MF et al. 1987). It is taken orally and is the efficient first-line 

standard of care used in GBM treatment followed by surgery and 

radiotherapy. It was approved by the FDA in 2005 for treating newly 

diagnosed GBM patients (Jiapaer et al., 2018; Stupp et al., 2005). TMZ 

alkylates the DNA and provokes arrest at the G2/M stage of the cell cycle, 

which results in programmed cell death – apoptosis.  TMZ is unstable at pH 

greater than 5. At physiological pH (pH greater than 7), TMZ is hydrolysed 

into the short-lived active molecule MTIC (5-(3-dimethyl-1-triazenyl) 

imidazole-4-carboxamide) and released the active form of the drug into the 

tumour site (Koukourakis et al., 2009). TMZ forms a methyl adduct at the O6 

position of the guanine (O6-methylguanine adducts - O6-MeG), N7 position of 

guanine (N7-MeG) and O3 position of adenine (N3-MeA) (Friedman, Kerby 

and Calvert, 2000). O6 position of guanine is the primary mediator for TMZ 

cytotoxicity. Methylguanine-DNA methyltransferase (MGMT), the suicide 

enzyme involves in the direct repair of the O6-MeG, eliminates the adduct 

and restores guanine (Drabløs et al., 2004). In other circumstances, during 

replication, the unrepaired O6-MeG pairs with thymine instead of cytosine 

resulting in mispairing of base pairs and alarming the DNA mismatch repair 

mechanism (MMR) (Margison and Santibáñez-Koref, 2002). The MMR 

recognizes the mismatched thymine in the daughter strand and removes it. 

However, the O6-MeG remains on the parent strand resulting in a thymine 

insertion and removal cycle. As a result, the replication fork collapses, 

causing DNA strand breaks, and the G2/M stage of the cell cycle to be 

reached (Zhang, F.G. Stevens and D. Bradshaw, 2012). The N7-MeG and 

N3-MeA adducts are plenty and are swiftly restored by the DNA base 
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excision repair (BER). Thus, the DNA repair systems MMR, MGMT (direct 

repair), and BER are required for the cytotoxicity and mode of action of TMZ. 

 

 

 

 

 

 

 

 

Figure 1.4 Mechanism of action of Temozolomide – intracellular conversion 

of TMZ to MITC, methylation of DNA, DNA nick and cellular apoptosis. 

(Adapted from Wesolowski, Rajdev and Mukherji, 2010) 

 

 

1.3.4.b Nitrosoureas  

The National Cancer Institute (NCI) developed the nitrosourea compounds as 

part of the program Anticancer drug development (DeVita et al., 1979). In 

screening for anti-tumour compound, carmustine (BCNU) - 23rd nitroso 

analogue synthesised showed potent antitumor activity and was chosen for 

clinical trials (Weiss and Muggia, 1980). Later, lomustine (CCNU), another 

nitroso analogue which was found to have a better anticancer effect in 

xenografts was added to the clinical trials. A study conducted on the 

structure-activity relation established that the bis-2-haloethyl and cyclohexyl 
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configurations of these analogues enhance their anticancer property 

(Montgomery, 1976).  

 

 

 

 

 

 

 

Figure 1.5 Mechanism of action of carmustine (BCNU). (Adapted from Han 

et al., 2019). 

The drug CCNU seconds TMZ in GBM treatment (Weller and Le Rhun, 

2020). It functions both in a cell cycle-dependent and independent manner, 

and it can cross-link DNA and alkylate nucleic acids (DNA and RNA). Like 

TMZ, CCNU forms O6-chloroethylguanine leading to lesions that are repaired 

by MGMT (Puyo, Montaudon and Pourquier, 2014). The lipophilic nature of 

CCNU has made it feasible to cross the BBB, thereby making it considerable 

chemotherapy in GBM treatment (Weller and Le Rhun, 2020). Randomised 

clinical trials for use of CCNU in recurrent GBM showed OS of 5-9 months 

and the patient selection influenced the difference in OS between trials 

(Brandes et al., 2016; (Wick et al., 2017; Duerinck et al., 2017; Lombardi et 

al., 2019). Notably, in one of the phase II trials, the outcome of CCNU was 

particularly poor compared to the steroid regorafenib (Lombardi et al., 2019). 
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Though this is arguable, the enrolment of patients with poor prognoses could 

have been a reason for the poor outcome. However, CCNU is the standard of 

care in most countries where bevacizumab has not been approved (Weller et 

al., 2017). The limitation of CCNU was its haematological toxicity in patients 

in the form of thrombocytopenia, thromboembolic events, and fatigue (Taal et 

al., 2014; Jakobsen et al., 2018). 

BCNU is used as a chemotherapeutic agent in the form of a wafer and 

interstitial adjuvant therapy since the early 21st century worldwide (Ohue, 

2016). The wafers of BCNU were considered an effective option for a locally 

recurring tumour which was thought to be the primary reason for Stupp 

regimen failure (Ashby, Smith and Stea, 2016). In the early 1990s, Brem and 

his group developed the biodegradable wafer infused with BCNU (also 

commercially known as Gliadel wafers), to reduce the toxicity associated with 

the administration of BCNU (Brem et al., 1991). The earlier trials with BCNU 

showed a rise in the OS of the newly diagnosed GBM patient for up to four 

months which could be accounted for the efficiency of the drug, but its safety 

has been divisive (Xiao et al., 2020). The meta-analysis carried out by Xiao 

et al. reported that BCNU contributed effectively to the significant OS and 

progression-free survival outcomes. The limitations of the nitrosoureas 

agents are hematotoxicity and pulmonary fibrosis. Additionally, even a locally 

increased concentration of BCNU might not be adequate to hinder the 

progression of all GBM (Roux et al., 2017).  
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1.4 Challenges in GBM treatment 

 

 

 

 

 

 

 

Figure 1.6 Outline of challenges in GBM treatment 

Maximal resection by surgery followed by adjuvant therapies has not helped 

prevent the recurrence of the disease. Nearly all the GBM tumours have 

been reported to recur post-treatment (Wu et al., 2021; Ringel et al., 2015).  

The treatment of GBM has several such challenges as genetic heterogeneity, 

blood-brain barrier (BBB) and GBM microenvironment. The incomplete 

resection of GBM due to its high infiltrating nature presents the risk of tumour 

recurrence (Lara-Velazquez et al., 2017; Wu et al., 2021). The high 

heterogeneity of the intra- and the inter- tumour has made targeted therapies 

less effective (Ramón y Cajal et al., 2020). 

The hypoxic condition created within the tumour supports the perivascular 

niches for the stem cell-like – glioma initiating cells (GICs). The GICs exhibit 
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self-renewing characteristics which are often associated with radio and 

chemoresistance in recurring tumours (Garnier et al., 2019; Prager et al., 

2020). Cancer stem cells (CSC) are one of the most important factors 

involved in resistance to therapies. There are several mechanisms by which 

the resistance is achieved: ABC transporter drug efflux, the activity of 

Aldehyde dehydrogenase, enhanced ROS scavenging and DNA repair, 

autophagy, and activation of various developmental pathways (R Safa, 

2020). It has been shown that CD133+ CSCs are more radiation resistant 

than the parental population (Bao et al., 2006). In response to radiation-

induced DNA damage, GBM CSCs have been found to significantly activate 

DNA damage checkpoint responses like ATM (ataxia-telangiectasia mutated 

kinases), Rad17 (RF-C activator 1 homolog), Chk1 and Chk2 kinases 

(Checkpoint kinase 1 and 2) (Bao et al., 2006). The CD133+ CSCs are more 

radiation resistant than the parental population (Bao et al., 2006). The 

checkpoints are activated by CSCs, which then swiftly repair damaged DNA 

and recover from genotoxic stress. Later research revealed that a further 

essential CSC component, BMI1 (B-cell-specific Moloney leukemia virus 

insertion site 1), interacted with these checkpoint proteins and the NHEJ 

(non-homologous end joining) repair proteins to efficiently recruit the DNA 

damage response machinery during radiation (Diehn et al., 2009). 

Several signalling pathways, including Notch, Wnt/-catenin signalling, and 

ROS/MAPK (reactive oxygen species/mitogen-activated protein kinase), 

have been linked to decreased radiosensitivity of CSCs (Woodward et al., 

2007).  
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A natural significant challenge in treating brain tumours is the presence of the 

BBB, which functions to sustain the component of the brain interstitial fluid 

(ISF) and protect the function of the brain (Reddy et al., 2021; Pardridge, 

2007). In gliomas, the cancer cells change the structural arrangement of the 

neural cell and the tight junction leading to the loss of the integrity of BBB 

and its neurovascular unit (NVU) (Lockman et al., 2010; Belykh et al., 2020) 

and giving upsurge to blood tumour barrier (BTB). The BTB is more 

permeable compared to BBB but is diverse in molecules which makes 

therapy inefficient. However, even if the drug manages to infiltrate the tumour 

tissues, it does not attain its therapeutic concentration due to efflux pump 

upregulation (Robey et al., 2018).  

The immunosuppressive microenvironment of GBM, commonly known as 

"cold tumours" presents challenges for treatment (Brahm et al., 2020; 

Bonaventura et al., 2019). Immune stimulation, antibody-mediated 

immunotherapies, adoptive cellular immunotherapies, and vaccinations are 

all types of immunotherapies that have a long history in GBM. There is 

currently no FDA-approved immunotherapy for GBM, and phase 3 clinical 

trials have not shown immunotherapy to be effective in treating the disease 

(McGranahan, Li and Nagpal, 2017). The checkpoint inhibitors are often 

ineffective against cold tumours, which lack pre-existing tumour T cell 

infiltration (Brahm  et al., 2020; Bonaventura et al., 2019). The treatment of 

multiple advanced cancers has been revolutionized by checkpoint inhibition, 

giving hope for cancer treatment and earning checkpoint inhibition a well-

deserved Nobel Prize. The usual balance of the adaptive immune system 

was shifted toward higher immune activation by immune checkpoint inhibitors 
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like PD-1, PD-L1 (programmed death ligand 1), and CTLA-4 (cytotoxic T-

lymphocyte-associated protein 4) (Preusser et al., 2015). Checkpoint 

inhibitors demonstrated promise in preclinical research for the treatment of 

GBM; however, the CNS toxicity when used to treat other cancers made it 

difficult to translate this preclinical work to patients (Cuzzubbo et al., 2017; 

McGranahan, Li and Nagpal, 2017). 

1.5 Drug Repositioning 

The process of finding a different, novel usage of a drug previously approved 

for other applications is known as drug repositioning. It is also known by 

other terms such as drug repurposing, reprofiling and redirecting. 

Repurposing can have on-target impacts, like verifying an already-identified 

pharmacological target for possible anti-cancer efficacy, or off-target 

implications, such as identifying novel molecular targets for FDA-approved 

drugs. 200 off-target drugs have been demonstrated to be 50% effective 

against cancer in numerous clinical and non-clinical investigations (Würth et 

al., 2016; Kaushik et al., 2021). The conventional approach to drug 

development is estimated to cost around USD 2.5 billion. The estimated 

amount for drug repurposing, about USD 300 million US dollars, is nearly 

85% lower than the cost of new drug development. (Kaushik et al., 2021).  

There are two major approaches to drug repositioning. First, reporting based 

on their activity – in this case, the drugs are assessed in various in vitro 

cancer models. Second, drug repositioning is based on in silico data, where 

drug activity is evaluated utilising databases and bioinformatic tools, and in 

silico drug interactions with molecular targets are generated (Boyer et al., 
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2018). Repositioning of a drug involves three substantial stages starting from 

hypothesis and identification of the potent drug; secondly, evaluating the 

efficacy of the drug in clinical models; and assessing the effectiveness in 

phase II clinical trials (Kirtonia et al., 2021). For instance, data-driven 

computational methods were used to recognize repositioned drugs that 

inhibited CSCs in GBM (Bahmad et al., 2020). In oncology, the approval rate 

for new drugs is about 50% lower than for other indications (Pantziarka, 

2014). Thus, repositioning existing potential drugs might be a desirable 

approach to develop a therapy for GBM which would decrease the time 

frame of the initial preclinical phase. Additionally, drug repositioning will be an 

excellent solution for patients in developing countries with an increase in the 

incidence of GBM and other cancers with its availability at a lower cost 

(Kaushik et al., 2021).   

1.5.1 Copper (Cu) chelators in cancer 

In the emerging studies in the development of anticancer drugs, Cu has 

become a significant target due to its homeostasis in cancers. One of the 

approaches examined in both preclinical and clinical settings is using Cu 

chelators which involve the reduction of Cu availability by directly binding with 

Cu (Li, 2020; Kannappan et al., 2021). For instance, D-penicillamine is a 

metal chelator discovered in the mid-twentieth century.  A study by Lipsky 

and Ziff demonstrated the ability of D-penicillamine to subdue the growth and 

vascularisation of tumours when combined with Cu by producing ROS and 

inhibiting LOX (lysyl oxygenase) and ICAM (intercellular adhesion molecule) 

(Lipsky and Ziff, 1977). Tetrathiomolybdate is another specific chelator of Cu, 

which exhibits anticancer properties by inhibiting angiogenesis in the tumour. 
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It targets several pathways including NF-κB (nuclear factor kappa-light-chain-

enhancer of activated B cells), HIF1α (Hypoxia-Inducible Factor 1-Alpha), 

LOX and SOD1 (superoxide dismutase 1) activities (Brewer, 2003). Kim et 

al., recently reported that Tetrathiomolybdate suppresses BRAF-driven (V-

Raf Murine Sarcoma Viral Oncogene Homolog B) cancer in melanoma, 

colon, and thyroid by reducing the Cu intercellularly and inhibiting the activity 

of MEK1/2 (Mitogen-Activated Protein Kinase) kinase (Kim et al., 2020). 

Prof Weiguang Wang’s group at Research Instutite of Health Science (RHIS) 

were interested in identifying clinically approved Cu chelators with different 

applications but structurally similar dithiol compounds containing sulfhydryl 

groups to evaluate and explore their anticancer properties. In that interest, 

the group has worked with Disulfiram (DS) for over a decade and elucidated 

its potential as an anticancer drug in several cancers and its delivery system 

(Kannappan et al., 2022; Butcher et al., 2018; Najlah et al., 2019; Xu et al., 

2017; Wang et al., 2017; Liu et al., 2013; Brown et al., 2010; Wang, McLeod 

and Cassidy, 2003; Yip et al., 2011; Wang et al., 2017).  

1.5.2 Disulfiram  

Disulfiram or tetraethylthiuram disulfide is an FDA-approved drug used in 

alcoholism treatment. Structurally, DS is made of two molecules of 

diethyldithiocarbamate (DDC) linked together by a disulfide bond and has a 

molecular weight of 296.4 Da (Papaioannou et al., 2013). It belongs to the 

dithiocarbamate family which encompasses a broad class of molecules with 

the R1R2NC(S)SR3 functional group (Li et al., 2015). Its ability to inhibit 

acetaldehyde dehydrogenase (ALDH) has shown to be effective in 
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alcoholism treatment (Ren et al., 2020). DS demonstrating anticancer activity 

is dated back to the 1970s (Suh et al., 2006). DS has been reported to be 

involved in the induction of apoptosis, reduction of angiogenesis and 

antineoplastic activity in a metal ion-dependent fashion (Suh et al., 2006; 

McMahon, Chen and Li, 2020). The low cost and comparatively good safety 

profile have made DS a sought-after drug in many anticancer studies (Li et 

al., 2015). Long-term studies with DS have shown negligible side effects and 

are therefore regarded as safe by the FDA (Rae et al., 2013). DS is rapidly 

converted to DDC in vivo. DS and most of the dithiocarbamate members are 

capable of complexing with metal ions such as Cu, Zn, and Fe reacting with 

the sulfhydryl group (thiols) (Li et al., 2015). 

 

Figure 1.7 Structure of DS and its metabolite, DDC. Adapted from 

(Kannappan et al., 2021) 

Remarkably, Cu enhances the redox modulation property of DS and 

enhances the induction of ROS and interferes with the activity of NF-B 

(Allensworth et al., 2015). The presence of Cu significantly influences the 

anticancer property of DS. As mentioned above DS metabolises to DDC 

which is a potent Cu chelator. Treatment with DS removes Cu from the 

enzymes involved in the regulation of extracellular matrix degradation and 

oxygen metabolism. This results in suppression of cancer invasion, and 
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angiogenesis both in vivo and in vitro (Wiggins et al., 2015). The Cu content 

is high in cancer cells via the transmembrane Cu transporter Ctr1 

transportation (Liu et al., 2013). The DS+Cu complex formation and reaction 

generate extracellular ROS, induce apoptosis and lead to the death of cancer 

cells (Tiwari et al., 2016). Likewise, the accumulation of the DS and Cu 

complex within the cancer cells induces the generation of ROS and apoptosis 

in cancer cells (Lu et al., 2020; Tiwari et al., 2016; Kannappan et al., 2021). 

The internal and external ROS generation is entirely dependent on the 

chelation of Cu by the thiol group (Kannappan et al., 2021). 

1.5.3 meso-2,3-Dimercaptosuccinic Acid (DMSA) 

With the results from the previous studies, our group was further interested in 

identifying dithiol compounds like DS to explore the anticancer properties. 

Meso-2,3-Dimercaptosuccinic Acid (DMSA) is a metal chelator that is 

structurally similar to DS with two sulfhydryl groups and has a very low or no 

toxicity profile, which thus became our drug of interest in this study. 

DMSA, commercially known as Succimer, is a derivative of dimercaprol 

(British Anti Lewisite) and a dithiol compound consisting of two sulfhydryl 

groups. It is a non-toxic, orally administered metal chelator. Friedheim first 

synthesised DMSA in 1940 and included it in the antimonial drug. It was 

initially used in schistosomiasis treatment (Friedheim, da Silva and Martins, 

1954). The DMSA antimony binding lowered the antimony toxicity but did not 

affect its efficiency. In vitro, DMSA showed to form complexes with several 

metals such as Cd2, Pb2+, Fe2+, Hg2+, Zn2+, and Ni2+ (Aposhian, 1983). 
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The antidote potential of DMSA was identified and utilised several decades 

ago mostly in the eastern countries (Aposhian, 1983; Flora and Pachauri, 

2010). The potential of DMSA as a heavy metal poisoning antidote was 

established in the western nations eventually in the mid-1970s (Aposhian, 

1983).  

 

 

Figure 1.8 Structure of Meso-2,3-Dimercaptosuccinic Acid (DMSA) 

1.5.3.1 General and chemical properties 

DMSA is a white crystalline powder with the chemical formula C4H6O4S2  and 

a molecular mass of 182.22 g/mol. The presence of two asymmetric carbon 

atoms apportions DMSA to exist in two forms, meso and DL (dextrorotatory 

and laevorotatory). The preparation of DMSA is simpler, readily available and 

is often used in many studies. The meso DMSA has a melting point of 210˚ -

211˚C and is sparsely soluble. It requires titration at pH 5.5 with alkali to go 

into the solution. As an alternative, 5% NaHCO3 can be used to dissolve 

DMSA (Aposhian, 1983). In this study, the DMSA abbreviated denotes the 

meso form, unless otherwise specified.  
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Studies conducted by Casas and Egorova research groups have reported on 

the stability constant of DMSA metal complexes (Casas and Jones, 1980; 

Egorova et al., 1971). Most likely, metals or ions will bind to the sulphur 

atoms in the dimercapto chelating agent to form the complex (Aposhian and 

Aposhian, 1990). A study conducted by Rivera et al., using the NMR and IR 

spectrometry alongside DMSA potentiometric titration illustrated that Hg2+ 

coordinates with the two sulfur atoms (Rivera et al., 1989). 

 

Figure 1.9 Mercury chelate structure of DMSA 

1.5.3.2 Pharmacological profile 

DMSA is a polar molecule and thus exhibits high hydrophilic nature. This has 

allowed its absorption in the GI (gastrointestinal tract) (Flora and Pachauri, 

2010; Bradberry and Vale, 2009). Like in the study reported by Burckhardt B 

and G Burckhardt, a transporter molecule is probably involved in the 

absorption (Burckhardt and Burckhardt, 2003). DMSA, as shown in some 

clinical studies, is mostly plasma albumin-bound via the disulfide bond 

formed with the cysteine residue on the albumin and less than 5% of DMSA 

tends to remain as a free drug (Maiorino et al., 1990; Miller, 1998; Graziano, 

1986; Vasken Aposhian et al., 1992). 
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1.5.3.3 DMSA as an antidote for heavy metal poisoning 

Since the 1940s, despite the high toxicity, low therapeutic index, and several 

other disadvantages such as unpleasant side effects, instability in solution, 

and the need to administer by injection, BAL (British anti-Lewisite) has been 

the choice of drug in the treatment of heavy metal poisoning, specifically 

arsenic (Flora and Pachauri, 2010). Later in 1965 the studies and 

publications in the Chinese and Soviet literature reported the potential of 

DMSA as an arsenic poisoning antidote (Ting et al., 1965; Okonishnikova, 

1965). DMSA as an efficient arsenic antidote has been reported in humans, 

mice and even rats (Tadlock and Aposhian, 1980; Aposhian, 1981; 

Okonishnikova, 1965; Graziano and Friedheim, 1978).  

The use of DMSA in the treatment of occupational metal poisoning was 

initially reported in Peking (Beijing) and Shanghai (Wang et al., 1965).  A 

report from the Soviet Union stated the efficiency of DMSA was equivalent to 

CaNa2 EDTA in the treatment of chronic lead poisoning in 60 men 

(Anatovskaya, 1962). A study involving 21 children with a higher lead 

concentration in blood, in age group 2 to 7 years, reported the effective 

treatment with DMSA at a low dose of 10 mg/kg/day (Graziano, Lolacono and 

Meyer, 1988). Likewise, the treatment with 30 mg/kg/day was significant and 

even better than the conventional treatment with CaNa2 EDTA (Graziano, 

Lolacono and Meyer, 1988). 

DMSA showed effectiveness in treating mercury intoxication in three 

individuals. A daily dose of 30mg/kg of DMSA for 5 days increased the 

excretion of mercury approximately four-fold and resumed the normal 

function of the kidney (Fournier et al., 1988). 
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1.5.3.4 DMSA used in renal scanning  

DMSA labelled with Technetium Tc 99m and administered intravenously is 

used as a static renal scanning agent (Galvez, García Domenech and 

Moreno, 1980; Vanlić-Razumenić et al., 1979). 99mTc-DMSA imaging 

technique is very sensitive and a commonly recognized technique in the 

detection of damage to the renal cortex (Paolino and Treves, 2017). The 

99mTc-DMSA enters the kidney and is concentrated in the tissues of the 

kidney and indicates the kidney’s working conditions. Gamma cameras are 

used to record images of the kidney by the gamma rays emitted from the 

radioisotopes (Chang and Cain, 2018). 

1.6 Hypothesis 

The various molecular mechanism initiated during processes such as tumour 

formation and progression, and the complexity of GBM has developed 

resistance to most of the traditional GBM treatments (Da Ros et al., 2018; 

Zhang et al., 2019). Therefore, more potential chemotherapies are needed 

for the treatment of GBM, with reduced toxicity. The drug of interest, DMSA is 

a dithiol molecule with structural similarity to DS with two sulfhydryl groups. 

Both human tumour cell lines and patient-derived tumour cells have 

anticancer effects in response to DS (Wickström et al., 2007). Additionally, to 

assess the efficacy of DS in cancer therapeutics, numerous clinical trials 

have been conducted. The use of DS in cancer therapy has been suggested 

for several processes or targets, including modifying intracellular ROS levels 

(Carnero et al., 2016), blocking the ubiquitin-proteasome system (UPS) 

(Chen et al., 2006; Kleiger and Mayor, 2014), and decreasing the stemness 

of cancer cells (Liu et al., 2016). Likewise, chemical chelators that bind 
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copper offer effective approach for transforming cancer-promoting copper 

into cancer-fighting chemicals. These copper complexes can act as ROS 

generators or anti-angiogenesis inhibitors to slow the progression of tumours. 

Additionally, these drugs can target physiological proteins like the 

proteasome to prevent the spread of cancer cells (Wang et al., 2010). 

DS has previously shown excellent anticancer activity as a copper ionophore 

(Liu et al., 2012; Triscott et al., 2012; Qiu et al., 2020), which raises the 

notion that DMSA might also exhibit similar activity. Despite its safety profile 

approved by FDA and its ability to chelate metals, the therapeutic potential of 

DMSA in cancer treatment has never been studied. Thus, in this exploratory 

study we hypothesized that DMSA has the potential to demonstrate 

anticancer activity either on its own or in combination with Cu, and the same 

was evaluated on three GBM cell lines U87MG, U251MG and U373MG. We 

also hypothesised that if DMSA can chelate Cu and induce cancer cell death 

in the same way as DS, it is possible that the anticancer activity is due to 

generation of extracellular or intracellular ROS that could damage the cellular 

membrane or proteins leading to apoptosis. 
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Figure 1.10 Proposed model of DMSA+Cu killing cancer cells. 

 

1.7 Aim and Objectives 

AIM: This study aims to determine the anticancer activity and cytotoxic 

mechanism of DMSA+Cu in GBM cell lines.  

OBJECTIVE: The present study intends to explicate the following 

phenomena. 

1. Demonstrate the cytotoxicity of DMSA+Cu on GBM cell lines. 

2. Establish the synergism between DMSA+Cu and conventional anti-

GBM drugs. 

3. Demonstrate the mechanism of action of DMSA+Cu mediated cell 

death in the U251MG GBM cell line. 
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2.1 Materials 

2.1.1 Labware, Reagents, Enzymes, Equipment and Kits 

• 10 mL, 25 mL, 50 mL and 100 mL polystyrene tubes; tissue culture 

flasks T25, T75, T175 with PE ventilation caps; 6 well, 24 well and 96 

well flat bottom tissue culture plates with lids; vacuum filtration unit 

Filtropur V50.0.2 vacuum filter, 500 mL; cell scrapper; Eppendorf 

tubes (1.5 mL and 0.5 mL); 5 mL, 10 mL and 25 mL sterile disposable 

pipettes (Sarstedt ltd., Leicester, UK). 

• AccuGel 40% (19:1 acrylamide: bis); 10x TBE buffer; 30% acrylamide: 

bis-acrylamide (37.5:1); 10x TAE buffer; 10x electrophoresis buffer - 

Tris/Glycine/SDS; EZ-ECL chemiluminescence detection kit for horse 

radish peroxidise solution A and B (Geneflow, UK-national 

diagnostics, Yorkshire, UK). 

• Copper Chloride; 99.9% Dimethylsulfoxide (DMSO); tris HCL; tris 

base; Tween 20 (viscous liquid polyethylene glycol sorbitan 

monolaurate); Ethylenediaminetetraacetic acid (EDTA); Ammonium 

persulfate (APS); sodium dodecyl sulfate (SDS, 98.5% GC grade); 

methanol; isopropanol; glycine; sodium chloride (NaCl); sodium 

hydroxide (NaOH); sodium bicarbonate (NaHCO3); copper (II) 

chloride; D(+) glucose solution; propidium iodide (PI - powder), Tetra 

methylethylene diamine (TEMED), fixer and developer; Crystal violet 

(sigma Aldrich company ltd., Dorset, UK). 

• Sterile Phosphate Buffer Saline (PBS) (0.0067M PO4); Trypsin-EDTA 

(10X) (BioWhittaker® Lonza, Walkersville, USA). 
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• Fetal Bovine Serum (FBS) (GIBCO, Thermo Fisher). 

• DMEM 1640 with 5 mL penicillin, 5 mL L-Glutamate and 50 mL of 

Fetal Bovine Serum (FBS) (Sigma® life science UK, BioWhittaker® 

Lonza, Walkersville, USA). 

• Inverted light microscope (Nikon, Japan). 

• EVOS™ FL Auto 2 Imaging System (ThermoFisher). 

• Laminar Flow Hood (Telstar, Netherlands) 

• CO2 incubator (Sanyo, Japan). 

• Micropipettes - biopetteTM autoclavable pipettes (labnet international 

inc., USA) and pipetmanTM autoclavable pipettes (Gilson inc., Luton, 

UK). 

• Micropipette tips refill cartridges (1 mL, 200 μL) and Nucleasefree 

filtered tips (1 mL, 10 μL, 40 μl, 200 μL) (Alpha laboratories, Eastleigh, 

UK). 

• Amersham hybond ™ - P (PVDF membrane), Amersham hybond TM 

– N+ (GE healthcare, Buckinghamshire, UK). 

• ADLH – ALDEFLUOR assay kit, (Stem Cell technologies, Cambridge, 

UK). 

• Mini-protean western blot tank with lid and gel plate adapters, 1.0mm 

and 1.5mm glass plates, 15 well and 10 well combs, gel cutter, buffer 

dam (balance plate for running single gel), Bio-rad protein assay kit II, 

power pack for electrophoresis (Bio- red laboratories, 

Hertfordshire,UK). 

• EZ-ECL chemiluminescence detection kit for horse radish peroxidases 

solution A and B (Thermo fisher scientific, UK). 
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• Fuji medical X-ray film super RX (13x18) (Fujifilm UK ltd., 

Bedfordshire, UK). 

• Boyden chambers, BD Falcon chamber slides, BD Falcon tissue 

culture dishes, Corning 24 well plates for trans-well inserts (Corning, 

MA, USA – distributed by VWR, Sussex, UK) 

• Special Gas (1%O2, 5%CO2 in nitrogen)- (BOC gases, UK). 

• Nalgene cryoware™ cryogenic vials (Labware, Roskilde, Denmark). 

• Marvel dried milk (Marvel, Dublin, Ireland). 

• Temozolomide, Carmustine, Lomustine, meso-2,3-Dimercaptosuccinic 

acid (Sigma Aldrich company ltd., UK). 

• Multiskan ascent and multidrop 384 (Thermofisher scientific inc., 

Leicestershire, UK). 

• Life Technology Countess – cell counter (Thermofisher scientific, UK) 

• Aspiration pump (peristaltic or vacuum). 

• Liquid nitrogen (N2) freezer and mono- mixer desaga sarstedt-

Gruppe®. 

• ROS-ID® Total ROS detection kit (Enzo life sciences Exeter, UK). 

• Norgen RNA isolation kit, High-Capacity cDNA Reverse Transcription 

Kit (TheermoFisher scientific), TaqMan™ assays (Applied 

biosystems), TaqMan™ Universal PCR Master Mix (Applied 

biosystems). 

2.1.2 Cell Lines 

• Human Glioblastoma cell lines: U87MG, U251MG and U373MG (Prof. 

Weiguang Wang, University of Wolverhampton, UK). 
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2.1.3 Antibodies 

• MACS-flow cytometry CD133-FITC conjugated antibody, (miltenyi 

biotech ltd, Surrey, UK). 

• Horse radish peroxidase conjugated secondary anti-mouse and anti- 

rabbit antibodies (Amersham biosciences, UK). 

• Enhanced chemiluminescence (ECL)™ anti-mouse antibody (Ab), 

ECL™ anti- rabbit antibody (GE healthcare, Buckinghamshire, UK). 

• Anti β-actin monoclonal antibody (Sigma Aldrich company ltd., Dorset, 

UK). 

2.1.4 Buffers 

2.1.4.1 Sorensen’s glycine buffer 

Glycine buffer solution (500 mL) was prepared by dissolving 3.75 g glycine 

and 2.92g NaCl in distilled water. The pH of the glycine buffer was adjusted 

to pH 10.5 using 5M NaOH. The glycine buffer solution was stored in room 

temperature until use. 

2.1.4.2 Running Buffer 

Running buffer was prepared by mixing 100 mL of 10x stock solution with 

900 mL distilled water. 

2.1.4.3 RIPA buffer for whole protein extraction 

RIPA buffer was prepared with lysis and extraction buffer provided in the kit 

purchased from Thermofisher Scientific (catalog no. 89900). 10 µL per 1 mL 

of both protease and phosphatase inhibitor purchased from Roche (catalog 

no. 04693116001) was added to the RIPA buffer before use. 10 mL of the 

RIPA buffer was added to the cells to extract whole protein.  
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2.1.4.4 Tris- buffered saline Tween-20(TBS-T)-wash buffer 

A stock (10x) TBS-T solution was prepared as given below and the pH was 

adjusted to 7.4 

- 12.11 g Tris base 

- 81.8g NaCl 

- 1 litre of distilled water 

- TBS-T (1x) buffer was then prepared by mixing 100 mL (10x) TBS-T, 900 

mL distilled water and 500 μL of Tween-20. 

2.1.4.5 Transfer buffer 

Transfer buffer was prepared by mixing 100 mL of 10x stock solution, 200 mL 

of methanol and 700 mL distilled water. This solution was stored at room 

temperature until use. 

2.1.4.6 Blocking buffer for western blot 

The blocking buffer used in western blot was 5% (w/v) milk prepared by 

dissolving 5g marvel milk powder in 100 mL of (1x) TBS-T. 2% BSA (w/v) in 

TBST was used as a blocking buffer for phosphorylated antibodies. 

2.1.4.7 Blocking buffer for flow cytometry 

Flow cytometry procedure involving staining of live cells 4%FBS in PBS was 

used as blocking buffer.  

2.1.4.8 Drugs 

Temozolomide (TMZ) (100mM) 

Carmustine (BCNU) (500M) 

Lomustine (CCNU) (500M) 

Dimercaptano succinic acid (DMSA) (500M) 
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Copper chloride (CuCl2) (10M) 

2.2 Methods 

2.2.1 Routine Cell Culture 

2.2.1.1 Serum Containing Medium 

Serum–containing medium consists of DMEM 1640 supplemented with 5 mL 

penicillin and streptomycin (antibiotics), 5 mL L-Glutamine and 50 mL of FBS. 

2.2.1.2 Trypsin 

The working solution of trypsin (1x) was prepared by diluting the stock 

solution of trypsin (10x) in sterile PBS.  

2.2.1.3 Recovering Cell Lines from Liquid Nitrogen Storage 

The tested cell lines were recovered from liquid nitrogen storage, promptly 

defrosted in a 37˚C water bath, and 1 mL content of the cryovial was 

transferred into a T75 cm2 vented tissue culture flask which contains 19 mL 

of DMEM serum-containing medium. The cells were then incubated at 37˚C 

with 5% CO2 overnight. The next day, DMEM medium in the flask was 

aspirated to remove the dead and unattached cells if any and was replaced 

with fresh serum-containing DMEM medium. 

2.2.1.4 Trypsinization of adherent cell lines 

The DMEM medium was removed from the vented tissue culture flask with 

the help of a Pasteur pipette and then rinsed with 5 mL of sterile PBS, 

following which 2 mL of trypsin was added and spread evenly to cover the 

adherent cells. The tissue culture flask containing cells suspended in trypsin 

was incubated at 37˚C in the incubator, gently tapped and checked at regular 
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intervals under the microscope for detachment. Upon complete detachment 

of the cells, 2 mL of serum-containing medium was added to neutralize the 

trypsin and the cells were resuspended thoroughly by pipetting the total 

volume from the upper part of the flask. The contents were transferred into a 

labelled tube and cells were suspended for culture by centrifugation at 1200 

rpm for 5 mins. 

2.2.1.5 Cell counting using haemocytometer 

The chamber and the cover slip were cleaned with ethanol. Cells were 

harvested to the haemocytometer using a micropipette (10μL of the media 

containing cells) and the chamber was placed under the inverted microscope 

under a 10X objective, using phase contrast to distinguish the cells. Finally, 

the cells were counted in a large, central gridded square(1mm2). 

2.2.1.6 General cell line maintenance 

Cell in the tissue culture flasks were regularly checked under a microscope 

(2-3 times a week) for cell density, and changes in the colour of the medium. 

When a change occurs in the colour of the medium, but density of the cells 

was found to be low, the media in the tissue culture flask was removed and 

replaced with fresh serum containing DMEM medium. When there occurs a 

change in the colour of the medium and the cells were confluent, (defined as 

cells are fully grown with little or no space in between the cells), the cells 

were sub-cultured. 

2.2.1.7 Subculturing of cell lines 

Sub-culturing was done by trypsinizing the cells. The cell pellet collected by 

centrifugation of the trypsinized cells was re-suspended thoroughly in 5 mL of 
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fresh serum containing DMEM medium. 1 mL of this cell suspension was 

then added to each of two T75 cm2 tissue culture flasks with 19 mL of serum-

containing medium and incubated at 37˚C with 5% CO2. When they become 

confluent again, the same process of subculture was applied. 

2.2.1.8 Preparing cell lines for liquid nitrogen storage 

Freezing buffer was prepared by mixing 90% foetal bovine serum with 10% 

DMSO and stored at 4 °C until use. Cells were trypsinized and the cell pellet 

was collected by centrifuging for 5 mins. The collected cell pellet was then re-

suspended in a freezing buffer and aliquoted into 1 mL cryovial. Each 

cryovial was then wrapped in tissue paper, put into a disposable labelled 

glove, and placed at -80℃ overnight. The following day, the cryovials were 

removed and transferred into liquid nitrogen (-180℃) for long term storage. 

The positions of the vials were recorded in a storage log. 

2.2.1.9 Hypoxic cell culture 

The trypsinized cells were seeded in T25 cm2 (5x105 cells) T75 cm2 (1x106 

cells) ventilated tissue culture flask with 7ml and 19ml of fresh DMEM serum 

containing medium and transferred to a hypoxia incubator (37°C and 1% 

CO2). The ideal time for using hypoxia cells is following 4 to 5 days of 

incubation, media was changed on the third day. 

2.2.2 Cytotoxicity assay  

2.2.2.1 MTT assay  

The cells were cultured after counting (approximately 2x103 cells) and left 

overnight at 37°C and 5% CO2 incubator. The next day, cells were dosed 

with different concentration of the anticancer drugs TMZ, CCNU, BCNU and 
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DMSA+Cu. 200µl of medium with different concentrations of drug was added 

to each well and incubated at 37°C for a specified time (depending upon on 

anticancer drug effectiveness in GBM cells). All MTT experiments were 

repeated three times in 96 well plates to analysing inhibitory concentration 50 

(IC50) and standard deviation (SD). 

2.2.2.2 MTT reagent stock  

MTT reagent was prepared by adding 2.5-grams 3-(4,5- Dimethylthiazol-2-yl) 

Thiazolyl blue tetrazolium bromide in 500 mL of PBS and mixed to dissolve. 

This reagent was filtered, wrapped in foil, and stored at 4°C until use. After 

cell incubation, 20 l of MTT reagent was added to the dosed and control 

wells and plates were wrapped in foil and incubated for 3 hours. Then, all the 

wells with MTT reagent were aspirated, 80 L of DMSO and 20 l of 

Sorensen Glycine buffer were added to wells. The plates were transferred to 

a Multiskan (Thermo Labsystems) plate reader to read OD values of each 

well at 540nm wavelength. All raw data from each cell line and different 

anticancer drugs were analysed to determine the IC50 values. 

 

2.2.3 SDS-PAGE/Western blot protocol  

2.2.3.1 Whole protein extraction  

Cell pellets were centrifuged and washed with PBS. Based on pellets size 

70- 200 µl of RIPA buffer were added to pellets and pipetted thoroughly to 

make certain cells were completely lysed. The solution with the cell lysate 

was centrifuged at 2000rpm for 15 minutes at 4°C and the supernatant was 
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collected in microcentrifuge tubes as total cellular protein which was stored at 

-80 °C. 

2.2.3.2 10% Ammonium per sulphate (APS) 

10% Ammonium per sulphate (APS) (Sigma Aldrich Company ltd., Dorset, 

UK) was prepared by dissolving 0.1g APS in 1 mL of distilled water. This was 

prepared fresh before use. 

2.2.3.3 Preparation of separating gel 

Table 2.1. Reagents and their respective volumes to prepare separating gel 

for western blot  

Separating gel % 

 12% 10% 

Distilled water 4.5ml 5.5ml 

Acrylamide/Bis-acrylamide 5.6ml 4.7ml 

Resolving buffer 3.75ml 3.75ml 

APS 150µl 150µl 

N,N,N,N-tetramethylethylenediamine (TEMED) 20µl 20µl 

The most commonly used percentage of separating gel is 10%. Depending 

on the size of the protein, the percentage of the gel can be increased or 

decreased. 7ml of separating gel was used for 1.5mm integrated spacer 

plates (Bio-Rad, UK). About 200µl of isopropanol was added to top of 

separation solution to remove air bubbles from surface of the gel. Separating 

gels were left for approximately 10 minutes to set. 
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2.2.3.4 Preparation of stacking gel 

Table 2.2. Reagents and their volumes to prepare stacking gel for western 

blot  

Stacking gel 

Distilled water 6.1ml 

Acrylamide/ Bis-acrylamide 1.4ml 

Stacking buffer 2.5ml 

APS 200µl 

N,N,N,N-tetramethylethylenediamine(TEMED) 20µl 

Before adding stacking buffer, the isopropanol was removed from separating 

gel and washed with deionized water. The stacking gel was added to the set 

separation gel and a comb was immediately inserted on the top of the gel, to 

create wells for samples loading. The gel was left for 15 minutes and then the 

comb was removed. 

2.2.3.5 Protein concentration measurement 

 The collected protein was measured by the Bio-Rad protein assay reagents 

A, B and S. 5µl of protein was added to 96 well plates. A/S reagent mix was 

prepared by adding 1ml of reagent A and 20µl of reagent S. then mixed by 

vertexing and 20µl of this mixture was added to protein in 96 well plates. 

Finally, 200µl of reagent B was added to plates and then incubated in room 

temperature for 10 minutes. The protein absorbance was read at 650nm by 

Multiskan plate reader and protein concentration of each sample was 

calculated from Excel. 



47 
 

2.2.3.6 Gel electrophoresis  

SDS-PAGE gels inserted into electrophoresis tanks using the cassette and 

soaked in 1x running buffer (diluted from 10x). The protein samples were 

prepared with 4xloading buffer, 1μl of 1 M DTT solution and distilled water. 

The samples were heated at 96°C by using a block heater for 10 minutes 

then centrifuged quickly and stored on ice until use. Before loading the 

samples, the wells were washed by syringe to remove any gel particles and 

then the samples were loaded into the wells. 5μl protein ladder (abcam 

116028) was loaded as a control in the first or last well. The gels were then 

run at 200V and 300mA for 50 mins hour until the ladder differentiated 

clearly.  

2.2.3.7 Blotting  

After electrophoresis, 8 sheets of blotting paper were cut in 10x10 cm size. 

PVDF membrane was cut in 4x8 cm size. 4 sheets of blotting papers were 

soaked in transfer buffer and were spread on the blotter. Then PVDF 

membrane was soaked in methanol and was placed on blotting papers. SDS-

PAGE gel was spread top on the PVDF 74 membrane and covered by 4 wet 

blotting sheets. Protein was transferred from the SDS-PAGE gel to the PVDF 

membrane by applying 25 V and 155 mA for 1 hour and 30 mins. 

2.2.3.8 Blocking of the membrane 

5% fat-free milk in 1X TBS-T solution was used to block the protein-

containing PVDF membrane for 1 hour on a rocker to prevent non-specific 

binding of primary and secondary antibodies to the protein-free areas of the 

PVDF membrane. 
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Table 2.3. List of antibodies used for Western blotting 

Primary antibody Supplier Dilution 

Pin1 Santa Cruz Biotechnology 1:1000 

Secondary antibody Supplier Dilution 

Anti-mouse Amersham 1:5000 

 

2.2.3.9 Antibody staining  

Primary antibody was prepared in fat free milk (5ml). As shown in table 2.3, 

the dilution ratio for Pin1 antibody used was 1:1000. After preparing primary 

antibody, the membrane was placed in a plastic bag and the corners were 

sealed. Then, antibody containing milk was poured into the bag and sealed 

completely and stored overnight in cold room on a rocker. The following day, 

the PVDF membrane was removed and washed twice with 1xTBS-T for 10 

minutes. After washing, 10mL of secondary antibody at 1:5000 concentration 

was added to PVDF membrane and incubated at room temperature. 

2.2.3.10 Signal detection  

The PVDF membrane was washed twice after secondary antibody anti-

mouse antibody with 10ml of 1x TBST. EZ-ECL solution was prepared by 

adding 1.5ml of reagent A and 1.5ml reagent B. the solution was added drop 

by drop to membrane ensuring the whole membrane is soaked and left for 2-

3 minutes at room temperature. The solution was removed from the 

membrane by piece of tissue paper and was wrapped in cling film and 

exposed by x-ray film in dark room. The exposure time varies according to 

the signal strength achieved from different specificities of the primary 

antibody. The film was developed in developer solution and rinsed in water 
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for 5 seconds and fixed in fixative solution. After fixing, the film was washed 

with water to remove all fixative solution. 

2.2.4 Flow cytometry 

2.2.4.1 Flow cytometry for live cells  

Overnight normoxia, hypoxia and DMSA+Cu treated hypoxia cells were 

collected by trypsinizing, the cells were stained with antibodies prepared in 

flow buffer or PBS. Flow buffer contains serum and helps to maintain live 

cells. We have used live cell staining method for CD133. Cells were 

collected, re-suspended in flow buffer containing the CD133 antibody and 

incubated at 4°C for 20 minutes. After incubation the cells were washed with 

flow buffer and analysed by FACS. The CD133 is a FITC conjugated 

antibody and hence analysed using FL1 green range filter in the FACS 

machine.  

2.2.4.2 ALDEFLUOR assay  

The ALDH- ALDEFLUOR reagent (StemCell Tech) was prepared according 

to the instruction in the kit, aliquoted in microcentrifuge tubes and stored at -

20°C until use. The GBM cell lines were collected as live cells and were 

aliquoted at a density of 3x105 cells in each tube and labelled (i.e., Nor -ve, 

Hyp -ve,Hyp DMSA+Cu 50 μM, 100 μM, 200 μM, 300 μM, 400 μM). The 

samples were also duplicated. ALDH reagent was prepared by adding 5 µL 

of the reagent (yellow colour) to 1 mL of ALDH buffer. The ALDH buffer 

includes inhibitors to prevent the ALDH reagent from degradation and binding 

to ALDH positive cells. Cells were centrifuged at 2500rpm for 5 minutes and 

re-suspended in 100 µL of ALDH solution and incubated for 30 minutes at 

37°C. The cells were washed with PBS and re-suspended in 200 µL of ALDH 
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buffer. Samples were analysed using BD flow cytometry with FL1 green filter 

to detect positive ALDH expression. 

2.2.5 Boyden chamber Migration assay 

Migration assay done using the inserts with 24-well plates can help in 

studying the migrating capacity of the cells. The stock culture was prepared 

by trypsinizing and collecting the cells. In 24-well plates, inserts were placed 

in the wells depending on the number of samples used. The stock culture 

was prepared with the serum-free medium, and the drug treatment is 

prepared with the media containing serum. 750 μL of media containing drug 

is added below the insert into the well and 250 μL of stock culture prepared 

with the serum-free medium is added into the inserts. Approximately 10,000 

cells are seeded into each insert. The plates are then incubated overnight in 

incubator. After incubation, the media in the insert is tipped off and the inner 

side of the insert is wiped with cotton swabs to get rid of any excess media 

and the cells that are not migrated. The outer layer of the membrane should 

not be touched since it contains the migrated cells. To another 24-well plate, 

500μl of methanol is added in each well, where the inserts can be placed for 

fixing. The inserts are left in methanol for 15 mins. After this, the inserts are 

transferred to the other 24-well plate containing 300 μL of crystal violet (1:4 

dilution) and left it for 15 mins to stain. After 15 mins the inserts are washed 

with the water twice by dipping them in. The inserts are then air dried at room 

temperature. After imaging the inserts (by Evos microscope) the cells were 

counted and analysed.  



51 
 

2.2.6 Total ROS detection by flow cytometry 

The cells were seeded in 6 well tissue culture plates the day before the 

experiment to maintain confluency of between 50 – 70%. The cells were 

trypsinized, collected in 10 mL round-bottom tubes and washed with PBS. 

Then the cell suspension was centrifuged for 5 minutes at 1800 rpm at room 

temperature and the supernatant was discarded. The experimental samples 

were prepared as following, -ve control, +ve control (pyocyanin), 250 μM and 

500μM DMSA+Cu, 250 μM and 500μM DMSA+Cu with ROS Inhibitor NAC. 

The cell pellets were resuspended in 500 μL of the treatment-containing ROS 

Detection Solution, and incubated in the dark for 30 minutes at 37°C. After 

incubation, cell cytometry was performed in a BD FACSMelodyTM cell sorter. 

2.2.7 Cell cycle analysis using PI 

A density of 300,000 cells/well of 6 well plates were trypsinized and 

neutralised with DMEM. The content in all 6 wells were collected in a 10 mL 

tube and centrifuged at 1500 RPM for 5 minutes. The pellets were 

resuspended in 1mL PBS to remove excess media and centrifuged at 1500 

RPM for 5 minutes. The pellets were resuspended in 2mL of ice cold 95% 

ethanol for fixation 4˚C for 10 minutes followed by centrifuging. The 

supernatant with ethanol was discarded and the pellets were resuspended 

with 500ml of propidium iodide (50 µg/ml of propidium iodide and 100 µg/ml 

of RNase A in PBS). The tubes were incubated in dark by covering in foil at 

room temperature for 15 minutes, and cell cytometry was performed in a BD 

FACSMelodyTM cell sorter. 
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2.2.8 Quantification of RNA gene expression 

2.2.8.1 RNA isolation and purification 

RNA was extracted using the RNA purification plus kit (Norgen Biotek Corp., 

Canada), according to manufacturer’s instructions. Normoxia cells were 

plated at a density of 1 x 105 cells/well in 6-well tissue culture plates and 

incubated at 37°C, 5% CO2. Hypoxia cells were plated and incubated in a 

hypoxic incubator as previous described. The medium was removed, and 

cells were washed in PBS 1x. Cells were lysed using 300 μL of 80 buffer RL 

and lysate stored at -80°C or processed immediately for RNA isolation. The 

lysate was transferred into a genomic DNA column and centrifuged for 60 

seconds at 10000rpm to remove DNA. After centrifugation, 200 µl of absolute 

ethanol (100%) was added to the lysate and the mixture vortexed for 10 

seconds at room temperature. Then the solution was passed through RNA 

purification columns by centrifugation at 10000rpm for 60 seconds. The 

column was then washed three times with 400 µl washing buffer at 

10000rpm. The RNeasy column (Norgen Biotek Corp., Canada) was 

transferred to a new tube and RNA was eluted by addition of 50 μL of RNA 

elution buffer directly to the dry columns and incubation for 2 mins at room 

temperature. Purified total RNA was then collected by centrifugation at room 

temperature for 2 mins at 2000rpm, followed by centrifugation for 1 min at 

2000rpm.  

2.2.8.2 RNA Quantification 

RNA concentration and quality of each sample was measured using a 

NanoDrop 2000 spectrophotometer (Thermo Scientific, UK). The ratio of 
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absorbance at 260nm and 280nm was used to assess the purity of RNA in 

the sample. 

2.2.8.3 Reverse Transcription (RT) 

A high-capacity cDNA reverse transcription kit (Applied Biosystems, UK) was 

used to synthesise cDNA from total RNA. After RNA quantification, samples 

were diluted to 500 ng of total RNA in a final volume of 10μl with nuclease 

free water. 10µl of total RNA solution were mixed with 10µl of a 2x RT 

mixture containing 2x Retro Transcription buffer, 8mM dNTP mix, 2x random 

primers. The master mix was prepared on ice, component volumes are 

shown in Table 2.3. This 2x RT master mix was mixed with each sample to 

make a final volume of 20µl. 

Table 2.3 The components of the reverse transcription kit 

Component Total volume per Reaction (L) 

Nuclease Free H2O 4.2 

RT Buffer 2.0 

dNTP Mix (100 mM) 0.8 

RT Random Primers 2.0 

MultiScribeReverse Transcriptase 1.0 

Total per Reaction 10 

RT was carried out in a thermal cycler (PTC-200 Peltier Thermal Cycler, MJ 

Research) using the conditions outlined in the Table 2.4. After this step, the 

cDNA was diluted with 80 μL of nuclease-free water (1:4) and placed on ice 

for immediate use or stored at -20°C for long term storage. 
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Table 2.4 cDNA synthesis program 

Reverse Transcription Stage Temperature (°C) Time (Mins) 

Denaturation 25 10 

Anneal 37 90 

Elongation 86 5 

Total Time: 105 

2.2.8.4 Quantitative RT-PCR  

All pipette tips used were RNase, DNase free, sterile filter tips and work was 

carried out on a clean bench. The quantification of gene-specific mRNA 

expression was determined by qRT-PCR using TaqMan Gene Expression 

Assays (Thermo Scientific, UK) with FAM reporter. For each test, the cDNA 

reaction was diluted 1:4 with nuclease-free water and 4.5 µl of this dilution 

added to a reaction mix consisting of 5 µl of a 2x Realtime qRT-PCR master 

mix (Thermo Fisher), 0.5µl of TaqMan Gene Expression assay to make a 

final volume of 10 µl. A negative control sample that contained 4.5µl of 

nuclease-free water instead of cDNA solution was included in the assay to 

verify the fidelity of the PCR amplification. The reactions were prepared in 

MicroAmp® fast optical 96-well reaction plates (Applied Biosystems, UK). 

After setting up the reaction, the plates were sealed with an optically clear 

seal, centrifuged to remove any air bubbles, and placed on a QuanStudio6 

qRT-PCR System (Applied Biosystems, UK). The parameters used to carry 

out RT-PCR are incubation (hold) at 50˚C for 2 mins, followed by polymerase 

activation (hold) at 50°C for 2 mins, and PCR (40 Cycles) denature at 95°C 

for 1 second and Anneal/Extend at 60°C for 20 seconds. 
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2.2.8.5 Comparative Analysis  

To gain a quantifiable comparison between data, the parameters of the 

qPCR system were set to record expression using the CT method of 

analysis (Rao et al., 2013). This method allowed the quantification of 

expression of the gene of interest by using a reference gene (HPRT) as 

comparison by means of fold change. This provided the basis for comparison 

between gene expressions in all culture conditions. See table 2.5 for all 

TaqMan probes used in this research. 

Table 2.5 List of TaqMan primers used for qRT-PCR 

 

Primer 
(Thermofisher) 

TaqMan Gene Expression Assays ID Assay 
Cat no (4331182) 

P65 Hs01042014_m1 

SOX2 Hs01053049_s1 

NANOG Hs02387400_g1 

OCT4 Hs00999632_g1 

MMP2 Hs01548727_m1 

MMP7 Hs01042796_m1 

MMP9 Hs00957562_m1 

E-CAD Hs01023895_m1 

VIM Hs00958111_m1 

N-CAD Hs00983056_m1 

HPRT1 hs99999909_m1 

 

2.2.9 Statistical Analysis 

All statistical data analysis was performed using Microsoft Excel 360 and 

Graphpad prism 9. P=0.05 was used as the cut-off for statistical significance 
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between samples. The difference between the samples is statistically 

significant when the value is smaller than p value 0.05. Student’s T-Test was 

used for two samples comparison. The one-way analysis of variance (one-

way ANOVA) was used to determine the statistical significance in more than 

two samples comparison.  
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3.1 Introduction 

The standard of care - surgical resection, radiation therapy and 

chemotherapies - has provided GBM patient with a survival period of only 12-

15 months (Stupp et al., 2005). Yet, the recurrence of the disease is 

inevitable. The extensive hypoxic region limits the generation of ROS due to 

the reduced availability of oxygen (Held, 2006); the inability of drugs to enter 

the tumour moving across the BBB; the drug delivery reduced due to the 

extensive hydrostatic pressure caused by the defective tumour vasculature 

(Kesari, 2011). Additionally, several mechanisms such as drug efflux 

transporter pump overexpression, improved activities of DNA repair, CSC, 

and impaired regulation of apoptosis contribute to drug resistance attained by 

the cancer cells (Munoz et al., 2015; Rodriguez-Hernandez et al., 2014; 

Stopschinski, Beier and Beier, 2013; Eisele and Weller, 2013; Zhang et al., 

2019).  

Unfortunately, the extensive exposure to TMZ and the heterogeneity of GBM 

have resulted in developing resistance to the drug. More than half the patient 

population diagnosed with GBM do not respond to TMZ treatment (Arora and 

Somasundaram, 2019). MGMT (O6-Alkylguanine-DNA alkyltransferase; AGT) 

DNA repair mechanism contributes to the resistance to TMZ. The pulmonary 

toxicity and haematological toxicity in patients, which displayed as 

thrombocytopenia, thromboembolic events, and exhaustion has become 

major concerns and imitations of nitrosourea drugs (Taal et al., 2014; 

Jakobsen et al., 2018). The limitation of the currently available chemotherapy 

for GBM leads to the considerable need for a more effective and safer 
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chemotherapeutic agent to treat an intractable disease such as GBM. The 

emergence of potent metal-based chemotherapy drugs opened the door for 

establishing a new class of metal-based inorganic therapies (Rottenberg, 

Disler and Perego, 2020). Repurposing drugs used in oncology is a possible 

approach for the discovery of novel treatments as the development of 

new anticancer drugs are particularly time-consuming and expensive. In this 

study we focused on non-oncological drugs that are potential metal chelators 

and show therapeutic action against tumours. Correlations between high Cu 

levels and the metabolic requirements of prostate, breast, colon, liver, and 

brain tumours provide evidence for the Cu addiction in metabolically active 

tumours (Kannappan et al., 2021). Previous studies showed the ability of DS 

to bind with Cu which demonstrated ehanced anticancer activity of DS in 

several cancers (Kannappan et al., 2021; Liu et al., 2012; Morrison et al., 

2010; Skrott and Cvek, 2012; Tiwari et al., 2016; Xu et al., 2017; Allensworth 

et al., 2015; Guo et al., 2010). DMSA is a dithiol compound like DS is a 

excellent metal chelator and clinically approved drug, which gave a notion to 

explore its potential in cancer therapeutics.  

3.1.1 Rationale and aim of the study 

The studies and reviews emphasizing on the chemoresistance, and drug 

toxicity exhibited by the current GBM chemotherapeutic agents and the 

promising results from repurposing of DS in combination with Cu in cancer 

therapeutic has laid the basis for this study. The metal chelation capacity of 

DMSA and its dithiol structural similarity with DS makes it as likely choice of 

anticancer therapeutics interest. The primary aim of this study is to determine 



60 
 

the cytotoxicity of DMSA+Cu and the existing anti-GBM drugs in the GBM 

cell lines and establish their half-maximal inhibitory concentration (IC50) and 

compare their efficacies. To address this, the cells were cultured and 

subjected to cytotoxicity assays described below. 

3.2 Materials and Methods 

The section materials and methods describe the methods used within this 

study and any observed changes compared to the general detailed methods 

elaborated in chapter 2.  

3.2.1 Drug preparation 

DMSA was freshly prepared every time at a concentration of 200mM using 

5% sodium bicarbonate and was used in combination with Cu, which is 

prepared and refrigerated at a stock concentration of 10mM. TMZ was 

prepared at a concentration of 100mM using DMSO and refrigerated at 4˚C. 

CCNU and BCNU were prepared at 100mM and 100mM concentrations, 

respectively, using ultrapure tissue grade distilled water and refrigerated at 

4˚C).  

3.2.2 Culture methods 

In this study, three GBM cell lines, U87MG, U252MG and U373MG, were 

sub-cultured in T75 and seeded in 96 well plates with DMEM media at the 

density of ~5000 cells/ well and incubated at 37˚C in a tissue culture 

incubator maintained with 5% CO2 overnight, followed by dosing with a 

serially diluted drug and incubated for 72 hours.  
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3.2.3 MTT cytotoxicity assay 

The GBM cell lines U87MG, U251MG and U373MG cultured under normoxia 

conditions were subjected to MTT cytotoxicity assay. The assay was 

performed as mentioned in section 2.2.2. The first-line drug TMZ was used in 

treating GBM; other GBM drugs CCNU and BCNU and DMSA alone and 

DMSA+Cu were used in the study as follows: the highest concentration of 

TMZ used was 100 µM; CCNU and BCNU were 500 µM; DMSA was 500µM, 

with Cu supplementation at a constant concentration of 10 µM. The drugs 

were serially diluted, added to the cell lines and incubated for 72 hours. The 

cell culture after drug treatment was exposed to MTT reagent, and the cell 

viability percentage was established using the Multiskan software. 

3.3 Results 

3.3.1 Cytotoxicity activity of conventional drugs in the GBM 

cell lines 

Previous studies have established that GBM exhibited resistance to several 

chemotherapies in vitro. The cell lines U87MG, U251MG and U373MG were 

treated with anti-GBM drugs such as TMZ, CCNU and BCNU for 72 hours; 

and examined for cell viability and cytotoxicity using the MTT assay. Figures 

3.1, 3.2 and 3.3 represented the cytotoxicity of three anti-GBM drugs, TMZ, 

CCNU and BCNU, respectively. The figures illustrate that with an increase in 

the concentration of the anti-GBM drugs CCNU and BCNU, the cell viability 

decreases. However, treating the GBM cell lines with TMZ showed 

resistance and the drug did not reach the IC50  as shown in figure 3.1. To 

compare the effect of the anti-GBM drugs on chemoresistance, the IC50 
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values were calculated and shown in table 3.1. TMZ did not reach the IC50 

value in any of three GBM cell lines. On the other hand, CCNU showed IC50 

as 168.2µM, 356.95µM and 148.2µM in U87MG, U251MG and U373MG 

respectively. BCNU comparatively showed less toxicity with the IC50 values 

233.8µM, 242.0µM and 151.8µM in U87MG, U251MG and U373MG. 

Though, the nitrosourea agents exhibit cytotoxicity, there are required in 

higher doses which reflects in their clinical side effects. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 GBM cell lines are resistant to first-line anticancer drug TMZ. 

The graph of the cell viability curve represents the effect of TMZ on the GBM 

cell lines U87MG, U251MG and U373MG. The cells were treated with TMZ 

for 72 hours, followed by MTT assay.  
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Figure 3.2 Cytotoxic effect of CCNU on three cell lines of GBM. 

The cell viability curve represents the effect of CCNU on the GBM cell lines 

U87MG, U251MG and U373MG. The cells were treated at various 

concentrations of CCNU for 72 hours, followed by MTT assay.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Cytotoxic effect of BCNU on three cell lines of GBM. 

The cell viability curve signifies the effect of BCNU on the GBM cell lines 

U87MG, U251MG and U373MG. The cells were treated at various 

concentrations of BCNU for 72 hours, with the highest concentration as 500 

µM, followed by MTT assay.  
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3.3.2 DMSA demonstrates cytotoxicity in GBM cell lines in a 

Cu-dependent manner 

DMSA showed cytotoxicity effect in the three GBM cell lines when incubated 

for 72 hours. As shown in figure 3.4, the cytotoxicity for DMSA is 

comparatively more efficient than the cytotoxicity demonstrated by 

conventional drug TMZ shown in figure 3.1. This result indicates that DMSA 

exhibit cytotoxicity activity in the GBM cell line. The cytotoxicity activity was 

improved when DMSA was combined with Cu. As shown in table 3.1 the 

GBM cell lines treated with DMSA alone had IC50 values as 169.4µM, 

340.3µM and 202.5µM. When DMSA+Cu combination was used in treating 

the three GBM cell lines U87MG, U251MG and U373MG, the IC50 values 

were decreased to 72.2µM, 107.6µM and 94.9µM, respectively, as shown in 

figure 3.5. The sensitivity of the cell lines to DMSA+Cu increased by several 

folds compared to the treatment with DMSA alone. As illustrated earlier, the 

toxicity of DMSA is Cu-dependent. The bar charts in figure 3.5 comparing the 

IC50 value of DMSA and DMSA+Cu in the three GBM cell lines emphasises 

the significant role of Cu.  

Table 3.1 IC50 value for the GBM cell lines U87MG, U251MG and 

U373MG The value in the table indicates the IC50s for different drugs on 

GBM cells. SD is given in parenthesis. n=7 (p ≥ 0.05); **p<0.001, *p<0.05. 

                   IC50 value of anti-cancer drugs and experimental drugs in µM 

CELL 
LINES 

TMZ CCNU BCNU DMSA DMSA+Cu 

U87MG >100 168.2 (34.3) 233.8 (30.8) 169.4 (68.9) 72.2 (44.1)* 

U251MG >100 356.95 (21.1) 242.0 (22.7) 340.3 (73.0) 107.6 (32.1)** 

U373MG >100    148.2 (36.2) 151.8 (33.3) 202.5 (16.1) 94.9 (14.0)* 
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Figure 3.4 Cu enhances the cytotoxic activity of DMSA. 

The cell viability curve shows the cytotoxic effect of DMSA and DMSA with 

Cu in the GBM cell lines U87MG, U251MG and U373MG. The cells were 

treated at various concentrations of DMSA, with 500µM as the highest and a 

constant 10µM of Cu for 72 hours, followed by the MTT assay. 

 

CONCENTRATION OF DMSA (µM) 

VIABILITY (%) 
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Figure 3.5 Bar chart representing IC50 values of DMSA alone and DMSA+Cu in 

three GBM cell lines. n=7, **p<0.001, *p<0.05. 
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3.3.3 DMSA stability 

As mentioned earlier, DMSA was prepared every time due to low stability of 

the drug. To test the stability of DMSA, we used U251MG cell line. Figure 3.6 

show the cytotoxicity of DMSA prepared and stored was not potent as that of 

the freshly prepared DMSA. This reflects on the stability of the drug, which 

decreases when refrigerated and stored. The newly prepared drug showed 

more efficiency; thus, the drug was freshly prepared in 5% sodium 

bicarbonate every time for all experiments. The efficacy of DMSA gradually 

decreased when it was stored for a longer period of time (data shown in 

appendices). 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.6 DMSA show less stability and reduced cytotoxic activity on 

storage. The graph of the DMSA cell viability indicates its cytotoxic effect on 

the GBM cell lines U251MG. The cells were treated at various concentrations 

of DMSA with the highest of 500µM for 72 hours, followed by MTT assay. 

The DMSA drug of different conditions were used for the treatment, (i) freshly 

prepared DMSA, (ii)DMSA prepared and stored at -20˚C for 24h and (iii) 

DMSA prepared and stored at 4˚C for 24h. 
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3.4 Discussion 

With a limited number of treatment possibilities, GBM continues to be one of 

the most lethal diseases globally. The limitations of TMZ such as the side 

effects like thrombocytopenia reported in about 20% of the GBM patient 

population (Le Rhun et al., 2019) and the acquisition of resistance in most 

patients diagnosed with GBM. Similarly, CCNU primarily use in treatment for 

recurring brain tumours is associated with toxic effects such as suppression 

of the bone marrow (leucopenia and thrombocytopenia) and discomfort in the 

gastrointestinal tract (Weiss and Muggia, 1980). A case report reviewed by 

Dent, 1982 stated the induction of pulmonary disease when treated with 

CCNU. Notably, the period between the treatment and development of the 

lung damage symptoms was less than six months. In addition, the damages 

were fatal than those caused by other nitrosoureas agents (Dent, 1982).  

The distinction property of BCNU placed intraoperatively as BCNU wafers in 

the tumour resection and released over two weeks was initially remarkable 

and approved by the FDA (Grossman et al., 1992). However, side effects 

such as intracranial infections caused due to the presence of a wafer, which 

is treated as a foreign body, have made the cytotoxic drug less popular (Bock 

et al., 2010). Also, as the action of BCNU is reversible by alkyl guanine 

transferase (AGT), it requires an additional AGT inhibitor to ensure the drug 

potential (Gajewski et al., 2005). 

The clinical dose for treating human brain tumours is 150 mg/m2 for TMZ, 

120–130 mg/m2 for CCNU and 300 mg/m2 for BCNU (Yamamuro et al., 

2021; Van Besien, 2006). Exposure to a higher dose of BCNU was 
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associated with the imperil of VOD/SOS (veno-occlusive disease/sinusoidal 

obstruction syndrome), which was established at the Dana-Farber Cancer in 

the early 1990s (Ayash et al., 1990). Similarly, patients with GBM recurrence 

showed severe blood toxicity when exposed to a high dose of CCNU 

followed by autologous bone marrow transfusion (Hildebrand et al., 1980). 

On the other hand, the dosage of oral DMSA advised by the Physician's 

Desk Reference (PRD) is 10mg/kg per dose (Adams et al., 2009). In the 

study by Adams et al., examining the impact of oral DMSA therapy for kids 

with autism spectrum disorders between the ages of 3 and 8, the treatment 

appeared to be relatively safe, with few reports of adverse effects that were 

often transient and mild to a moderate degree (Adams et al., 2009). 

The data from the present study show that the three GBM cell lines are 

resistant to the first line of chemotherapy drug TMZ. The efficiency of the 

nitrosourea agents requires a higher concentration of the drugs, which is 

unfeasible due to their toxicity exhibited at high concentrations. The limitation 

in the current chemotherapeutic agents for newly diagnosed GBM and 

recurring GBM has pushed further the search for potential small molecules in 

treating GBM.  

The results of GBM cell lines treated with DMSA, which has been used as a 

heavy metal chelator for several years (Miller, 1998) and established a safe 

toxicity profile, exhibit cytotoxicity activity in the GBM cell lines. Adding Cu to 

DMSA has shown to increase the cytotoxicity activity by several folds. Thus, 

from the study, it is evident that the activity of DMSA is Cu-dependent. Table 

3.1 represents the IC50 values of all the drugs in the study; it is apparent that 
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DMSA supplemented with Cu show a lower IC50 value in all three cell lines 

compared to the currently used anti-GBM drugs. 

The safety and effectiveness of a drug product are impacted by its stability; 

degrading components may result in a loss of efficacy and produce potential 

harmful effects. Drugs must therefore be chemically and physically stable in 

order to maintain their quality and safety (Grumezescu, 2018). External 

variables like temperature, humidity, light, and oxygen can have an influence 

on the stability of a drug (Wong and Datla, 2005). Particle size, pH, solvent 

system composition, chemical additives, and storage conditions are the 

primary parameters that affect drug stability in the solid dose or liquid form. 

The result from this chapter as shown in figure 3.6, the stability of DMSA 

decreases on storage. Various factor might influence the satability of DMSA 

in this study. 5% NaHCO3 was used in this study as a solvent for DMSA drug 

preparation and the drug was initial stored at 4˚C and -20˚C the pH of 5% 

NaHCO3 is ~8-8.5. Previous studies and reviews articles have stated that 

DMSA chelation with technectium varies with respect to acidic and alkalinic 

conditions (Krejcarek et al., 1976; Shukla and Mittal, 2015). Both Tc-99m (V) 

DMSA and phosphate uptake are increased at acidic pH levels and hindered 

at alkaline pH levels. The likely explanation is that the DMSA (V) complex 

has an average global charge of 1 at acidic pH because the carboxyl groups 

of DMSA (V) are fully linked (Horiuchi, Saji and Yokoyama, 1998). However, 

it is difficult to conclude that the above-mentioned parameters alone influence 

the stability of DMSA. As a novel interest in DMSA for cancer therapeutics, 

more exploration in the drug stability and efficacy is required.  
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4.1 Introduction 

An interesting keystone of anticancer therapy in recent days is combination 

chemotherapy. The notion of using combination chemotherapy for cancer 

was inspired by the use of a combination of antibiotics for treating 

tuberculosis (Eldrige, 2022). The combination chemotherapy was reported to 

be more effective than sequential chemotherapy (chemotherapeutic drugs 

administered one after the other) in a study with lung cancer patients (DeVita 

and Chu, 2008). This approach to the corresponding anticancer mechanism 

of drugs could be conjoined to form a regimen and thereby overcome 

limitations such as irreproducibility issues (Cunanan et al., 2017; Reardon et 

al., 2015; Coleman et al., 2016). A benefit of the combination chemotherapy 

is the synergism between the drugs imply the use of a lower dose of the 

individual drugs, which then decreases the drug resistance to the cancer 

cells, and complementarily reduces the drug toxicity to normal healthy cells 

(Mokhtari et al., 2017;). Combination chemotherapy, particularly in cancer 

has shown to be more efficient than monotherapy.  (Ghosh, Nandi and 

Bhattacharjee, 2018). Preclinical trials and the GBM molecular profiling have 

identified various molecular targets which would aid in effective combination 

therapy for GBM (Trinh, Patel and Hwu, 2009; Ghosh, Nandi and 

Bhattacharjee, 2018).  

DMSA is a nontoxic sulfhydryl-containing compound and an efficient oral 

heavy metal chelator. The antidote activity of DMSA to heavy metal 

poisoning was identified in studies over 40 years ago. Before its recognition 

by western world scientists, the potential DMSA was identified and studied in 

the People’s Republic of China, Japan, and Russia in the 1970s (Aposhian, 
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1983). DMSA is the least toxic of the dithiol compounds and has a large 

therapeutic window (Graziano, 1986). The results from chapter 2 have shown 

the potential cytotoxicity of DMSA supplemented with Cu. The results also 

indicated the efficiency of DMSA+Cu compared to the conventional anti-GBM 

drugs.  

The evaluation of the interaction between the drug can be analysed using 

many methods. One such method that is mathematically established and 

commonly used is the isobologram analysis (Huang et al., 2019). It originated 

from the isobologram proposed by Loewe (Loewe, 1953). The efficacy of the 

two drugs is graphically represented to analyse their combined effect. Drug 

combinations are additive when their combined effect equals the total of their 

individual effects and when the dose falls on the additive line. Synergistic 

effects occur when the total effect exceeds the sum of the effects of each 

drug taken alone, and the dose is placed below the additive line. Contrarily, 

when the combined effect is smaller than the total of the effects of each 

medicine alone and the dose is positioned over the additive line, it is 

antagonistic. The ED value (median effective dose) is the representation of 

the dose of the drug which produces a response or effect in the population. 

ED50 is the dose that achieves 50% efficiency (Huang et al., 2019).  

4.1.1 Rationale and aim of the study 

We previously established the cytotoxicity of DMSA+Cu on GBM cell lines 

and comparatively studied the efficacy of DMSA+Cu with conventional anti-

GBM drugs. We understand that the conventional anti-GBM drugs are 

required in higher concentrations to show effective anticancer activity, due to 
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eventual drug resistance gained by the cancer cells. The limited availability of 

drugs that are capable of crossing the BBB has shown adverse effects when 

used at higher concentrations for treating brain tumours. The ability of the 

drugs to work synergistically suggests that they can be administered at lower 

doses, which minimises their toxicity to healthy cells while also decreasing 

the drug resistance of cancer cells. The primary aim of this study is to identify 

if DMSA+Cu can synergistically enhance the cytotoxicity of anti-GBM drugs. 

To address this, we cultured the established GBM cell lines as described 

below and used the isobologram analysis to establish if the drug 

combinations are synergistic or antagonistic.  

4.2 Materials and Methods 

The section materials and methods describe the methods used within this 

study and any observed changes as compared to the general detailed 

methods elaborated in chapter 2.  

4.2.1 Culture methods 

In this study, three GBM cell lines, U87MG, U252MG and U373MG were 

sub-cultured in T75 flask and seeded in 96 well plates with DMEM media at 

the density of ~5000 cells/ well and incubated at 37˚C in a tissue culture 

incubator maintained with 5% CO2 overnight, followed by dosing with a 

serially diluted drug combination and incubated for 72 hours.  

4.2.2 MTT cytotoxicity assay 

The GBM cell lines U87MG, U251MG and U373MG cultured under normoxic 

conditions were subjected to the MTT cytotoxicity assay. The assay was 
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performed as mentioned in section 2.2.2. The first-line drug TMZ was used in 

treating GBM, other GBM drugs CCNU and BCNU were used in the study as 

follows: the highest concentration of TMZ used was 100 µM; CCNU and 

BCNU were 500 µM. The drugs were serially diluted; added to the cell lines 

and incubated for 72 hours. The cell culture after drug treatment was 

exposed to an MTT reagent and the cell viability percentage was established 

using the Multiskan software. 

4.2.3 Isobologram analysis 

The synergistic effect of two different anticancer drugs to be used for 

combinational chemotherapy for the treatment of GBM can be measured 

using isobologram analysis.  Here, we used isobologram to measure the 

synergistic effect of the anti-GBM drugs in combination with DMSA+Cu. Each 

of the experiments was performed in batches of three serial dilutions of the 

drugs. I) Anti-GBM drug alone, II) DMSA+Cu alone and III) a combination of 

anti-GBM drug and DMSA+Cu. The drug ratio of 1:1 and 1:5 was used in this 

study for analytical determination. The drug and the highest concentration of 

the drug prepared were as follow, TMZ (100 µM), CCNU (500 µM), BCNU 

(500 µM) and DMSA (500 µM) with Cu supplementation at a constant 

concentration of 10 µM. The cells were treated for 72 hours with the 

respective drugs. Post-treatment, the cells were subjected to an MMT 

cytotoxicity assay to determine the measure of cell toxicity. The results 

generated were used in determining the CI (combination index) using the 

CalcusynTM software. 
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4.3 Results  

4.3.1 DMSA+Cu enhances the cytotoxicity of TMZ 

The results from chapter 2 showed that the GBM cell lines were resistant to 

TMZ which is the first line of chemotherapy for GBM in clinic. Figure 4.1 show 

the cell viability in TMZ and TMZ combined with DMSA+Cu; and DMSA+Cu 

and TMZ combined with DMSA+Cu in A)U87MG, B)U251MG and 

C)U373MG. The combination of the conventional drug TMZ with DMSA+Cu 

reduced the cell viability in three of the GBM cell lines at a lower dose 

compared to the individual drugs. Table 4.1 represent the IC50 values of the 

drug combinations. The IC50 values of TMZ/DMSA+Cu drug combination, i.e., 

50% of the GBM cells were effectively killed at 74.5µM, 98.9µM and 66.5µM 

for U87MG, U251MG and U373MG, respectively. These results suggest that 

DMSA+Cu, when combined with TMZ showed to increase the cytotoxicity 

activity of TMZ. The result from the previous chapter indicated that the GBM 

cell lines treated with TMZ did not reach the IC50 concentration, however the 

combination of TMZ with DMSA+Cu has shown to be effective in this study. 

The results from this section imply that DMSA+Cu enhances the cytotoxicity 

of TMZ, however, on the other hand, TMZ does not demonstrate similar 

effect in the drug combination. The synergy of this drug combination is 

determined using the software CalcusynTM. The combination is considered 

synergistic when the CI value is less than one (<1). Table 4.2 represent 

different EDs for the three GBM cell lines at the given CI.  The 50%, 70% and 

90% efficiency of the drug combination represented as ED50, ED75, ED90 for 

U87MG, U251MG and U373MG were not applicable (i.e., >1), indicating that 

the drug combination is not synergistic. 
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Figure 4.1 DMSA+Cu enhances the anticancer activity of the conventionally used anti-GBM drugs in the three cell lines of 

GBM. The cell viability curves shown above illustrate the synergistic effect of DMSA+Cu on the cytotoxicity of TMZ on the cell lines 

A) U87MG, B) U251MG and C) U373MG. The cells were dosed with DMSA and 10µM CuCl2 supplement in combination with TMZ 

for 72 hours, followed by MTT cytotoxicity assay.  
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4.3.2 DMSA+Cu enhances the cytotoxicity of CCNU  

Similarly, the results for CCNU from chapter 2 have shown that the GBM cell 

lines were less sensitive to CCNU which is used in the current standard of 

care. Figure 4.2 show the cell viability in CCNU and CCNU combined with 

DMSA+Cu; and DMSA+Cu and CCNU combined with DMSA+Cu in 

A)U87MG, B)U251MG and C)U373MG. The combination of CCNU with 

DMSA+Cu has shown to inhibit the three GBM cell lines at a lower dose than 

the individual drugs themselves. Table 4.1 represent the IC50 values of the 

drug combination CCNU/DMSA+Cu, i.e., 50% of the GBM cells were 

effectively killed at 43.0 µM, 94.0 µM and 57.5 µM of CCNU/DMSA+Cu for 

U87MG, U251MG and U373MG, respectively. These results suggest that 

DMSA+Cu when combined with the CCNU increased the cytotoxicity activity 

of CCNU hereby reducing the inhibition concentration. Combination Index 

(CI) value was calculated using the CalcusynTM software. The combination is 

considered synergistic when the CI value is less than one (<1). Table 4.2 

represent the ED at three different points of the curve (ED50, ED75 and ED90) 

that are indicated by the CI values. The 50% efficiency of the 

CCNU/DMSA+Cu drug combination for U87MG, U251MG and U373MG 

were given at the CI value 0.85, 0.86 and 0.94. This data show the CI values 

are less than, but closed to 1, suggesting the CCNU/DMSA+Cu combination 

was synergistic but not significantly. DMSA+Cu enhanced the cytotoxicity of 

CCNU, but the vice versa effect is comparative less. demonstrate that 

DMSA+Cu improves the efficiency of CCNU than the vice versa effect, which 

is indicated in figure 4.2B and c in the U251MG and U373MG cell lines, 

signifying the cytotoxic effect of DMSA+Cu.  
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Figure 4.2 DMSA+Cu enhances the anticancer activity of CCNU in the three cell lines of GBM. 

The cell viability curves shown above illustrate the synergistic effect of DMSA+CU on the cytotoxicity of CCNU on the cell lines A) 

U87MG, B) U251MG and C) U373MG. The cells were dosed with DMSA and 10µM CuCl2 supplement in combination with CCNU 

for 72 hours, followed by MTT cytotoxicity assay.  
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4.3.3 DMSA+Cu enhances the cytotoxicity of BCNU  

The results of BCNU cytotoxicity from chapter 2 also shown similar results as 

in CCNU. Figure 4.3 show the cell viability curves of BCNU and BCNU in 

combination with DMSA+Cu; and DMSA+Cu and BCNU in combination with 

DMSA+Cu in A)U87MG, B)U251MG and C)U373MG. The combination of 

BCNU with DMSA+Cu has been shown to decrease the cell viability of the 

three GBM cell lines at a comparatively lower dose than the individual drug. 

These results suggest that DMSA+Cu when combined with BCNU increased 

the cytotoxicity activity of the clinically used conventional drug, BCNU. The 

synergy of these drug combination was determined using the software 

CalcusynTM by calculating the Combination Index (CI) value. The combination 

is considered synergistic when the CI value is less than one (<1). Table 4.2 

represent the ED of the BCNU/DMSA+Cu combination at three different 

points of the curve (ED50, ED75 and ED90) that are indicated by the CI values. 

The BCNU/DMSA+Cu combination showed 75% efficancy at 0.54, 0.56 and 

0.80 and 90% efficacy at 0.43, 0.38 and 0.64 for U87MG, U251MG and 

U373MG, respectively. The drug combination showed 50% efficiency at CI 

0.69, 0.85 and 0.99 for U87MG, U251MG and U373MG, respectively. This 

data indicates that the combination is synergistic in U87MG and U251MG cell 

lines, but in U373MG cell line the CI value is almost rounded off to 1 

suggesting an additive effect. 
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Figure 4.3 DMSA+Cu enhances the anticancer activity of the conventionally used BCNU in the three cell lines of GBM. 

The cell viability curves shown above illustrate the synergistic effect of DMSA+CU on the cytotoxicity of BCNU on the cell lines A) 

U87MG, B) U251MG and C) U373MG. The cells were dosed with DMSA and 10µM CuCl2 supplement in combination with BCNU 

for 72 hours, followed by MTT cytotoxicity assay.  
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Table 4.1 IC50 value of anti-GBM drugs in combination with DMSA+Cu  

on the GBM cell lines U87MG, U251MG and U373MG after treatment for 3 

days. Standard deviation (SD) is shown in parentheses 

 

IC50 values Anti-cancer drugs (µM) 

CELL LINES TMZ+DMSA+Cu CCNU+DMSA+Cu BCNU+DMSA+Cu 

U87MG 74.5 (30.8) 43.0 (13.1) 36.06 (25.5) 

U251MG 98.9 (30.1) 94.0(36.1) 83.37(38.6) 

U373MG 66.5 (39.8) 57.5 (6.6) 62.82 (5.4) 

 

 

Table 4.2 Isobologram analysis of anti-GBM drugs in combination with 

DMSA+Cu 

Drug in 

combination 

with 

DMSA+Cu 

(µM) 

U87MG U251MG U373MG 

CI values CI values CI values 

ED50 ED75 ED90 ED50 ED75 ED90 ED50 ED75 ED90 

TMZ >1 >1 >1 >1 >1 >1 >1 >1 >1 

CCNU 0.85 0.67 0.53 0.86 0.65 0.49 0.94 0.88 0.84 

BCNU 0.69 0.54 0.43 0.85 0.56 0.38 0.99 0.80 0.64 
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4.4 Discussion 

The benefits of chemotherapy treatments are distributed unevenly among 

patients with the same disease. Besides citing median survival and 

assessing clinical variables such as age, gender, and performance status, 

scientists cannot estimate the amplitude of advantage of a specific 

chemotherapy strategy before intervention for individual patients (Castro et 

al., 2021). In the past, several research groups have examined the possibility 

of a combination of TMZ and different nitrosourea agents. Plowman et al. 

established the synergic activity of the combination of TMZ and carmustine in 

the treatment of GBM, where TMZ reduces the AGT activity and enhances 

the anticancer activity of the nitrosourea agent. This proved the TMZ and 

nitrosoureas combination hypothesis (Plowman et al., 1994). The 

combination of TMZ and lomustine has shown effective outcomes in 

approximated 42% of the patients with methylated MGMT. The TMZ and 

lomustine combination showed a more significant treatment efficiency score 

than the efficiency score of TMZ alone (Castro et al., 2021). Though the 

current anti-GBM drug in combination chemotherapy consisting of TMZ and 

nitrosoureas agents have shown effective outcomes that look promising, the 

OS of the patient with GBM is still less than 16 months; less than 5% of GBM 

patients live to 5 years survival rate (Tammi and Juweid, 2017). 

This study aimed to determine the synergy between conventional anti-GBM 

drugs and DMSA+Cu in GBM cell lines. The results from this chapter show 

that DMSA+Cu certainly enhances the cytotoxicity of the first-line drugs in 

GBM cell lines. Table 4.1 represents the IC50 values of the drug combination 
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showed considerably lower concentration compared to the IC50 of the 

individual drugs established in chapter 3. Figures 4.1, 4.2 and 4.3 indicated 

that DMSA+Cu significantly enhanced the cytotoxicity of the anti-GBM drugs. 

However, not any anti-GBM drug enhanced the cytotoxic activity of 

DMSA+Cu. This indicates the significance of the role played by DMSA+Cu in 

the drug combination. The table 4.2 indicating the CI values of the drug 

combination in the three GBM cell lines. Clearly, the TMZ/DMSA+Cu drug 

combination was not synergistic. Similarly, the BCNU/DMSA+Cu combination 

had an additive effective in the U373MG cell line, indicating that the 

combination is neither synergistic nor antagonistic. The BCNU/DMSA+Cu 

combination in U87MG and U251MG and the CCNU/DMSA+Cu combination 

in all the three GBM cell lines had CI values less than 1, indicating the drug 

combinations are synergistic. The lack of a statistical assessment of 

synergism, additivity, or antagonism is a drawback of combination index 

analysis (Wientjes, 2010). 

Remarkably, U251MG and U373MG appear to be less responsive to the 

drugs tested individually or in combinations in comparison with U87MG cells. 

There are various reasons to why there is a variation among the cell lines of 

the same tumour. Though it is thought that individual cell lines remain 

genetically uniform even as they continue to grow and divide, they can in fact 

evolve in ways that dramatically change their responses to drugs. This 

continuing evolution of cells within cell lines — potentially driven by the 

laboratory conditions in which they are grown. 

Nonetheless, combination therapy may offer some patients improved survival 

opportunities, addressing whether deeper genomic interrogation can evaluate 
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the amplitude of advantage of combination therapy compared to single agent 

chemotherapy. The results from this chapter suggest DMSA+Cu, in 

combination with TMZ and nitrosourea agents, could be effective therapy as 

it enhances the cytotoxicity of the anti-GBM at a low concentration and 

therefore reduces the high concentration toxicity. 
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5.1 Introduction 

Many genetic and epigenetic modifications enable cancer cells to develop a 

variety of characteristics that aid in their ability to adapt to environmental 

changes. It is becoming more evident that the development of tumours is 

greatly influenced by the interdependent interactions between the tumour and 

its microenvironment (Lu et al., 2020). Oxygen is one such component of the 

tumour microenvironment that influences the behaviour of tumour cells. An 

adequate quantity of oxygen and nutrients delivered through the vasculature 

linked to the tumour is typically sufficient to sustain tumour development. The 

rapid growth of tumour cells endures episodes of abnormal vasculature as 

they multiply faster and proliferate, which fails in fulfilling the metabolic 

demands of the tumour (Siemann & Horsman, 2015; Muz et al., 2015). Many 

malignancies, especially rapidly growing tumours, experience an O2 

depletion condition known as hypoxia that affects normal cellular activity 

(pO2<10 mm Hg or around 1.3% under in vitro conditions) (Yeo et al., 2017; 

Emami Nejad et al., 2021; Preusser, Haberler and Hainfellner, 2006). As a 

result of inappropriate neo-vascularization caused by hypoxic tumours 

activating angiogenic pathways, immature, leaky, and dilated blood vessels 

with blind ends, intravascular shunts, and an excessive number of branches 

are formed (Bar, 2010). Thus, the developing tumour is exposed to repeated 

cycles of hypoxic stress, forcing them to undergo epigenetic, metabolic, 

morphological, and functional alterations and ultimately change their 

phenotype. These modified tumour cells invade, migrate, and metastasize to 

evade the stressful environment as a survival mechanism.   So, it is well 

established that hypoxia contributes to tumour invasion and metastasis, the 
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resistance of the tumour to radiation and chemotherapy, and low patient 

survival rate (Emami Nejad et al., 2021; Bar, 2010; Kannappan, 2015). One 

such cancer where hypoxic areas, hypoxia-induced necrosis, and 

neovascularization are highly common and are regarded to be crucial in 

pathological diagnosis is GBM. Numerous other investigations also 

demonstrated the link between elevated levels of hypoxic regions and the 

aggressive, resistant, patient-survival-poor features of GBM (Joseph et al., 

2015; Sathornsumetee et al., 2008).  

The poor patient outcome linked to hypoxia is likely caused by the phenotypic 

change in cells brought on by hypoxia to escape the hostile environment. 

Recent data point to hypoxia induced EMT as a potential method by which 

the stressed differentiated cells in the tumour microenvironment might leave 

the tumour (Yeo et al., 2017). EMT is a complicated molecular and cellular 

process by which differentiated epithelial cells lose their characteristics and 

take on mesenchymal attributes such as motility, invasiveness, and 

increased resistance to apoptosis. During the shift from an epithelial to a 

mesenchymal phenotype, epithelial cells can lose their polarised organisation 

and tight cell-cell junctions and change in shape to create a morphology 

resembling that of fibroblasts, which is linked to greater motility and invasive 

ability (Lamouille et al., 2014; Kalluri & Weinberg, 2009). Different 

transcription factors that control the expression of proteins involved in cell 

polarity, cell-to-cell contact, cytoskeletal structure, and extracellular matrix 

(ECM) breakdown are responsible for this change in cellular phenotype 

(Imodoye et al., 2021). During the crucial process of embryonic development 

known as EMT, ROS signalling plays a role in phenotypic conversion (Tam, 
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Wu and Law, 2020). The downregulation of epithelial markers like E-cadherin 

and the up-regulation of mesenchymal markers like vimentin and fibroblast-

specific protein 1 seem to be the defining molecular characteristics of EMT. 

Transforming growth factor 1 (TGF1) and hypoxia-inducible factor 1 (HIF1) 

are two growth and differentiation factors that regulate the EMT programme. 

These factors are mediated by EMT transcription factors such as SNAIL, 

SLUG, and TWIST1 (Yang et al., 2008). The development of a mesenchymal 

phenotype, which permits cell migration to distant sites and metastases while 

simultaneously promoting the acquisition of stem cell features, is what 

causes most cancer to progress. Early-stage benign tumours must move 

through this crucial molecular event EMT to develop a malignant phenotype 

that can invade and disseminate (Yeo et al., 2017). It has been reported that 

the activity of EMT transcription factors (TF) such as SNAIL1, TWIST1, and 

ZEB2 are higher in GBM tissue than in normal brain tissue and that this 

activity positively correlates with tumour grading. These TFs are known to 

influence genes such MMPs, HGF, FGF, Wnt, and b-catenin, which are 

thought to promote invasion and proliferation in GBM (Yang et al., 2010; 

Mikheeva et al., 2010, Joseph et al., 2015). 

It's intriguing to learn that hypoxia-induced EMT mesenchymal cells have 

molecular properties resembling those of stem cells and are expected to 

establish or disseminate tumours, acting as seeds for tumour relapse 

following treatment (Ribatti et al., 2020). EMT phenotypes are referred to as 

tumour initiating cells or cancer stem-like cells as they were often mistaken 

for cancer-initiating mutant progenitor cells. In a study, CD133- GBM CSCs 

when compared to CD133+ GBM CSCs demonstrated a genetic signature 



90 
 

specific to the mesenchymal subtype and they began tumours with an 

invasive growth (Joo et al., 2008). While some scientists still hold that a 

mutated progenitor cell could develop into a CSC and develop a tumour, 

others presume that EMT phenotypes are resistant stem-like populations or 

metastasis-initiating cells that are induced by the microenvironment and may 

not be the CSCs that created the tumours. It is generally known that hypoxia 

helps these CSCs survive and stay viable, regardless of whether they 

develop from progenitors or are brought about by an EMT programme. Stem 

cell-like markers (CD133, CD44, CD34, and CD24), pluripotency genes 

(Oct3/4, Nanog, SOX2 and MYC) and drug resistance markers (aldehyde 

dehydrogenase and ATP-binding cassette [ABC] transporters) are all 

categories of CSC biomarkers. 

 ROS is recognized as an important signalling molecule in anti-cancer drug-

induced cell crises (Quinlan et al., 2012; Zou et al., 2017). The oxidative 

damage and the alteration in the mitochondria caused by the high level of 

ROS generation initiate apoptosis by circulating apoptotic signalling (Kim et 

al., 2016; Fruehauf and Meyskens, 2007). NADPH oxidase complex 

reactions, as well as metabolic processes occurring in peroxisomes and 

cytochromes, can also produce ROS. Biologically necessary reactive oxygen 

species (ROS) include superoxide (O2-), hydrogen peroxide (H2O2), hydroxyl 

radicals, and peroxynitrite. The raised levels of intracellular ROS 

stimulate cell division and proliferation. Excessively elevated levels of ROS 

result in damage to the lipid membrane, protein and DNA, leading to the 

death of the cell (Yip et al., 2011).   
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5.1.1 Rationale and aims of this study  

Previous studies from our group and others have demonstrated that DS in 

combination with Cu, modulates the hypoxia-NF-κB axis, suppresses GBM 

CSCs mechanisms like MDR, NF-κB, proteasomes, ALDH and induces ROS-

mediated apoptosis in different cancers including GBM (Yip et al., 2011; Cen 

et al., 2002; Morrison et al., 2010; Zhang et al., 2009; Kannappan et al., 

2022). DS, due to its affinity for proteins containing thiol group is ability to 

chelate and inhibit the 26S proteosome in a Cu dependent manner. In a 

study by Cen et al., 2004, DS decreased the mitochondrial membrane 

potential of human melanoma cell lines, causing them to induce apoptosis. 

(Li et al., 2020). A study by Han et al., 2015, showed that through modifying 

the expression of MMP-1 and MMP-3, DS successfully prevented tumour cell 

migration and invasion. The DS+Cu combination induced the expression of 

sulfatase 1 (SULF1) and the apoptosis transducer CARP-1/CCAR1 as well 

as proapoptotic stress-activated protein kinases (SAPKs) p38 and JNK1/2, 

caspase-3 and -9. Moreover, studies of molecular targets suggested that 

DS+Cu may contribute to the intrinsic apoptotic pathway by enhancing the 

expression ratio of the apoptotic Bax/Bcl-2 protein, triggering apoptosis in 

human breast cancer cells (Li et al., 2020).  DMSA is a dithiol compound and 

a potential chelator like DS. Thus, we hypothesized that DMSA might work in 

a similar fashion as DS exhibiting similar mechanism of action. Results of the 

previous chapter have highlighted the efficiency of DMSA in sensitizing the 

GBM cell lines to conventional chemotherapeutics. This study aimed to 

elucidate the mechanism of action by which DMSA+Cu induces cytotoxicity 
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in the GBM cell lines and find if it can inhibit hypoxia induces GBM CSCs and 

EMT like DS. 

5.2 Materials and methods 

This section describes the methods used within this particular study and any 

observed changes as compared to the general detailed methods elaborated 

in chapter 2.  

5.2.1 Culture methods 

In this study, the GBM cell line U251MG was cultured as a monolayer in 6 

well plates for 16 hours. The cells were cultured in DMEM media under 

normoxic, and hypoxic conditions are described in section 2.2.1 at the 

density of ~200,000 cells/ well and incubated at 37˚C, followed by dosing 

with different concentrations of DMSA+Cu. The cells were cultured under 

hypoxia for 72 hours before dosing. The cells were then collected and 

subjected to staining with antibodies and reagents for the respective 

experiments. 

5.2.2 Detection of CSC markers with flow cytometry  

Flow cytometric analysis was used to measure the expression of the CSC 

markers ALDH and CD133 in GBM cell lines in normoxic cultures, hypoxic 

cultures and under different concentration of DMSA+Cu treated overnight. 

The staining and detection methods are detailed in section 2.2.4.  

5.2.3 Detection of EMT markers by qRT-PCR  

The mRNA expression of the EMT marker MMP2, MMP7 and MMP9 were 

analysed from in GBM cell lines in normoxic cultures, hypoxic cultures and 
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under different concentration of DMSA+Cu treated overnight, using qRT-PCR 

protocol described in section 2.2.8.  

5.2.4 Migration assay 

The U251MG cells were trypsinized, counted and diluted in serum free 

medium. 1x104 cells in 200 μL were added to Boyden chambers which 

contain polycarbonate membrane at the bottom with an 8.0 m pore size. 

Trans-well inserts were then incubated for 16 hours while serum-containing 

medium with DMSA+Cu was placed in the wells below. The cells that 

migrated through the pores were stained by crystal violet and counted. 

5.2.5 DNA content analysis using PI 

The cell cycle experiments were performed to determine what phases of the 

cell cycle are affected when the U251MG GBM cell line is treated with 

DMSA+Cu. The cell cycle analysis using PI staining was using the protocol 

described in section 2.2.7. 

5.2.6 Detection of reactive oxygen species (ROS)  

The ROS activity was measured using the Enzo Life Sciences’ ROS-

ID® Total ROS detection kit in the U251 GBM cell line at a range of 

DMSA+Cu concentrations at 1 hour time interval. The ROS protocol is 

described in chapter 2, section 2.2.6. 
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5.3 Results 

5.3.1 Treatment DMSA+Cu does not inhibit hypoxia induced 

ALDH activity in GBM cell line U251MG 

Hypoxia is known to promote ALDH expression in most of the cancers 

(Shiraishi et al., 2017). In line to this and from figure 5.1b, the ALDH activity 

increases in the untreated hypoxic GBM cells when compared to the 

normoxic control. Previous studies have shown that DS+Cu combination 

targets hypoxia induced CSCs via the inhibition of the expression of hypoxia 

induced ALDH activity (Wang et al., 2018). We hypothesized DMSA+Cu 

combination will exhibit similar action or considerably reduce the ALDH 

activity. However, from the flow cytometry analysis shown in figure 5.1, it is 

evident that DMSA+Cu does not have inhibitory effect on expression of 

ALDH activity in the hypoxic GBM cell line U251MG. The non-drug treated 

cells grown under normoxic and hypoxic condition were used as experiment 

controls. Treatment of hypoxic cells with DMSA+Cu at different 

concentrations (50µM, 100µM, 200µM, 300µM and 400µM) showed 

statistically insignificant increase rather than decreasing.  
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Figure 5.1 DMSA+Cu did not inhibit ALDH activity in U251MG.  

The ALDH activity expression was measured by ALDEFLOUR assay using 

the BD FACS Melody cytometer. a) Dot plot represents ALDH activity 

measured in normoxia, hypoxia and hypoxia cultures treated with DMSA+Cu. 

b) The bar chart show the ALDH activity when treated with different 

concentrations of DMSA+Cu. n=3, ns denotes no- significance, *p<0.05. 
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5.3.2 Treatment DMSA+Cu does not inhibit hypoxia induced 

CD133 expression in GBM cell line U251MG 

CD133 is one of the well characterized CSC biomarkers in most solid 

tumours including GBM (Glumac and LeBeau, 2018; Brescia et al., 2013). 

DS+Cu has significantly reduced the expression of CD133+ population in 

various tumours including GBM (Kannappan et al., 2022; Wang et al., 2021; 

Serra et al., 2021). The results for hypoxia induced CD133+ expression 

treated with DMSA+Cu in U251MG is shown in figure 5.2. The expression of 

CD133+ population increased in the hypoxic control compared to normoxic 

control. The treatment did not decrease the CD133+ expression rather 

significantly increased them as seen in figure 5.2b. There is a trend in the 

increase of CD133+ expression in a dose dependent manner. Treatment of 

hypoxic cells with DMSA+Cu at different concentrations (100µM, 200µM, and 

300µM). The inability of DMSA+Cu to inhibit or reduce ALDH activity and 

CD133+ population indicate that DMSA+Cu does not suppress hypoxia 

induced CSC population in GBM cell line U251MG. 
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Figure 5.2 DMSA+Cu did not inhibit expression of CD133 in U251MG.  

The expression of CD133+ population was measured in the BD FACS Melody 

cytometer using the CD133-PE conjugated antibody. a) The dot plot 

represents CD133+ expression measured in normoxia, hypoxia and hypoxia 

culture treated with DMSA+Cu. b) The bar chart show the CD133 expression 

when treated with 100µM, 200µM and 300µM DMSA+Cu. n=6, ns denotes 

no- significance, **** p<0.0001, **p<0.01. 
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5.3.3 Treatment DMSA+Cu in GBM cell line U251MG does not 

inhibit embryonic CSC markers 

The embryonic CSC markers NANOG, OCT4 and SOX2 were analyzed 

using qRT-PCR for their expression under normoxia, hypoxia and hypoxic 

GBM cells treated with DMSA+Cu. Previous studies have shown that hypoxia 

induces stemness in various tumours (Cong et al., 2017) DS+Cu by targeting 

the embryonic CSC has reduced or suppressed stem cell characteristics in 

many cancers including GBM (Kannappan et al., 2022). The result from this 

study as shown in figure 5.3 confirms that hypoxia increases the expression 

of CSC markers compared to normoxic culture. However, treatment with 

DMSA+Cu has not suppressed or reduced the expression of the CSC 

markers NANOG and OCT4. On the other hand, though the expression of 

SOX2 has decreased in the DMSA+Cu treated cells, the overall expression 

of SOX2 in hypoxia is low compared to the other CSC markers. 
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Figure 5.3 DMSA+Cu did not inhibit expression of embryonic CSC 

markers in U251MG.  

The gene level expression of embryonic CSC markers NANOG, OCT4 and 

SOX2 was measured using the qRT-PCR. The analysis show that the 

expression of the CSC markers are incudes by hypoxia, but not reduced by 

DMSA+Cu treatment. The bar chart showing the statistical significance of the 

DMSA+Cu treatment in the CSC markers expression. n=3, ns denotes no- 

significance, **p<0.01. 

5.3.4 Treatment DMSA+Cu in GBM cell line U251MG does not 

inhibit EMT markers 

The EMT markers and the migration proteins E-CAD, N-CAD, Vimentin, 

MMP 2,7 and 9 were analyzed using qRT-PCR for their expression under 

normoxia, hypoxia and hypoxic GBM cells treated with DMSA+Cu. Through 

the regulation of the NF-B pathway and Smad signalling, DS+Cu exert an 

inhibitory effect on EMT, which correlated with reported decrease in migration 
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and invasiveness (Li et al., 2017). The results from this study showed that 

treatment with DMSA+Cu did not reduce the expression of hypoxia induced 

Vimentin, MMPs 2, 7 and 9. E-cadherin precludes epithelial cells from 

detaching from the primary tumour mass and prevents the loss of cell-cell 

adhesion and cell junctions, which otherwise result in invasion and 

metastasis to nearby tissues. The expression of E-Cad is reduced under 

hypoxia and increased in hypoxia DMSA+Cu treated.  The overall expression 

of N-CAD in hypoxia control and DMSA+Cu treatment is low. Similarly, the 

expression of MMP9 in hypoxia is lower than in normoxia. The results alone 

could not be used to demonstrate effect of DMSA+Cu. Further western blot 

analysis could be used to confirm the data. 

 

 

 

 

 

 

 

 

 

Figure 5.4 DMSA+Cu did not inhibit expression of EMT markers in 

U251MG.  

The gene level expression of EMT markers E-CAD, N-CAD, VIM, MMP2, 

MMP7 and MMP9 was measured using the qRT-PCR. The bar chart showing 

the statistical significance of the DMSA+Cu effective on the EMT markers 

expression. n=3, ns denotes no- significance.  
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5.3.5 Treatment DMSA+Cu in GBM cell line U251MG had no 

effect on GBM cell migration 

Cell migration happens throughout the entire phase of cancer growth and is 

particularly crucial during invasion, which is the first stage of metastasis 

(Joseph et al., 2015). The DS and Cu combination has shown to inhibit 

migration at low concentrations (Li et al., 2017). In line with results from the 

previous sections where DMSA+Cu did not inhibit EMT markers, treatment 

with DMSA+Cu did not show significant change in the migrated cell number 

of U251MG. Figure 5.5 represent the microscopic image of the porous 

membrane in the Boyden chamber assay with the migrated cell stained with 

crystal violet. There was no significant change in the cell number count 

between the untreated control and the DMSA+Cu treated wells. The bar 

chart on figure 5.5b represent the mean of the migrated cell count. 
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Figure 5.5 DMSA+Cu does not inhibit migration in U251MG GBM cell 

line in vitro. The Boyden chamber assay was performed to detect the 

migration potential of U251MG and the effect of DMSA+Cu on cell migration. 

a) tiled microscopic images of the membrane penetrated GBM cells taken 

using EVOS microscope and stitched together. b) Bar chart represents the 

mean count of migrated cells at different concentrations of the treatment (-ve, 

10µM DMSA+Cu and 20µM DMSA+Cu). n=3, ns denotes no- significance. 

 

5.3.6 Treatment DMSA+Cu did not inhibit the expression of 

NF-B p65 in GBM cell line U251MG  

Studies in the past have reported that hypoxia induced NF-ᴋB is associated 

with CSC characteristics and chemoresistance. Treatment with DS+Cu 

showed significant inhibition of NF-ᴋB p65 expression and reversed 

stemness and chemoresistance (Liu et al., 2014; Li et al., 2017). In our study, 

DMSA+Cu showed no inhibitory effect on the mRNA expression of NF-ᴋB 
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p65. Figure 5.6 illustrate the PCR analysis of mRNA expression of NFB p65 

– fold change values. The control group consisting of the untreated cells 

showed an increase expression of p65 in the hypoxia culture compared to 

normoxia, in correlation with previous reports that hypoxia induce NF-ᴋB p65 

expression (Liu et al., 2014; Li et al., 2017). However, unlike DS+Cu 

treatment, DMSA+Cu treatment showed a trend increase in p65 expression 

as shown in figure 5.6, but the increase was not statistically significant.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 DMSA+Cu does not inhibit expression of NF-ᴋB p65 at gene 

level. Bar chart represent the mean fold change in the expression of NF-ᴋB 

p65 in normoxia, hypoxia and hypoxia cultures treated with DMSA+Cu in 

U251MG GBM cell line. n=2, ns denotes no- significance. 
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5.3.7 Treatment DMSA+Cu induced apoptosis in GBM cell line 

U251MG  

The DNA content analysis with PI staining was measured using the BD 

FACS Melody cytometer. As shown in figure 5.7, the increase in the apo or 

sub G0 population indicated the occurance of DNA fragmentation. The 

increase in the Sub G0/Apo DNA content seem to be directly proportional to 

the increase in DMSA+Cu dose concentration. At 50µM, 100µM and 200µM 

concentration of DMSA+Cu, the DNA content show gradual increase. The 

bar chart in figure 5.7b show the statistical  significance in the DNA content 

increase at different concentrations of DMSA+Cu compared to the untretaed 

negative control.  
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Figure 5.7 DMSA+Cu induces apoptosis in the GBM cell line U251MG 

Cell cycle analysis of DMSA+Cu treated U251MG cell line stained with 

propidium iodide. The Apo population represents the apoptotic cells (sub G0). 

The DNA content increases with the increase in the DMSA concentration 

indicating the occurrence of apoptosis. a) The histogram represent the DNA 

content in the cell cycle measured using the BD FACS Melody cytometer; b) 

Bar chart represent the DNA content in the cycle. n=3, ns denotes no- 

significance n=3, *** p<0.0001; **p<0.001, *p<0.05. 
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5.3.8 Treatment DMSA+Cu does not induce ROS in GBM cell 

line U251MG  

From the DNA content results we hypothesised DMSA+Cu induce apoptosis 

through the generation of ROS. Additionally, the treatment with DS+Cu has 

shown to enhance the ROS production (Guo et al., 2019; Butcher et al., 

2018). In our study, treatment with 250µM and 500µM DMSA+Cu did not 

effectively generate ROS. As shown in figure 5.8, an untreated negative and 

control and pyocyanin positive control was used; additionally, a set of 250µM 

and 500µM DMSA+Cu with addition of 5mM NAC, a ROS scavenger, were 

used to study reversal of ROS.  From the results it is evident that treatment 

with DMSA+Cu even at the highest concentration did not significantly 

generate ROS. Figure 5.8b bar chart represent the ROS activity measured in 

negative control, positive control – pyocyanin (ROS generator), 250µM, 

500µM DMSA+Cu  and 250µM, 500µM DMSA+Cu with NAC – ROS 

scavanger.   
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Figure 5.8 DMSA+Cu treatment does not generate ROS in the GBM cell line 

U251MG. The total ROS analysis for DMSA+Cu treatment was performed in the BD 

FACS Melody cytometry. a) The histogram represents the ROS activity in the GBM 

cell line measured at 1 hour; b) the bar chart represents the ROS activity at different 

concentrations of the treatment (-ve, +ve, 250µM DMSA+Cu and 500µM 

DMSA+Cu). n=5, ns denotes no- significance. 
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5.4 Discussion 

According to earliest clinical report, DS exhibits metal ion-dependent 

antineoplastic activity, induces apoptosis, and decreases angiogenesis 

(Lewison, 1980). Significant interest in anticancer activity of DS was 

generated by these findings. According to research, DS exerts anticancer 

effects on patient tumour cells as well as human tumour cell lines (Wickström 

et al., 2007). Additionally, a number of clinical studies have been carried out 

to evaluate the effectiveness of DS in human trials (NCT03151772, 

NCT02770378, NCT01118741, NCT00312819). It has been postulated that 

DS affects the intracellular ROS level, inhibits the ubiquitin-proteasome 

system (UPS), and reduces the stemness of cancer cells, among other 

methods or targets for the treatment of cancer (Butcher et al., 2018; Chen et 

al., 2006; Liu et al., 2016). DS in combination with Cu inhibited NF-κB activity 

in several cancer cell lines (Liu et al., 2012; Wang, McLeod and Cassidy, 

2003; Guo et al., 2010).  

One of the key cell-autonomous effects of hypoxia is as a modulator of cell 

proliferation. For most cell types, hypoxia induces decreased cell 

proliferation, since an increased number of cells, with a consequent increase 

in O2 demand, would only exacerbate hypoxic stress. However, certain cell 

populations maintain cell proliferation in the face of hypoxia. This is a 

common pathological hallmark of cancers, but can also serve a physiological 

function, as in the maintenance of stem cell populations that reside in a 

hypoxic niche. This study focused on identifying various molecular 
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mechanisms by which DMSA+Cu inhibits the hypoxia regulates cell 

proliferation in the U251MG GBM cell line. 

A universal functional signature of CSCs known as ALDH activity has 

emerged as a potential target for therapeutic drugs and as a surrogate 

marker (Skrott and Cvek, 2012). This is because stem cells use the high 

ALDH levels as a defence mechanism to prevent DNA damage from UV rays 

or other stress responses, such as anticancer drugs. The role of ALDH in the 

detoxification of numerous aldehydes is well known since these aldehydes 

would otherwise produce significant levels of ROS inside of the cells, which 

would cause DNA damage and cell death. Furthermore, the ROS scavenging 

capability of ALDH is well-known for reducing oxidative stress (Moreb et al., 

2012). Because of their accelerated metabolic rates, cancer cells have high 

intracellular ROS levels. Therefore, cancer cells can be easily targeted by 

any conventional treatment that increases ROS levels. However, the 

chemoresistant CSC population maintains extremely low ROS levels by 

boosting ALDH activity, a hallmark of stem cells. DS+Cu in previous studies 

has shown to inhibit ALDH activity irreversibly (Wang et al., 2018). Similarly, 

DS+Cu significantly reduces the expression of transcription factors Sox2, 

Nanog, and Oct3/4 which are associated with stemness, causing a decline in 

the stemness properties of CSCs (Yang et al., 2019). Additionally, studies 

found that DS+Cu can reverse stemness and EMT in breast cancer cells 

through the extracellular regulated protein kinase (ERK)/NF-ᴋB/Snail 

pathway (Han et al., 2015). We hypothesized that DMSA in combination with 

copper would exert similar inhibitory activity. However, treatment with 

DMSA+Cu did not show similar inhibition activity to DS. The DMSA+Cu 
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treatment did not have a significant effect on hypoxic induced expression of 

the ALDH and similarly, the treatment did not inhibit the CD133 expression 

as shown in figures 5.1 and 5.2. The treatment with DMSA+Cu did not have 

significant effective on the expression of the hypoxic induced stem cell 

marker and EMT markers such as OCT4, NANOG, vimentin, E and N-

Cadherins like DS. Though the expression of SOX2 was decreased, the 

difference is comparatively low and more experimental repeats and analysis 

would be required to confirm the results. The NF-B p65 expression in the 

U251MG cell line when treated with DMSA+Cu was not suppressed. NF-B 

was reported to be a keystone in hypoxia-induced CSC characters. The 

affinity for thiol containing proteins and the presence of sulfhydryl groups in 

NF-B enables DS to react with NF-B protein and make it a potential 

therapeutic target.  Inability of DMSA to reduce the NF-B p65 expression 

suggest that DMSA does not interfere with the transcription of the NF-B and 

the NF-B signalling. Likewise, the results from the Boyden chamber assay 

indicate that DMSA+Cu does not inhibit migration in GBM cell line.  The data 

from figure 5.5 show major difference in the cell count between the treated 

and control group. Nevertheless, the ability of DMSA+Cu to induce apoptosis 

in the cancer cells was validated by the cell cycle analysis using PI. The 

increase in the apoptotic population was dose-dependent, indicating that 

DMSA+Cu induce DNA damage. With the DNA damage data, we studied the 

ROS generation capacity of DMSA which could have potentially resulted in 

DNA damage in GBM cell line.  

The intact sulfhydryl entity is required for the Cu chelation mechanism by 

DMSA to induce the generation of ROS and target tumour cells. As an 
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outcome, the success of DMSA in vitro is highly dependent on Cu 

supplementation. The higher level of Cu serves as a specific target for 

chelators like DMSA, as demonstrated for DS by Cong’s group (Cong et al., 

2017). The combination of the chelator with Cu induces ROS generation in 

cancer cells. As established by Liu et al., the exposure of cancer cells to 

additional higher ROS levels induced by the chelator and Cu complex will 

result in exhaustion of the cellular antioxidants and lead to cell death (Liu et 

al., 2012). The vital role played by the functional thiol group in the generation 

of ROS has previously been demonstrated in non-small cell lung cancer 

(NSCLC) cell lines (Butcher et al., 2018).  

DS and its metabolite DDC in combination with Cu generated ROS in the 

NSCLC cell line. However, the ROS generation was blocked when the thiol 

groups of DS were methylated. The addition of NAC in the reaction reversed 

the generation and the induction of apoptosis. Thus, indicating the 

importance of the thiol group in chelating Cu and generating ROS, leading to 

cytotoxicity in the NSCLC cell line (Butcher et al., 2018). When the ROS 

activity in DMSA was studied, the results demonstrated no significant 

generation of ROS when treating the U251MG cell line with DMSA+Cu for 1 

hour as shown in figure 5.8 and 30 mins (data not shown). However, 

estimating the ROS activity in a range of time points might reveal interesting 

data depending on the shelf life and biotransformation of DMSA+Cu. 

The result from this chapter suggests that DMSA in combination with Cu 

exhibits cytotoxicity and induces DNA damage mediated apoptosis. However, 

detection of apoptosis using other assays such as Annexin V binding, 

caspase activator, cell cycle/BrdU/EdU staining are required to endorse the 
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results. It is evident that DMSA+Cu had no mechanism of action similar to 

DS and thus further mechanism has to be explored. Thus, we comprehend 

that DMSA involves other mechanisms or inhibit other pathways to exert its 

antitumor activity. 
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6.1 Discussion 

GBM is a grade 4 glioma based on WHO classification and the most 

aggressive primary brain tumour that often arises in the temporal or frontal 

lobes. It accounts for over fifty per cent of all brain tumours (Komori, 2022; 

Larjavaara et al., 2007). The annual approximations of new cases and deaths 

of GBM; and the poor prognosis for patients make it a globally critical public 

health issue (Cenciarini et al., 2019). Over the decades, different treatments 

for GBM have been evolving. Initially, surgery for maximal resection followed 

by radiotherapy was the treatment approach for patients diagnosed with 

GBM. With that standard of care, about 4.4% and 1.9% of the GBM patient 

showed 3-year and 5-year survival, respectively (Stupp et al., 2009; Allahdini 

et al., 2010). The addition of Temozolomide (TMZ) into the standard care in 

2005 proved a vital outcome and improvement in the survival rate in GBM 

patients. The OS increased to 10% and 4.7%, with 3- and 5-year survival 

rates, respectively (Darefsky, King and Dubrow, 2011). Other non-specific 

alkylating drugs, nitrosoureas (BCNU and CCNU), have also been 

established in treating recurrent GBM (Brandes et al., 2008), which showed a 

median survival of 11.5 months and 11.75 months, respectively (Fisher and 

Adamson, 2021). 

The present study showed that the GBM cell lines U87MG, U251MG and 

U373MG were resistant to TMZ treatment, which is the first line of 

chemotherapy in the clinic. Similarly, nitrosourea agents required in higher 

concentrations to show cytotoxicity activity in the GBM cell line. Though TMZ 

was a significant therapeutic in GBM treatment, unfortunately, it has acquired 
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resistance among patients. The extensive exposure to TMZ and the highly 

heterogeneous nature of GBM has made the tumour develop resistance to 

chemotherapy like TMZ. Statistically, half the population of patients with GBM 

do not respond to treatment with TMZ (Lee, 2016). Similarly, the reports on 

nitrosoureas agents CCNU and BCNU showed association with side effects 

like thrombocytopenia caused by cumulative bone marrow suppression, 

neutropenia and lymphocytopenia (Weller and Le Rhun, 2020). Thus, the 

need for new potential chemotherapeutics for GBM is rapidly growing.  

The FDA-approval rates for CNS drugs are lower than that for non-CNS 

medications, and cancer drug development is considered second to the 

therapeutic effect on woman's health, thus making the drug discovery for 

brain tumours tedious across several obstacles (Kola and Landis, 2004). A 

report by (Kesselheim, Hwang and Franklin, 2015) between 1990 to 2012 

stated that less than 45% of CNS drugs pass the phase III clinical trials and 

half fail to show increased efficiency over placebo. For instance, the phase III 

trial of Recentin Glioblastoma Alone and with Lomustine (REGAL) compared 

with cediranib and cediranib + lomustine vs placebo failed to achieve the 

crucial end point of PFS prolongation (Batchelor et al., 2013). Finding new 

drugs to treat GBM is constrained by several challenges. The complex 

intratumoral molecular heterogeneity makes it tedious to distinguish an 

effective target in the early stages of research, the permeability across BBB 

and designing reliable clinical trials to evaluate the efficacy of a potential 

treatment (Shergalis et al., 2018). From the perspective of drug discovery, a 

massive amount of data from decades of research offers possibilities for 

identifying molecular pathways and therapies that increase survival rates but 
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transferring efficient laboratory treatments to clinical practice has thus far 

proven challenging (Zanders, Svensson and Bailey, 2019).  

Additionally, despite recent efforts to enhance GBM drug research, the 

organisation of clinical trials is one non-pharmacokinetic issue that continues 

to be a significant barrier to drug development. Being an orphan disease, 

GBM clinical trial participation is insufficient, preventing identifying minor 

treatment differences with statistical significance. Similarly, the selection of 

suitable controls, prognostic factor stratification, and definition of the clinical 

endpoint are other challenges to be considered (Reardon et al., 2011). Drug 

repositioning has been considered an efficient approach to reduce the drug 

shortage for new cancer therapies, with the advantage of pharmacokinetic, 

pharmacodynamic, and toxicity profiles of drugs that have been already 

established and significantly reduce the cost of early phase development 

(Nosengo, 2016). A growing body of evidence from in vitro, in vivo, and 

clinical studies suggests that many recently discovered non-oncology drugs 

repurposed for cancer therapeutics function by suppressing proliferation and 

promoting cell death (Boyer et al., 2018). 

In several preclinical studies, the use of copper chelators has produced 

encouraging anticancer effects. Numerous drugs with other purposes have 

been discovered and repurposed as copper coordination drugs to improve 

anticancer efficiency (Kannappan et al., 2021). Studies from our group and 

others have shown that DS, an anti-alcoholism drug, has potent anticancer 

activity. The dithiol group similarity of DS with DMSA raised the notion that 

DMSA, a potent metal chelator, may also exhibit cytotoxicity activity. 
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This study focused on repurposing DMSA, an oral chelator of heavy metal 

poisoning, for anticancer studies in combination with copper. The results from 

chapter 3 demonstrate that Cu is necessary for the cytotoxicity of DMSA. Cu 

has been used in cancer treatment for a long time, dating back to 400 BC. 

(Gelarie, 1913). In the body, copper can be found in two forms: cupric 

(Cu2+), which is more common, and cuprous (Cu1+), which is rarer. Ctr1, a 

Cu transporter protein, tightly controls how much Cu is transported into cells 

(Kim, Nevitt and Thiele, 2008). Considering this, therapy with Cu alone has 

no deleterious effects, as it is evident from our group's previously published 

findings (Kannappan, 2015; Tyagi, 2020). 

Copper causes oxidative damage by producing the most vital oxidising 

hydroxyl radicals (OH) from hydrogen peroxide (H2O2). Every biological 

molecule can react with hydroxyl radicals to cause DNA damage and death 

by the build-up of reactive oxygen species (ROS). But it is widely known that 

GBM tissues have much more significant amounts of copper, about 44 times 

higher than the surrounding normal brain tissues, because of their high 

metabolic rate and a high requirement for copper in redox processes 

(Yoshida, Ikeda and Nakazawa, 1993). As a result, increasing the amount of 

Cu that DMSA+Cu consumes may cause the formation of ROS in GBM cells 

to exceed the threshold level, leading to oxidative damage and apoptosis. 

This makes it possible to create a method to target GBM cells specifically 

while protecting healthy brain tissue. Because the brain is such a fragile 

organ, selective death by the anticancer drug is essential, and DMSA can 

accomplish this with the Cu-based method. Even though DMSA can form 

stable complexes with various metals in a lab setting, the biotransformation 



122 
 

products of several disulfides may be what gives DMSA its in vivo metal-

complexing properties (Kosnett, 2016). The result from chapter 3 

demonstrated that DMSA+Cu exhibited potent cytotoxicity activity in the GBM 

cell line. Notably, the DMSA+Cu treatment showed better efficiency than the 

treatment with DMSA alone. The data from table 3.1 signifies that DMSA+Cu 

show comparatively lower IC50 than the traditional GBM drugs. Following 

these results, the data from chapter 4 illustrated that DMSA+Cu enhanced 

the cytotoxicity of the conventional GBM drugs TMZ, CCNU and BCNU. The 

combination of DMSA+Cu and TMZ sensitised the GBM cell line to TMZ. 

Likewise, the combination of DMSA and the nitrosourea agents have 

immensely reduced the IC50 concentration of the drugs. Thus, DMSA+Cu 

alone or combined with the chemotherapeutic drugs could be a significant 

possibility in improving the treatment opportunities for GBM patients, 

especially patients who show resistance to conventional medicines. This 

could aid in improving efficiency and reducing the toxicity of existing 

chemotherapeutic drugs.  

GBM is one of the most hypoxic cancer types (Calabrese et al., 2007), and 

the role of hypoxia in the maintenance and proliferation of normal stem cells 

within their niches is well documented (Karsy et al., 2016). Rapid cell division 

and inadequate vascularisation are common in GBM, frequently leaving 

areas with insufficient oxygen supply (Monteiro et al., 2017). Tumour hypoxia 

is caused mainly by the non-functioning blood vessels found in the neoplastic 

tissues of GBM (Calabrese et al., 2007). As a result of the prolonged 

exposure to deficient oxygen levels, necrotic zones develop within the 

densely packed hypoxia cells. It has been demonstrated that these "pseudo-
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palisading" cells express several hypoxia-regulated genes associated with 

various events, including angiogenesis, invasiveness, and ECM 

disintegration (Brat et al., 2004). Several studies have demonstrated the role 

of hypoxia in the upregulation of various CSC markers such as SOX2, KLF4, 

NANOG, OCT4, NOTCH and CD133 in breast cancer, neuroblastoma, renal 

cell carcinoma, and GBM (Joseph et al., 2015; Lee et al., 2019; Yin et al., 

2013; Pietras et al., 2009; Bhagat et al., 2016).  

Previous research from our lab and others has demonstrated the various 

potential mechanisms of DS+Cu induced cytotoxicity, including inhibition of 

the ALDH, proteasome, NF-B, MDR p-gp, and ROS-MAPK mediated intrinsic 

pathway of apoptosis (Triscott et al., 2012; Liu et al., 2014; Li et al., 2020; 

Kannappan et al., 2022). DS is a recognised proteasome inhibitor that 

prevents the activation of the NF-B pathway. Proteasome inhibition targets 

EMT and CSCs in many distinct ways, including blocking NF-B and its anti-

apoptotic machinery, preventing CSCs from secreting medicines, and 

enhancing the anticancer effects of other chemotherapeutic medications by 

reversing or inhibiting proteins linked to drug resistance. Recent studies have 

shown that DS+Cu targets the p97-NPL4 of the ubiquitin-proteasome 

pathway. By binding to the thiolate site in NPL4 adapter proteins, CuDDC 

causes NPL4 to aggregate, which in turn causes the deactivation of p97 

segregase. This results in an accumulation of misfolded proteins in the 

endoplasmic reticulum, triggering apoptosis (Skrott et al., 2017). DS+Cu 

therapy efficiently inhibited NF-B, shifted the ratio of BAX and BCL2 from 

being more anti-apoptotic to more pro-apoptotic, and inhibited the hypoxia-

induced CSC markers SNAIL, TWIST, SLUG, ZEB, ALDH and CD133. It was 
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also demonstrated that treatment with a low nanomolar concentration of DS 

was adequate to prevent the migration and invasion of hypoxia culture GBM 

cells (Kannappan et al., 2022; Azar, 2022) 

However, treatment with DMSA+Cu did not exhibit any similar mechanism as 

DS. The chapter 5 results shown in figures 5.1, 5.2 and 5.3 demonstrates 

that treatment with DMSA+Cu does not inhibit hypoxia induced SCS 

markers. The hypoxia induced ALDH and CD133 increase on treatment 

rather than decrease, suggesting that DMSA, unlike DS, is not an inhibitor of 

pan ALDH isoenzymes and the corresponding ALDH activity. Similarly, the 

expression of the embryonic SCS markers NANOG and OCT4 has increased 

with DMSA+Cu treatment. Although SOX2 expression has decreased in 

DMSA+Cu-treated cells, it still exhibits a low level of expression in hypoxia. 

Thus, to confirm the hypoxia induced SOX2 expression in DMSA+Cu 

treatment, other experiments like western has to be performed. 

Similarly, the expression of hypoxia-induced EMT markers E-CAD, Vimentin, 

MMP 2, 7, and 9 was not decreased by DMSA+Cu treatment, as shown in 

figure 5.4. N-CAD does not generally express significantly under hypoxia. 

The MMPs, which are often associated with the tumour's invasion 

characteristic, were not suppressed with DMSA+Cu treatment. Thus, the 

effects of DMSA+Cu could not be shown by these results alone. To 

substantiate the results, additional western blot analysis could be used. 

DMSA+Cu treatment did not have an inhibitory effect on the migration ability 

of the GBM cells in the Boyden chamber assay. There was no significant 

reduction in the migrated cell number.  
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The hypoxia-induced EMT in non-small cell lung cancer cell lines was 

investigated using BAY11-7082. In that research, they observed that 

inhibiting NF-B resulted in the loss of EMT function, as shown by the 

upregulation of E-cadherin and downregulation of SNAIL, N-cadherin, and 

vimentin (Wang, Zhang and Sun, 2018). Previous studies from our group 

have also shown the significance of NF-B in hypoxia-induced CSC and EMT 

and the ability of DS to inhibit NF-B expression (Kannappan et al., 2022; 

Azar, 2022). The treatment with DMSA+Cu did not inhibit or reduce the 

expression of NF-B p65 in this study. 

ROS may cause DNA lesions by oxidising bases, causing strand breaks, or 

adding adducts. Excessive ROS is expected to disrupt the mitochondrial 

membrane, release cytochrome c, and ultimately activate the caspase family 

of proteins to cause cell death. (AbdulSalam, Thowfeik and Merino, 2016). As 

a response, ROS-scavenging systems like catalase, glutathione peroxidase, 

peroxiredoxins, glutaredoxin, and superoxide dismutases (SOD1, SOD2, and 

SOD3) keep the levels of ROS in check (Birben et al., 2012). Because of 

their high metabolic activity and elevated oxidative stress, cancer cells are 

known to have high intracellular ROS levels. Cancer cells are known to adapt 

to such elevated ROS stress by upregulating the production of cell survival 

proteins, altering the structure of proteins, boosting transcription factors, and 

activating genes that regulate cell growth and differentiation (Kumari et al., 

2018). Previously finding has reported DS+Cu induced ROS generation, 

which triggers apoptosis. Unlikely, DMSA+Cu treatment did not elevate ROS 

generation. Interestingly, in the DNA content analysis, as shown in figure 5.7, 

DMSA+Cu increases DNA fragmentation in a dose-dependent manner in the 
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GBM cell line, which might be due to apoptosis. However, other assays to 

detect apoptosis are required to endorse these results. It is evident that 

DMSA+Cu had no mechanism of action similar to DS and might have other 

unexplored mechanisms that promote its cytotoxicity in cancer cells. 

In summary, the aggressive and invasive nature of GBM has led to 

resistance to the available traditional drugs. DMSA, in combination with Cu, 

forms a complex which has shown significant cytotoxic activity in GBM cell 

lines and enhanced the cytotoxicity of conventional drugs. As an FDA-

approved drug with a low toxicity profile, DMSA could be considered a 

prospective drug where there are currently no effective therapeutic 

alternatives for treating tumours like GBM. 

Future work 

Supportive of the data from the study, elucidating the mechanism of action of 

DMSA and its possible biotransformation will aid in further exploring the 

anticancer properties of DMSA. Due to restrictions posed as a consequence 

of the COVID-19 pandemic and the time constraints caused due to laboratory 

reagents and chemicals shortage, I was unable to perform several of the 

functional assays in determining the mode of action of the DMSA and its 

effect on the healthy epithelial cell, which would aid in specifying that the 

drug selectively acts on cancer cells and does not affect healthy cells. Also, I 

could not gather more repeats for the experiments, which might reflect on the 

significance of the data. The effect of DMSA+Cu and its enhancing effect on 

conventional anti-GBM drugs, e.g., TMZ, BCNU and CCNU, on GBM cell 

lines grown under hypoxic conditions should be determined, as unregulated 
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cell growth, impaired metabolism, and aberrant tumour blood arteries, which 

limit oxygen and nutrient transfer results in the development tumour hypoxia. 

Hypoxia is a primary promoter of GBM invasion closely linked with 

chemoresistance.  

Pin-1 (peptidyl-prolyl cis/trans isomerase (PPIase)) is an established 

oncogene that controls the fate of phosphorylated proteins catalysing cis-

trans isomerisation. Notably, DMSA+Cu reduced the expression of Pin-1 

(western blot result shown in appendix 2). Pin-1 regulates the conformational 

transformation of the phosphorylated Serine/Threonine-Proline motif. Pin1 

controls a range of transcription factors, many of which are involved in the 

growth of cancer cells and the inflammatory response (Lu and Zhou, 2007; 

Hu and Chen, 2020). It is also involved in multiple cellular processes, 

including senescence and apoptosis (Pinton et al., 2007; Toko et al., 2014). 

Pin1 appears to be a possible common therapeutic target because it 

participates in practically all cancer bioactivities and is known to facilitate 

ROS production (Zhang et al., 2022; Chen et al., 2018). The western blot 

results suggest that DMSA+Cu dose-dependently reduces the expression of 

Pin-1 in the GBM cell lines. Thus, further research in cell lines with Pin-1 

knockout cell line models will aid in understanding the mechanism of action 

of DMSA. Since the study of DMSA for cancer therapeutics is a novel idea, 

we must recognise the detailed pharmacological profile of DMSA in cancer to 

establish a safe dose for in vivo and animal studies, as the clinical 

applications of the drug would benefit many cancer patients in improving their 

survival and quality of life. 
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Appendices 
 

Appendix 1: Th cytotoxicity of DMSA gradually decreased with increased 

storage time, indicating that DMSA is less stable and requires other methods 

of preparation and storage. 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2: Treatment with DMSA+Cu demonstrate a reduction in 

expression of Pin-1 in U251MG GBM cell line grown under hypoxic culture.  
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